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RESUMEN. 

Los heterociclos alopurinol, hipoxantina y 6-mercaptopurina son moléculas de 
interés diverso. La presencia en sus estructuras de varios átomos que pueden reaccionar 
con ácidos de Lewis, y el hecho mismo de presentar en disolución procesos 
tautoméricos, le confiere a estos sistemas propiedades fisicoquímicas de gran 
complejidad, así como también, y por ejemplo, una riqueza notable en sus reacciones con 
centros metálicos de transición. 

Con la intención de explorar la conducta de estos tres heterociclos ante un centro 
metálico de transición común y bajo condiciones experimentales de reacción modificadas 
en forma sistemática, se realizaron las reacciones respectivas Metai-Heterociclo en dos 
disolventes (HzO, pH=1; CH30H). En éstas, se modificó en forma sistemática la 
naturaleza del contraión (X=CI-, Br-, N03-, SO/-, CI04- y CH3C02-) presente en las 
sales metálicas. También se exploraron en forma sistemática las reacciones de 
sustitución heterocíclica, y las de competencia heterocíclica simultánea ante el centro 
metálico. 

De las reacciones realizadas y para el caso del alopurinol (=L1) se obtuvieron los 
compuestos del tipo Cu(II)(L1)z(X)z (X= Cl-, Br-, N03-), Cu(II)(L1)4(CI04-)z, 
Cu(II)(L1)1(SO/-)(H20) y Cu(II)(L1-)(0H-). En relación a este último compuesto y en otro 
estudio, se obtuvieron los compuestos Cu(ll)(pirazolato-)(OH-) y Cu(ll)(3,5-
dimetilpirazolato-)(OH-). En relación a la hipoxantina (=L2), se obtuvieron los 
compuestos del tipo Cu(II)(Lz)z(X)z (X= Cl-, Br-, No3-, CI04-), [Cu(II)(L2)z(X)]z2+(X)z (X= 
N03-, CI04-), [Cu(II)(Lz)z(X)]z (X= SO/-), Cu(II)(Lz)(SO/-)(HzO) y Cu(II)(Lz-)(CH3COz-). 
Por último y en relación a la 6-mercaptopurina (=L3), se obtuvieron los compuestos del 
tipo Cu(II)(L3)n(X)z (X=CI-, n=1; X=Br-, n=2) y Cu(II)(Ll-). 

Así también y de las reacciones realizadas, la capacidad de competencia 
heterocíclica por el centro metálico y la capacidad coordinante a Cu(ll) sigue el orden 
general L3>L1>L2 . Los estudios permiten proponer que los heterociclos alopurinol e 
hipoxantina se coordinan a Cu(ll) por átomos de N (N(2) para L1, N(1) y N(2) para L1-; 
N(?), N(3) y N(?), N(3) y N(9) para Lz) presentando ambos la forma cetónica. Para la 6-
mercaptopurina, la participación del átomo S exocíclico es preponderante en la 
coordinación metálica sugerida (S(6) (X=CI-), S(6) y N(?) (X=Br-) con la forma tiona en 
ambos casos; S(6), N(?), N(9) para L3

2
-). 

Los estudios espectrales y magnéticos permiten plantear la existencia 
predominante de acoplamientos antiferromagnéticos muy débiles entre espines de Cu(ll) 
para los productos del tipo Cu(II)(L)z(X)z (L=alopurinol ó hipoxantina; X=CI-, Br-, N03-, ó 
CI04-), Cu(II)(L1)4(CI04-)z, Cu(II)(L)(SO/-)(H20) (L=alopurinol ó hipoxantina), Cu(II)(L2-) 

(CH3C02-), Cu(II)(L3)n(X)z y Cu(II)(L32
-). En dicha conducta magnética, los ligantes 

aniónicos no heterocíclicos (y en algunos casos los heterocíclicos también) son 
considerados a participar en la construcción de las trayectorias respectivas de 
intercambio magnético. Los mismos estudios permiten plantear la existencia de 
acoplamientos antiferromagnéticos intensos para los sistemas Cu(II)(L1-)(0H-), 
Cu(ll)(pirazolato-)(OH-), Cu(ll)(3,5-dimetilpirazolato-)(OH-), [Cu(II)(L2)z(X)]z 2+(X)z y 
[Cu(II)(Lz)z(X)]z. Para los tres primeros sistemas, la construcción de la trayectoria 
respectiva del intercambio magnético se asocia a los heterociclos y grupos OH-. Para los 
dos tipos de sistemas restantes, dicha trayectoria se asocia al heterociclo hipoxantina. 



Por último, los cálculos teóricos realizados sobre los heterociclos alopurinol, 
hipoxantina y 6-mercaptopurina, permiten plantear que los tautómeros energéticamente 
más estables son N(1 )-H/N(5)-H y N(2)-H/N(5)-H para el alopurinol, N(1 )-H/N(7)-H y N(1 )
H/N(9)-H para la hipoxantina y la 6-mercaptopurina. Estos tautómeros también son 
predominantes en disolución, y la mayoría de ellos se presentan en los compuestos de 
Cu(ll) obtenidos. Los cálculos teóricos han permitido obtener también información 
referente a otras propiedades moleculares y de estructura electrónica, que pudieran estar 
asociadas parcialmente a su conducta en disolución, así como a sus reacciones con 
centros metálicos de transición. 





CAPÍTUL 1 

Antecedentes. 



Los estudios que constituyen este trabajo, están asociados a heterociclos que 
corresponden a varios grupos. Entre ellos, se pueden citar a las azinas, los azoles ó las 
pirimidinas. En particular, los heterociclos presentan en su estructura pirimidinas unidas a 
azoles. En la figura siguiente se muestra la estructura general simplificada de este tipo de 
sistemas. 
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R1 
"N --

1 ( :1 
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1 
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X,Y = O, S, Se, 
A,B,C= C,N 
R¡ = H, ... 

Este tipo de heterociclos son de interés notable en temas diversos. Algunos 
ejemplos son: en síntesis heterocíclica 1, en estudios biomédicos2

, en investigaciones 
sobre ácidos nucleicos y código genético3

•
4

, en estudios sobre secuencia, estructura y 
función de ácidos nucleicos5

, en estudios farmacológicos6
-
8

, en estudios sobre sitios 
catalíticos y mecanismos de catálisis enzimática9

-
14

, en estudios fisicoquímicos en estado 
gaseoso y en disolución 15

· 
16

, como sistemas ideales a ser empleados en estudios 
teóricos sobre fenómenos en disolución 17

, y en química de coordinación 18
. 

Los tres heterociclos de estudio central en este trabajo se presentan en la figura 
siguiente, bajo las formas cetónica (alopurinol e hipoxantina) y tiona (6-mercaptopurina), 
y tautómeros N(1 )-H/N(5)-H y N(1 )-H/N(9)-H. 
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Aquí es necesario aclarar, que el tautomerismo que involucra tanto al intercambio 
de un átomo de H entre el átomo exocíclico y un átomo de N del anillo pirimidínico, como 
al intercambio de un átomo de H entre átomos de N en el anillo de cinco miembros, es 
parte de la caraCterística inherente a los heterociclos pertenecientes a los grupos ya 
citados y mostrados en la primera figura. 

En particular y para el caso del alopurinol, este fenómeno ha sido evidenciado en 
estudios espectroscópicos del heterociclo en disolución 19

-
21

. En la figura siguiente se 
ilustra esquemáticamente el equilibrio tautomérico y las especies predominantes del 
alopurinol en disolución acuosa. 

o o 

HN 
-----+ 

~N 
NH fa----

~N/ 

(H20) 

~ HO / 
N ,...-, 

l' 1 .. _ .... 
N 



El tautomerismo también ha sido evidenciado en estudios espectroscópicos de 
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siguientes se ilustra esquemáticamente los equilibrios y las especies predominantes de 
estos dos heterociclos en disoluciones de (CH3)2SO. 
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En relación al tema del tautomerismo en este tipo de heterociclos, y en particular para el 
alopurinol, la hipoxantina y la 6-mercaptopurina, los estudios apuntan a que las 
poblaciones relativas de las especies predominantes son dependientes de la constante 
dieléctrica del disolvente. Sin embargo y para cada uno de estos heterociclos no parecen 
existir a la fecha estudios sistemáticos al respecto. Tampoco se sabe cabalmente cuál es 
el efecto de la temperatura sobre el fenómeno, ni mucho menos sobre el mecanismo de 
éste, y a qué factores se asocia. 

El tautomerismo en estos tres heterociclos, ha sido tema de estudios teóricos, 
predominando en éstos los cálculos de energías moleculares y de propiedades de ciertos 
tautómeros en estado aislado. 

Para el alopurinol, los cálculos28
-
32 teóricos permiten sugerir que los dos 

tautómeros energéticamente más estables del heterociclo neutro y aislado, son el N(1 )
H/N(5)-H y el N(2)-H/N(5)-H. Cálculos teóricos considerando efectos del disolvente 
H20

29
, y cálculos teóricos realizados en la interpretación de estudios espectroscópicos 

del alopurinol en disolución acuosa30
, apuntan al mismo resultado. 

E 1 d 1 h. t" 1 t d" t , . 22 28 29 31-41 "t . n e caso e a 1poxan 1na, os es u 1os eoncos · · ' perm1 en sugenr que 
los dos tautómeros energéticamente más estables del heterociclo neutro y aislado, son el 
N(1 )-H/N(?)-H y el N(1 )-H/N(9)-H. Estudios teóricos considerando efectos del disolvente 
H20

29.4° están de acuerdo con los mismos resultados. 
P , lt" 1 . , 1 6 t . 1 t d" t , . 22 27 37 42 or u 1mo y en re ac1on a a -mercap opunna, os es u 1os eoncos · · · 

permiten sugerir que los dos tautómeros energéticamente más estables del heterociclo en 
estado neutro y aislado, son el N(1 )-H/N(7)-H y el N(1 )-H/N(9)-H. Estudios teóricos27 

realizados en la interpretación de estudios espectroscópicos de la 6-mercaptopurina en 
disolución acuosa, están de acuerdo con dichos resultados. 

En relación también a este tema, y en particular respecto al efecto que tiene la 
constante dieléctrica del medio, el análisis de los resultados experimentales y teóricos, 
permite considerar que un medio de constante dieléctrica elevada favorece la estabilidad 
de aquellos tautómeros que en estado aislado presentan el valor mayor del vector 
momento dipolo eléctrico. Así, los tautómeros respectivos del alopurinol, hipoxantina y 6-
mercaptopurina N(1 )-H/N(5)-H, N(1 )-H/N(9)-H y N(1 )-H/N(9)-H, los cuales poseen valores 
del vector momento dipolo eléctrico (3.65 D, 5.19 D y 5.90 D) comparativamente mayores 
que los asociados a sus contrapartes tautoméricas de estabilidad energética comparable 
(N(2)-H/N(5)-H, 0.93 D; N(1 )-H/N(?)-H, 1.80 D; N(1 )-H/N(?)-H, O. 7 4 D)32

.41.42
, se ven 

relativamente favorecidos en su contribución a la población relativa tautomérica en sus 
disoluciones acuosas respectivas. Este efecto ha sido evidenciado experimentalmente43 y 
deducido también de cálculos teóricos44

-
46

, a partir de estudios sobre heterociclos 
relacionados. 

Otra de las características de los tres heterociclos considerados en este trabajo, es 
el de presentar una conducta ácido-base frente al protón. Dicha conducta está asociada 
íntimamente al fenómeno del tautomerismo en cada heterociclo. De hecho, las constantes 
de estabilidad termodinámica L-H+ correspondientes a los diferentes equilibrios de la 
protonación heterocíclica respectiva, son constantes globales; cada una en realidad está 
pesada por las contribuciones de las constantes asociadas a los equilibrios 
correspondientes en que intervienen los tautómeros predominantes. 

Sobre una revisión de los estudios llevados a cabo respecto a los equilibrios L-H+ 
1 h . 1 1 . 120 21 47 h" t" 23 24 47-54 6 t . 23 24 55-61 para os eteroc1c os a opunno · ' , 1poxan 1na · · y -mercap opunna · · , 



es posible realizar una propuesta de disociación protónica en H20 para cada heterociclo, 
considerando también los equilibrios tautoméricos de las especies predominantes en 
cada etapa de los equilibrios L-H+. Estas se presentan en los tres esquemas siguientes. 
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En las tres figuras siguientes, se presentan los diagramas de predominio de 
especies en función del pH, considerando tan solo las constantes globales de estabilidad 
termodinámica para los equilibrios L-H+ de cada heterociclo. 
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Como parte de las propiedades de los heterociclos de estudio en este trabajo, se 
encuentra su capacidad de coordinación metálica. 

En relación al alopurinol, los estudios reportados por otros grupos62
-
72 sobre las 

reacciones químicas Metai-Heterociclo, así como sobre el aislamiento y caracterización 
de los compuestos de coordinación correspondientes, permiten plantear la coordinación 
metálica del heterociclo por átomos de N. De éstos, e independientemente de la carga 
formal del alopurinol, destacan los átomos de N del anillo pirazólico. Para el alopurinol 
neutro coordinado destaca la existencia de las formas tautoméricas N(1 )-H/N(5)-H y N(2)
H/N(5)-H. En relación a los sitios sucesivos de coordinación metálica del alopurinol, 
destacan los efectuados con el empleo del catión [HgMe( Aquí, la coordinación sucesiva 
se presenta en los átomos N(1 ), N(5) y N(2), que en alguna medida sería la secuencia de 
protonación del heterociclo. Este sistema metálico parece ser un buen modelo en el 
análisis de los equilibrios L-H+ de heterociclos relacionados. 

En las figuras que siguen se muestran esquemáticamente los modos de 
coordinación metálica del alopurinol, derivados de los estudios referidos anteriormente. 
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En relación a la hipoxantina, los estudios reportados por otros grupos 18
·
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permiten plantear que al igual al alopurinol, la hipoxantina se coordina por átomos de N. 
De estos, e independientemente de la carga formal del heterociclo, participa siempre 
alguno de los dos átomos de N del anillo imidazólico. Para la hipoxantina neutra 
coordinada, destaca la existencia de los tautómeros N(1 )-H/N(9)-H y N(1 )-H/N(7)-H. A 
diferencia del alopurinol neutro (el cual se coordina en forma monodentada por alguno de 
los dos átomos de N del anillo pirazólico), la hipoxantina neutra muestra a la fecha una 



conducta coordinEmte más rica, coordinándose por el átomo N(?) ó por los átomos N(3) y 
N(7) (tautómero N(1 )-H/N(9)-H) o bien por los átomos N(3) y N(9) (tautómero N(1 )-H/N(7)
H). En la figura que sigue se ilustran esquemáticamente los modos de coordinación 
metálica de la hipoxantina, derivados de los estudios referidos arriba. 
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Por último y en relación a la 6-mercaptopurina, los estudios reportados a la fecha 
por otros grupos 18

, permiten plantear que en dicho heterociclo participa siempre el átomo 
S(6) como sitio de coordinación metálica. Para la 6-mercaptopurina neutra coordinada, el 
único tautómero presente ha sido el N(1 )-H/N(9)-H. Es interesante también el hecho de 
que el heterociclo presenta modos de enlace metálico más complejos, a medida que su 
desprotonación se ve incrementada. Por último, analizando las posiciones protonadas del 
heterociclo coordinado, en función de su carga formal, se desprende la existencia de un 
cierto paralelismo con el propuesto para los equilibrios L-H+ de la 6-mercaptopurina libre 
en HzO. 

En las figuras que siguen se ilustran los modos de coordinación metálica 
presentados a la fecha por la 6-mercaptopurina. 





H 
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De este panorama actual sobre la qu1m1ca de coordinación de los tres 
heterociclos, resalta la diversidad y heterogeneidad de las condiciones experimentales de 
reacción para cada uno de ellos. No obstante esto, parecen existir ciertas tendencias, 
como la referente a la coordinación metálica preponderante del alopurinol y la 
hipoxantina, a través de átomos de N, y no por el átomo O exocíclico, ó la referente a la 
6-mercaptopurina, que siempre se coordina con la participación del átomo S exocíclico. 

De los estudios resalta también la inexistencia de un paralelismo entre la 
estabilidad termodinámica hacia el protón y la estabilidad termodinámica hacia un metal 
de transición, para un sitio de coordinación particular en un heterociclo. 

Respecto al tema del tautomerismo, los heterociclos coordinados presentan la 
forma cetónica (alopurinol e hipoxantina) y la forma tiona (6-mercaptopurina). Para el 
alopurinol y la hipoxantina neutros, los tautómeros existentes son respectivamente N(1 )
H/N(5)-H ó N(2)-H/N(5)-H, y N(1 )-H/N(9)-H ó N(1 )-H/N(7)-H, que son los tautómeros 
energéticamente más estables en los cálculos teóricos de los heterociclos aislados, y los 
deducidos como predominantes en estudios de disoluciones de los heterociclos libres. 
Aquí es necesario decir, que no obstante que en disoluciones de los heterociclos libres 
de alopurinol y de hipoxantina, coexistan en equilibrio los dos grupos de tautómeros, los 
estudios reportados anteriormente (en particular, los estudios cristalográficos) no indican 
la existencia de dos formas tautoméricas del heterociclo en un compuesto de 
coordinación, o producto. Pareciera ser que la reacción del heterociclo (en equilibrio 
tautomérico) con el centro metálico, desplaza el equilibrio tautomérico, hacia una especie 
u otra; los factores a nivel molecular que pudieran conducir a esta fenomenología, no han 
sido explorados a la fecha. 

Para la 6-mercaptopurina neutra, el tautómero existente es el N(1 )-H/N(9)-H, 
independientemente de que el heterociclo se coordine por S(6), ó por S(6) y N(?). Aquí 
también, no obstante que tanto los estudios teóricos como los experimentales sobre 
disoluciones del heterociclo libre, coinciden en que los tautómeros energéticamente más 



estables del heterociclo son el N(1 )-H/N(7)-H y el N(1 )-H/N(9)-H, la reacción del 
heterociclo con el centro metálico, parece desplazar el equilibrio tautomérico, ahora (y a 
diferencia del alopurinol y la hipoxantina) a favor de solo una de las especies. De nueva 
cuenta, parece que el átomo S(6) y su participación en la coordinación metálica, es el 
factor de mayor contribución en dicha conducta. 

En una primera aproximación al esclarecimiento de la naturaleza de algunos 
factores que pudieran influir sobre la clase de átomos participantes en la coordinación 
metálica de los heterociclos (átomos de N en los casos del alopurinol e hipoxantina; el 
átomo S(6) como preponderante en el caso de la 6-mercaptopurina), se han realizado 
cálculos teóricos (a nivel de la Teoría de Funcionales de la Densidad) del potencial 
electrostático molecular para los dos tautómeros energéticamente más estables de los 
tres heterociclos con carga formal cero32

.41.42
. Las superficies de isopotencial atractivo (-

20 kcal/mol) hacia una carga positiva de prueba, se presentan a continuación y 
respectivamente para los dos tautómeros del alopurinol, la hipoxantina y la 6-
mercaptopurina. 















Los diagramas en tres dimensiones del potencial electrostático molecular para los 
dos tautómeros tanto del alopurinol como de la hipoxantina, si bien no contradicen la 
conducta coordinante mostrada hasta ahora por los átomos de N de los tautómeros 
respectivos, tampoco excluyen al O como sitio coordinante potencial, conducta no 
evidenciada hasta la fecha en la química de coordinación de estos dos heterociclos con 
carga formal cero, ó la del átomo N(7) en los tautómeros del alopurinol, también y hasta 
la feha no evidenciada. 

Lo mismo es aplicable al caso de los dos tautómeros de la 6-mercaptopurina: el 
potencial electrostático molecular (a dicho valor) no contradice la conducta coordinante 
experimental mostrada por el átomo S(6), ó incluso la del átomo N(7). Sin embargo, 
tampoco excluye al átomo N(3) (tautómero N(1 )-H/N(9)-H) ó al par N(3)/N(9) (para el 
tautómero N(1 )-H/N(7)-H) como sitios coordinantes potenciales, los cuales no han sido 
evidenciados a la fecha en la química de coordinación del heterociclo neutro. 

Entendido el potencial electrostático molecular como una propiedad ante 
interaciones puramente electrostáticas, ésta debe ser considerada en su dimensión real, 
asumiendo en todo caso que aquellas regiones moleculares (ó átomos) con potenciales 
electrostáticos atractivos más favorables, pudieran ser las zonas potencialmente 
preferenciales en la aproximación de cationes; otros factores, relacionados a la estructura 
electrónica de los heterociclos, y a las condiciones experimentales de reacción, pueden 
influir decisivamente en la construcción y formación de enlaces químicos metal
heterociclo con un carácter covalente y selectivo. 
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CAPÍTUL 11 

Problemas, Considerandos 

Y.. 
Propuesta. 



l. Problemas. 

De los estudios experimentales reportados por otros autores y que conciernen a 
compuestos de coordinación con los heterociclos alopurinol, hipoxantina y 6-
mercaptopurina, destaca la heterogeneidad de los sistemas metálicos seleccionados, así 
como de las condiciones experimentales de reacción para su síntesis. También y a este 
respecto, en muchos estudios no se explica si la especie caracterizada en sólido, es la 
única aislada del sistema de reacción. 

Lo anterior tiene importancia enorme, dado que la obtención, y en su caso 
separación, de un sistema metal-heterociclo particular (incluyendo aquí y entre otros 
rasgos no solo la estequiometría metal-heterociclo y la carga formal de ellos, sino el 
estado tautomérico del ligante y su modo específico de coordinación metálica) están 
dadas por la interrelación de las estabilidades termodinámica y cinética de las especies 
involucradas en los equilibrios presentes en la disolución, así como de los equilibrios 
sólido~líquido, todo lo cual está relacionado estrechamente a las propiedades 
fisicoquímicas del disolvente, y a la temperatura. 

11. Considerandos. 

En relación a estos problemas y en un intento de establecer ciertas bases para un 
estudio metodológico, es pertinente formular ciertas consideraciones mínimas. 

A. Sobre la estabilidad termodinámica ligante-H+. 

A este respecto, es pertinente señalar que tanto el alopurinol como la hipoxantina, 
presentan estabilidades termodinámicas globales L-H+ muy similares para sus estados 
diferentes de protonación. A diferencia de ellos, la 6-mercaptopurina presenta 
estabilidades homólogas relativamente menores, sobre todo para los estados de 
desprotonación mayor. Es decir, la 6-mercaptopurina es relativamente menos estable a la 
protonación en las mismas condiciones básicas para los tres heterociclos. 

Las diferencias acotadas arriba entre la hipoxantina y la 6-mercaptopurina, 
aunadas a su carácter isoestructural, permiten considerar la influencia que tiene el átomo 
de S sobre el carácter de base comparativamente más débil de la 6-mercaptopurina. 

Para la 6-mercaptopurina y en comparación con la hipoxantina, existen por tanto y 
en principio posibilidades comparativamente mayores de sufrir procesos de disociación 
protónica por efecto de la temperatura, de una constante dieléctrica del medio elevada, 
por la presencia de otros ligantes con estabilidades termodinámicas L-H+ apreciables, ó 
incluso por su coordinación a un centro metálico. 

La coordinación metálica heterocíclica puede ser un factor importante en las 
diferencias de las estabilidades termodinámicas L-H+ para el alopurinol y la hipoxantina. 
La presencia en el primero de un anillo pirazólico (dos átomos de N vecinos) y la 
coordinación a través de uno de estos dos átomos de N, le conferirá propiedades de base 
más débil al alopurinol coordinado, en particular al átomo de N protonado y vecino al sitio 
de coordinación. 



B. Sobre la estabilidad termodinámica de los tautómeros. 

Los tres heterociclos en estudio presentan en forma predominante la misma clase 
de tautomerismo (forma cetónica, tautomerismo prototrópico en los anillos de cinco 
miembros; forma tiona, tautomerismo en el anillo de cinco miembros) para un estado de 
protonación y carga formal determinado, en particular aquellos intermedios a los 
extremos de protonación o desprotonación. 

No obstante, las poblaciones relativas tautoméricas de cada heterociclo en un 
estado de carga formal determinado, pueden cambiar en función de la constante 
dieléctrica del medio, y en relación a éste, por la temperatura. Este efecto no tiene que 
ser del mismo tipo y de la misma magnitud para los tres heterociclos en un estado 
particular. Si bien; entre hipoxantina y 6-mercaptopurina existe un carácter isoestructural, 
la presencia de átomos exocíclicos diferentes será el factor de mayor contribución en sus 
estructuras y propiedades moleculares. Así también, y en relación al alopurinol y la 
hipoxantina, su carácter isomérico respecto a la disposición de los átomos de N en los 
anillos de cinco miembros, será el factor de mayor peso en las propiedades ya referidas. 
En particular, un factor importante puede ser el valor del momento dipolo eléctrico. 

De esta manera y para un heterociclo en disolución con una carga formal 
determinada, aquellos tautómeros de él que posean valores mayores del vector momento 
dipolo eléctrico se verán favorecidos en forma relativa a medida que se incremente la 
constante dieléctrica del medio. Aquí también es necesario considerar la influencia que 
puede tener un átomo metálico coordinado a un heterociclo, en un sitio determinado, 
sobre el favorecimiento de un tautómero específico. 

En los tres heterociclos se ha detectado este rasgo. Aquí es importante remarcar 
que para un heterociclo dado y un sitio de coordinación potencial particular, no existe 
necesariamente una correspondencia directa entre las estabilidades termodinámicas L-H+ 
y L-Mn+. 

111. Propuesta. 

Los heterociclos alopurinol, hipoxantina y 6-mercaptopurina se caracterizan por 
ser sistemas ácido-base ante el protón, y presentar el fenómeno de tautomerismo. No 
obstante, los modos de coordinación metálica de ellos, sus cargas formales (estados de 
protonación) así como las formas tautoméricas en los compuestos de coordinación 
respectivos, estarán asociados a: 

- Las condiciones de reacción experimental. 

Aquí la constante de estabilidad termodinámica metal-heterociclo (M-L) de un 
sistema particular está relacionada íntimamente a las homólogas y correspondientes a 
otros equilibrios simultáneos, que pudieran involucrar por ejemplo, a los sistemas L-H+, 
M-OH- y M-X (u otros sistemas ácido-base), así como a las propiedades fisicoquímicas 
de la disolución, o su temperatura. 



- La disposición estructural de los átomos de N, a su posición relativa respecto al átomo 
exocíclico. así como a las propiedades electrónicas de ambos. 

Las constantes de estabilidad termodinamica L-catión están asociadas a estos 
factores estructurales y electrónicos. 

Para el caso del alopurinol, un factor preponderante pudiera ser el desempeñado 
por la disposición y propiedades electrónicas de los átomos de N en el anillo pirazólico. 
La vecindad de éstos posibilitaría no solo la existencia de formas tautoméricas diferentes 
en el heterociclo neutro monocoordinado, sino también y dado el caso, el descenso 
suficiente de la estabilidad termodinámica L-H+ asociada a un sitio vecino a la 
coordinación metálica, así como la desprotonación subsecuente de éste como resultado 
de su participación como sitio de coordinación metálica, posibilitando la existencia del 
heterociclo monoaniónico como ligante exobidentado en compuestos de coordinación. 

Para el caso de los derivados purínicos hipoxantina y 6-mercaptopurina, el factor 
preponderante lo ejercerían las propiedades electrónicas y por tanto capacidades 
coordinantes de los átomos exocíclicos 0(6) y S(6). 



" CAPITUL 111 

Objetivos. 



l. Estudios Experimentales. 

Para la confrontación de la propuesta formulada previamente, y que se refiere a la 
conducta experimental de los heterociclos alopurinol, hipoxantina y 6-mercaptopurina, se 
estableció como objetivos: 

e La realización de reacciones químicas centro metálico de transición-heterociclo bajo un 
espectro de condiciones experimentales modificadas sistemáticamente. 

e El análisis de la conducta coordinante y de tautomerismo de los heterociclos centrales 
de estudio, así como de la relación entre dichas características y las propiedades 
estructurales, espectrales y magnéticas de los compuestos de coordinación 
correspondientes. 

l. Estudios Teóricos. 

Como parte del problema teórico referente a la conducta fenomenológica de los 
heterociclos en estudio, se estableció como objetivo: 

e El análisis teórico de la estabilidad energética relativa, de la estructura molecular y 
electrónica, así como de propiedades moleculares asociadas a la reactividad química de 
los tautómeros más estables. 



" CAPITUL IV 

Metodologías. 



l. Metodología en la preparación de los compuestos de coordinación. 

• Para la realización de los objetivos, se establecieron los parámetros siguientes: 

A. Sistemas. 

Centro Metalíco: se eligió a Cu(ll), por su reactividad ante ligantes coordinantes por O, S 
y N. Al poseer un estado de espín electrónico S=%, se favorece el estudio espectral y 
magnético de sus compuestos de coordinación. 

Esfera de coordinación de Cu(ll): no se estableció una esfera predeterminada para el 
centro metálico al utilizar ligantes con características específicas. Por el contrario, se 
eligió que el centro Cu(ll) presentara una esfera de coordinación lábil, para favorecer las 
reacciones Cu( 11)-heterociclo. 

Contraiones en las sales de Cu(ll): se modificó la naturaleza de los contraiones, con la 
intención de explorar su influencia sobre las reacciones metal-heterociclo y los 
compuestos metálicos respectivos. 

Heterociclos: se eligió como heterociclos centrales de estudio al alopurinol, la hipoxantina 
y la 6-mercaptopurina. Para modelar ciertos rasgos de la conducta coordinante del anillo 
pirazólico presente en el alopurinol, se eligió a los heterociclos pirazol y 3,5-
dimetilpirazol. 

B. Condiciones de reacción. 

Estequiometrías metal-heterociclo: se eligió como base una relación equimolar. Para 
ciertos estudios que así lo sugirieran, se modificó ésta a favor del metal, ó a favor del 
heterociclo. 

Disolventes: se estableció la modificación de la constante dieléctrica del disolvente. Los 
disolventes elegidos fueron el H20 y el CH30H. La elección de éstos en esta fase del 
programa de estudio obedeció a la solubilidad restringida de los heterociclos centrales en 
disolventes con constantes dieléctricas aún menores. 

2!:!.: para el disolvente H20, se estableció la modificación del pH, y así explorar su efecto 
sobre las reacciones de competencia entre H+ y Cu(ll) por los heterociclos, así como de 
otros grupos (aniones de sales metálicas y OH-) por los cationes referidos. 

Temperatura de reacción: cuando se estimara necesario, se adoptaría la temperatura de 
ebullición del sistema de reacción. 

Esquemas de reacciones químicas: para las reacciones respectivas Cu(ll)-heterociclo 
central, se modificó sistemáticamente el disolvente y la naturaleza del contraión presente 
en las sales metálicas. Para el caso del H20, el pH fue también otra variable. Los 
sistemas de reacción respectivos fueron mantenidos hasta su equilibrio químico 
estimado. Para las reacciones respectivas de sustitución heterocíclica en la esfera de 



coordinación de Cu(ll), el primer compuesto de coordinación formado a través del 
equilibrio Cu(ll)-heterociclo, fue llevado a reaccionar con un segundo heterociclo de 
competencia. Los sistemas de reacción respectivos fueron mantenidos hasta su equilibrio 
químico estimado. Para las reacciones respectivas de competencia heterocíclica por 
Cu(ll), los ligantes fueron solvatados y posteriormente llevados a reaccionar con el centro 
metálico. Los sistemas de reacción respectivos fueron mantenidos hasta su equilibrio 
químico estimado. 

11. Metodología en la caracterización de los compuestos obtenidos. 

Los compuestos de Cu(ll) obtenidos de los esquemas de reacción referidos, fueron 
caracterizados con base en su Microanálisis elemental, la Espectroscopía vibracional IR, 
la Espectroscopía electrónica, el Análisis Térmico, el Patrón de difracción de rayos X por 
el método de polvos, la Espectroscopía de resonancia de espín electrónico (banda X), y 
las mediciones de Susceptibilidades magnéticas en función de la temperatura y el campo 
magnético externo aplicado. 

111. Metodología en los estudios teóricos de los heterociclos libres. 

Los estudios teóricos fueron realizados a nivel de la Teoría de Funcionales de la 
Densidad. En ellos las estructuras heterocíclicas fueron optimizadas empleando criterios 
de convergencia en el valor de la energía total y en el gradiente de la energía con 
respecto a la estructura, así como en su caso, su correspondencia a la de puntos 
estacionarios. Los cálculos incluyeron las propiedades siguientes: energía molecular 
total, parámetros estructurales, de índice de valencia, densidad de carga total, potencial 
molecular electrostático, vector momento dipolo eléctrico, energía y propiedades de la 
función de onda asociada a diferentes orbitales moleculares y los valores de las 
constantes tautoméricas en función de la temperatura; se calculó también en algunos 
casos, el primer potencial de ionización vertical y la primera afinidad electrónica vertical, 
los espectros vibracionales IR tautoméricos, y los espectros vibracionales IR de especies 
tautoméricas conjuntas en fase gaseosa con poblaciones relativas diferentes. 
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Resumen de Resultados 
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Capítulo Va 

Algunos estudios sobre la preparación 
y caracterización del compuesto polinuclear 

Cu(ll){alopurinolato-)(OH-). 



En esta primera etapa de los estudios propuestos, se exploraron las reacciones de 
Cu(ll) con el alopurinol, bajo condiciones experimentales variadas. Los disolventes 
principales fueron H20 (pH variable), (CH3)2SO y CH30H. En las reacciones se modificó 
la naturaleza del contraión metálico en las sales de Cu(ll). Bajo las condiciones 
experimentales impuestas, el compuesto con fórmula mínima Cu(ll)(alopurinolato-)(OH-) 
fue el producto aislado. Los estudios de caracterización han permitido proponer que el 
compuesto es de naturaleza polinuclear, con los ligantes alopurinolato- y OH- como 
grupos puente a los centros de Cu(ll). La caracterización magnética del producto sólido 
ha permitido plantear la existencia de un acoplamiento antiferromagnético intenso en el 
material. En este acoplamiento los ligantes puente han sido postulados a desempeñar el 
papel central en el intercambio magnético detectado. 

Respecto a la formación de Cu(ll)(alopurinolato-)(OH-) desde etapas iniciales 
diferentes de reacción, pareciera ser que las estabilidades cinética y termodinámica 
notables referentes a la formación de dicho compuesto están asociadas simultáneamente 
a más de un denominador común. Uno de ellos, es el relacionado con las propiedades 
fisicoquímicas del disolvente (constante dieléctrica), ó en su caso, al contenido de H20; 
disolventes con constante dieléctrica elevada (H20) ó disolventes menos disociantes pero 
no anhidros, favorecen la disociación protónica del heterociclo bajo estudio. Aquí, el 
grupo OH- parece desempeñar el papel crucial. Este proceso pareciera favorecerse aún 
más bajo la presencia de contraiones metálicos con estabilidades termodinámicas 
apreciables hacia el H+, de tal manera que son bases competitivas por el protón frente al 
alopurinol. Para el caso del H20, es notable también el efecto que tiene el incremento de 
la concentración del grupo OH- sobre la disociación del alopurinol. 

Un segundo denominador común parece ser el asociado a la disposición de los 
átomos de N en el anillo heterocíclico de cinco miembros. A este respecto, una 
coordinación metálica monodentada inicial del heterociclo a través de uno de los dos 
átomos de N se traduciría tanto en un descenso en la estabilidad termodinámica átomo 
de N(vecino)-H+, como en su correspondiente disociación protónica (por la presencia de 
otras bases que compiten por el protón y/ó por la proximidad de otro centro metálico) y la 
subsecuente coordinación heterocíclica exobidentada. En estos procesos sugeridos, la 
temperatura parece desempeñar un papel catalizador en la disociación protónica del 
heterociclo, como se desprende de algunas de las variantes de las reacciones 
exploradas. 

A esta complejidad de factores se sumaría el del tautomerismo N(1 )-H/N(2)-H en el 
anillo de cinco miembros. En relación a este proceso y su vinculación posible al problema 
de las interacciones de los tautómeros con los centros metálicos y sus consecuencias, 
cabe sañalar que estudios teóricos realizados 1 sobre los tautómeros N(1 )-H/N(5)-H y 
N(2)-H/N(5)-H del alopurinol neutro, han permitido plantear que para ambos tautómeros 
los orbitales moleculares frontera (HOMO y LUMO) son del tipo rr e independientes (en 
su distribución sobre los átomos de N del anillo pirazólico) del estado tautomérico. Ambos 
tautómeros poseen también un OM tipo cr de enlace, que es independiente también de 
dichos estados tautoméricos. Estos resultados permitirían sospechar que para cualquiera 
de los dos tautómeros mas estables, la posible interacción inicial de un centro metálico 
con un átomo de N involucrado en el tautomerismo no requeriría necesariamente que 
éste estuviera desprotonado. 

En relación a esto, no es desmesurado el considerar además la ex~stencia de 
equilibrios de intercambio metal-protón (equilibrios metalo-protónicos) en las etapas 



iniciales de las reacciones exploradas. Estos equilibrios, sumados a los factores 
señalados arriba, favorecerían la desprotonación del anillo pirazólico y su participación 
como ligante puente. De hecho, estos equilibrios han sido evidenciados en estudios 
sobre compuestos de coordinación con ligantes pirazoles sustituidos2

'
3

. 

Por otra parte, y en relación a las propiedades magnéticas del producto 
Cu(ll)(alopurinolato-)(OH-), éstas han sido descritas satisfactoriamente a través del 
modelo dinuclear de espines S=% acoplados4

. Los resultados obtenidos han permitido 
considerar la existencia de un acoplamiento antiferromagnético intenso de los espines 
electrónicos provenientes de los átomos metálicos. En este análisis el acoplamiento 
magnético intermolecular es despreciable. De esta forma, las propiedades magnéticas de 
bulto han sido asociadas al acoplamiento intramolecular. El tipo e intensidad de este 
acoplamiento magnético resultante pudiera asociarse a la existencia de una trayectoria 
suficientemente eficiente para el superintercambio magnético. En ella, los ligantes puente 
alopurinolato- y OH- parecen desempeñar el papel central. 

En relación a este problema, estudios posteriores5 que han considerado en el 
análisis magnético a un modelo octanuclear6 de espines S=% acoplados, han permitido 
describir exitosamente las propiedades magnéticas experimentales, no existiendo 
contraposición con el carácter de los parámetros magnéticos reportados previamente. 

En el anexo 1 se presenta una exposición detallada sobre la preparación, la 
caracterización espectral, y la caracterización magnética preliminar de este compuesto 
de Cu(ll). 
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Capítulo Vb 

Estudios sobre la preparación y caracterización 
de los compuestos polinucleares 

Cu(ll)(pirazolato-)(OH-) y Cu(ll)(3,5-dimetilpirazolato-:)(OH-). 



En relación a los resultados anteriores y con el objetivo tanto de modelar la 
conducta coordinante del heterociclo alopurinol ante Cu(ll), como de analizar el papel 
desempeñado por el anillo pirazólico en el intercambio magnético entre centros de Cu(ll), 
se sintetizaron tanto el compuesto polinuclear Cu(ll)(pirazolato-)(OH-) como el 
compuesto octanuclear Cu(ll)(3,5,-dimetilpirazolato-)(OH-)a1

'
2

. Para el primero se 
establecieron condiciones experimentales que favorecieran la desprotonación del 
heterociclo y la participación del grupo OH-. Para el segundo, se siguieron condiciones 
experimentales muy similares a las reportadas 1·

2
. 

La caracterización espectral de los compuestos está en concordancia con .. la 
participación respectiva de los heterociclos pirazolato- y 3,5-dimetilpirazolato-, así como 
del grupo OH-, como ligantes puente a los centros de Cu(ll). Ambos compuestos 
resultaron ser en consecuencia homólogos al compuesto Cu(ll)(alopurinolato-)(OH-), y 
sistemas adecuados para los objetivos señalados anteriormente. Las propiedades 
magnéticas experimentales de ambos productos fueron descritas exitosamente a través 
del empleo de un modelo octanuclear de espines S=% acoplados. Del análisis magnético, 
se deriva la existencia de un acoplamiento antiferromagnético intenso en ambos sólidos, 
predominantemente asociado al intercambio magnético respectivo a nivel intramolecular. 

Analizando los valores de los parámetros magnéticos respectivos para estos dos 
compuestos de Cu(ll), y comparándolos con los correspondientes al sistema 
Cu(ll)(alopurinolato-)(OH-) y que fue estudiado con el mismo modelo magnético, se 
podría sugerir que los tres compuestos de Cu(ll) son homólogos estructurales y 
magnéticos. De esta forma y en relación a Cu(ll)(alopurinolato-)(OH-), se puede 
considerar que en la coordinación exobidentada del heterociclo a través de los átomos de 
N del anillo pirazólico, el papel preponderante en la trayectoria del superintercambio 
magnético desempeñada por el alopurinolato- descansa en el anillo pirazólico de éste. 

En relación a los estudios magnéticos de estos tres compuestos de Cu(ll) y a los 
valores del parámetro de acoplamiento magnético (j), éstos permiten proponer la 
existencia de una trayectoria de superintercambio magnético comparativamente menos 
eficiente para el caso del compuesto de Cu(ll) con el heterociclo puente 3,5:.. 
dimetilpirazolato-. Ello pudiera estar asociado en parte a las repulsiones 
intermoleculares derivadas de la presencia de los grupos metilo, lo que aparentemente 
repercutiría en una distorsión mayor dentro del anillo octanuclear, como se observa en la 
estructura reportada 1·

2
. 

En el anexo 6 se presenta una exposición detallada tanto sobre la preparación, 
como sobre la caracterización espectral y magnética de los dos compuestos de Cu(ll) 
polinucleares con los ligantes puente respectivos pirazolato- y OH-, y 3,5-
dimetilpirazolato- y OH-. 

Referencias. 
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Capitulo Ve 

Algunos estudios sobre la preparación en medio acuoso ácido 
y la caracterización de compuestos de Cu{ll) 
con los ligantes heterocíclicos respectivos 

alopurinol e hipoxantina. 



Como continuación a los estudios precedentes y con el objetivo de explorar la 
Química de coordinación de los heterociclos isómeros alopurinol e hipoxantina ante Cu(ll) 
en medio acuoso y a pH variable, en una primera etapa se eligió un valor de pH 
suficientemente bajo (=1.0) en un afán de dificultar tanto la disociación protónica del 
alopurinol, como la presencia y participación del grupo OH- en la formación de 
compuestos respectivos de Cu(ll) con los ligantes heterocíclicos, así como también la 
presencia significativa de especies de nuclearidad diversa del sistema Cu(OH)2 en las 
reacciones a explorar. 

En relación a lo anterior, dicho valor de pH conduciría también a que en las 
disoluciones acuosas de los heterociclos libres, las especies predominantes fueran las 
monocatiónicas, con los anillos de cinco miembros protonados. Esto daría oportunidad a 
estudiar también la capacidad de coordinación metálica de sitios de N protonados y en 
disposiciones diferentes en los anillos referidos. En un afán de profundizar un poco más 
en el conocimiento de la Química de coordinación de dichos heterociclos, en esta etapa 
se exploró también la capacidad competitiva de ellos frente a Cu(ll), modificando el orden 
de su participación en la reacción de competencia por el metal. En toda esta primera 
etapa, se modificó la naturaleza de los contraiones presentes en las sales de Cu(ll), con 
la finalidad de explorar su influencia sobre la naturaleza de los productos obtenidos, y de 
ser posible, sobre algunas de sus propiedades. 

De las reacciones individuales metal-heterociclo y para el caso del alopurinol, se 
obtuvo el compuesto metálico Cu(ll)(alopurinoi)2(CI)2 en la totalidad virtual de las 
reacciones exploradas. Solo con el empleo de CH3C02- como contraión en la sal 
metálica, se obtuvo al compuesto Cu(ll)(alopurinolato-)(OH-) ya comentado. Para el 
caso de la hipoxantina, se obtuvieron los sistemas metálicos Cu(ll)(hipoxantina)2(X)2 
(X=CI- ó Br-) y Cu(ll)(hipoxantina)2(X)n (X=N03- ó CI04-, n=2; X=SO/-, n=1 ). 

En relación a las reacciones de competencia heterocíclica por el centro de Cu(ll), 
es notable la capacidad de competencia y de coordinación metálica mostrada por el 
alopurinol sobre la hipoxantina. Para este tipo de reacciones, no se obtuvieron 
compuestos de Cu(ll) con ligantes heterocíclicos mixtos. 

Respecto a la preparación de los compuestos, son notables las estabilidades 
cinética y termodinámica asociadas a la formación del compuesto metálico 
Cu(ll)(alopurinolh(CI)2. Solamente y bajo la presencia de un ligante (CH3C02-) con una 
estabilidad termodinámica apreciable frente a H+, el alopurinol fue desprotonado a las 
condiciones del pH experimental. Lo opuesto sucede para el caso de los compuestos de 
Cu(ll) con hipoxantina; en éstos es notable la presencia de los contraiones metálicos que 
fueron incorporados como sales de Cu(ll) a las reacciones, no obstante la concentración 
comparativamente mayor de Cl-, como consecuencia del sistema amortiguante de pH 
empleado. También y en oposición a la conducta mostrada por el alopurinol, la 
hipoxantina no se encuentra desprotonada en ninguno de sus compuestos de Cu(ll) 
respectivos. 

Con la información obtenida de la realización de estas reacciones, es difícil 
discernir sobre la naturaleza de los factores que inciden en la estabilidad cinética y 
termodinámica de los productos referidos. Lo que es evidente, es que la disposición de 
los átomos de N en los anillos de cinco miembros es un factor determinante, pero no lo es 
en cuanto a las contribuciones diversas en que se traduce dicho rasgo. 

Respecto a la caracterización de los compuestos obtenidos, los estudios han 
permitido sugerir que en todos los casos los ligantes heterocíclicos se coordinan por 



átomos de N. Para los dos compuestos con alopurinol, se ha propuesto a átomos de N 
del anillo pirazólico:N(2) en Cu(ll)(alopurinoi)2(CI)2, y N(1) y N(2) en Cu(ll)(alopurinolato-) 
(OH-). Para el primer caso esta propuesta de coordinación metálica correspondería a la 
existencia del alopurinol en la forma tautomérica N(1 )-H/N(5)-H, la cual ha sido 
considerada como la energéticamente más estable en cálculos teóricos 1 y una de las dos 
formas predominantes y coexistentes en equilibrio tautomérico en estudios 
espectroscópicos de disoluciones del heterociclo libre2

. La propuesta sobre la existencia 
del alopurinol coordinado en la forma tautomérica N(1 )-H/N(5)-H estaría en concordancia 
con el valor teórico del vector momento dipolo eléctrico comparativamente mayor para 
este tautómero (3.65 D) en relación al tautómero N(2)-H/N(5)-H (0.93 D), y al efecto que 
tiene el incremento de la constante dieléctrica del medio sobre el aumento de la 
estabilidad de aquel tautómero que en estado aislado presenta la magnitud mayor de 
dicho vector 1¡·

3
. 

Para el segundo caso, la propuesta de coordinación metálica correspondería a la 
existencia del alopurinolato- en la forma tautomérica cetónica y protonación en el átomo 
N(5). La protonación de este átomo parece ser un rasgo importante en el alopurinol 
monoaniónico coordinado, dado que los estudios experimentales sobre la disociación 
protónica del heterociclo libre no han considerado a esta forma tautomérica como 
importante en los equilibrios tautoméricos del heterociclo en disolución con dicha carga 
formal. Aquí, la vecindad de los átomos de N en el anillo pirazólico parece desempeñar el 
papel central, al posibilitar la coordinación del heterociclo a través de dicho anillo, y la 
desprotonación del mismo bajo condiciones experimentales favorables. 

De esta forma, la coordinación metálica del alopurinol a través del anillo pirazólico, 
y la existencia simultánea de bases suficientemente fuertes en la mezcla de reacción 
(que favorecerían la desprotonación del mismo), posibilitan la estabilización de una forma 
tautomérica no favorecida en el caso del heterociclo libre monoaniónico. 

En relación a los compuestos de Cu(ll) con hipoxantina, se ha propuesto la 
coordinación metálica del heterociclo a través del átomo N(7) del anillo imidazólico en los 
compuestos del tipo Cu(ll)(hipoxantina)2(X)2 (X=CI- ó Br-). Aquí, esta propuesta de 
coordinación metálica correspondería a la existencia de la hipoxantina en la forma 
tautomérica N(1)-H/N(9)-H, la cual y en cálculos teóricos1

i,
1

iii,
1

iv,
4 ha sido considerada 

prácticamente de la misma estabilidad energética que la forma N(1 )-H/N(7)-H. El valor 
teórico del vector momento dipolo eléctrico para la forma N(1 )-H/N(9)-H (5.186 D), es 
comparativamente mayor que el correspondiente a la forma N(1 )-H/N(7)-H (1.798 D). En 
este caso también, un aumento en la constante dieléctrica del medio incrementaría la 
estabilidad del tautómero N(1 )-H/N(9)-H. De hecho, ya en estudios espectroscópicos en 
(CD3)2SO sobre las poblaciones relativas de estos dos tautómeros, se ha deducido una 
relación prácticamente equimolar entre ambos5

. Una constante dieléctrica aún mayor 
favorecería el incremento de la población relativa del N(1 )-H/N(9)-H sobre el N(1 )-H/N(7)
H, lo cual estaría en concordancia con la propuesta hecha sobre la coordinación 
heterocíclica para los dos compuestos de Cu(ll) aquí discutidos. 

También y en relación a los compuestos de Cu(ll) con hipoxantina, se ha 
propuesto la coordinación del heterociclo a través de los átomos N(3) y N(9) para los 
compuestos del tipo Cu(ll)(hipoxantinah(X)n ya referidos, los cuales presentarían una 
estructura tipo acetato de Cu(ll). Aquí, y en oposición a los dos compuestos de Cu(ll) 
precedentes, el heterociclo se encontraría coordinado en la forma tautomérica N(1 )
H/N(7)-H. La presencia de esta forma tautomérica obliga a pensar que en el problema del 



tautomerismo en disolución de la hipoxantina neutra, así como en el referente al cambio 
de las poblaciones relativas tautoméricas con la constante dieléctrica y de la estabilidad 
preferencial de un tautómero sobre otro en la coordinación metálica, pueden entrar en 
juego otros factores. .. 

Con respecto a este problema, cálculos teóricos recientes4
'' sobre los dos 

tautómeros (N(1 )-H/N(7)-H y N(1 )-H/N(9)-H) han mostrado que en relación al potencial 
electrostático molecular, las regiones que involucran a los átomos desprotonados de N y 
O son favorecidas para una interacción potencial tipo electrostática con especies 
catiónicas, en concordancia también con las propiedades de los vectores respectivos del 
momento dipolo eléctrico. En relación a las propiedades de las funciones de onda 
asociadas a los orbitales moleculares (OM), ambos tautómeros presentan un OM de 
enlace tipo cr, y un OM (HOMO) tipo 11, los cuales son independientes (en su distribución 
molecular) del estado tautomérico. Las propiedades de los HOMO podrían tener 
implicaciones potenciales en el problema de la reactividad, puesto que inducirían a 
pensar entre otros aspectos, que un átomo de N podría verse involucrado en etapas 
iniciales de interacción con un metal de transición, no obstante que estuviera protonado. 
Esto permitiría sospechar que un tautómero dado no necesariamente se coordinaría a 
través y por ejemplo, de los átomos desprotonados de N que presente dicha forma. 

En resumen, y de acuerdo a los cálculos teóricos, ambas formas tautoméricas son 
susceptibles de participar en interacciones electrostáticas con cationes, vía sus átomos 
desprotonados; ambas también presentan una estructura electrónica tal que posibilita su 
participación (a través de sus HOMO) en procesos de transferencia de densidad de carga 
electrónica con orbitales tipo d de centros metálicos de transición, vía la participación de 
regiones heterocíclicas que involucran (por ejemplo) átomos de N, desprotonados ó no. 

Aquí y en relación a estos tres casos, la naturaleza del contraión (X=N03- , S04 
2
-, 

Cl04-) parece ser determinante en la conducta experimental obtenida. También aquí el 
compuesto del tipo Cu(ll)(hipoxantina)2(X)2 ha sido obtenido como especie minoritaria (y 
en donde se ha propuesto la coordinación del heterociclo en la forma tautomérica N(1 )
H/N(9)-H). Con esta información es difícil sugerir la naturaleza de la influencia que ejerce 
el tipo de contraión presente en la sal de Cu(ll) en relación al predominio de una forma 
tautomérica coordinada sobre otra, ó la presencia de ambas en compuestos de Cu(ll) 
diferentes y aislados de la misma disolución en equilibrio químico. 

Por otra parte, y con respecto a las propiedades físicas de los compuestos de 
Cu(ll) obtenidos en este estudio, y que contienen respectivamente a los ligantes 
alopurinol e hipoxantina con carga formal cero, destacan las propiedades espectrales y 
magnéticas. Para los sistemas del tipo Cu(II)(Lh(Xh (L=alopurinol, X=CI-; L=hipoxantina, 
X=CI- ó Br-) los estudios magnéticos han permitido plantear la existencia de un 
acoplamiento antiferromagnético débil entre espines electrónicos de átomos de Cu(ll), 
sugiriéndose que los ligantes halógeno son los participantes preponderantes en la 
trayectoria del superintercambio magnético respectivo. En estos estudios, los modelos 
magnéticos utilizados han sido una herramienta notablemente selectiva para la 
elaboración de las propuestas estructurales de los compuestos de Cu(ll), destacando 
aquí el modelo de cadena lineal de espines S=% acoplados. 
Para los sistemas del tipo Cu(ll)(hipoxantinah(X)n (X=N03-, SO/-, CI04-) los estudios 
magnéticos han permitido plantear la existencia de un acoplamiento antiferromagnético 
intenso entre un par de espines electrónicos de átomos de Cu(ll), ésto en concordancia 
con los estudios de REE a las temperaturas de 300 y 77 K. De dichos estudios se ha 



propuesto que los ligantes hipoxantina (coordinados a dos átomos de Cu(ll) a través de 
los átomos N(3) y N(9)) desempeñan el papel central en la trayectoria del 
superintercambio magnético respectivo. Aquí, el modelo magnético de un par de espines 
S=% acoplados, ha sido exitoso en la descripción de las propiedades magnéticas de 
bulto de los productos sólidos respectivos. 

En relación a estos estudios, en el anexo ,;2, se presenta una exposición detallada 
sobre la preparación y caracterización espectral y magnética de los compuestos de Cu(ll) 
respectivos. 
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Capítulo Vd 

Estudios sobre la preparación y caracterización 
del compuesto polinuclear 

Cu(ll)(6-mercaptopurinolato2
-). 



Como extensión a los estudios precedentes y efectuados a pH=1, se intentó 
explorar la capacidad de competencia heterocíclica hacia Cu(ll) por parte del alopurinol y 
la hipoxantina, ahora en presencia de un nuevo ligante heterocíclico, como es la 6-
mercaptopurina. La presencia del átomo S(6) en este heterociclo le confiere tanto una 
capacidad notable de coordinación metálica como una diversidad de modos de enlace 
hacia los centros metálicos. Los estudios de competencia heterocíclica por el centro 
Cu(ll) fueron efectuados en una primera etapa en disolución acuosa y valores de pH=1.0, 
4.0, 7.0 y 13.0. La intención fue explorar el efecto de las propiedades fisicoquímicas del 
disolvente (constante dieléctrica elevada) y el valor del pH, sobre la estabilidad 
termodinámica de un sistema particular Cu(ll)-heterociclo (formado en una primera etapa 
de reacción) bajo la presencia de otro heterociclo en competencia por el mismo centro 
metálico. 

Las reacciones de competencia por Cu(ll) fueron efectuadas bajo el mismo 
esquema seguido en los estudios a pH=1. Para cada tipo de reacción y valor de pH fue 
modificada sistemáticamente la naturaleza del contraión presente en las sales de Cu(ll) 
(X= Cl-, Br-, N03-, sol-, CI04-, CH3C02-). En esta primera etapa y a diferencia de las 
reacciones análogas efectuadas en los estudios a pH=1, la temperatura fue la de 
ebullición de la mezcla de reacción; esto fue hecho con la intención de compensar en 
alguna medida la solubilidad escasa de los sistemas Cu(ll)-heterociclo formados en la 
primera etapa de reacción y favorecer por tanto la posible competencia del segundo 
heterociclo, sobre todo y a medida que el pH se ve incrementado. La medida fue 
adoptada también para favorecer la disociación protónica de los heterociclos en 
competencia por el centro metálico. 

Los mismos estudios de competencia heterocíclica por Cu(ll) fueron efectuados en 
una segunda etapa, modificando las propiedades fisicoquímicas del disolvente, 
empleando en ésta uno con valores menores en su constante dieléctrica y en su 
constante de autodisociación protónica. Aquí fue elegido el CH30H, para no disminuir 
drásticamente la solubilidad de los heterociclos. Los estudios en esta segunda etapa 
fueron efectuados bajo las mismas condiciones experimentales que las de la primera 
etapa, con la diferencia de emplear tan solo a los contraiones X=N03-, sol-, Cl04- y 
CH3C02-). 

De todas las reacciones de competencia heterocíclica efectuadas en estas dos 
etapas, un solo producto fue aislado, del tipo Cu(ll)(6-mercaptopurinolato2-). Este 
resultado hace pensar que la independencia de la natulareza del producto respecto a los 
contraiones metálicos empleados, es consecuencia del grado apreciable de disociación 
protónica del heterociclo 6-mercaptopurina. En este proceso pudieran haber influido tanto 
la temperatura, como las propiedades fisicoquímicas del disolvente (para el caso del 
H20), ó el contenido de ésta (para el caso del CH30H). 

El hecho de que se obtenga este estado dianiónico formal para el heterociclo en el 
caso de las reacciones efectuadas a pH=1 (y no obstante la existencia de dos valores de 
pKa>6.0 en el heterociclo libre en H20) permite sospechar que la interacción del centro 
de Cu(ll) con aquel, es otro factor importante en dicho proceso de disociación protónica. 
Aquí, el descenso de valores de pKa cuando menos en seis unidades, bajo la presencia 
de Cu(ll), es un hecho notable en la fisicoquímica y la química de coordinación de la 6-
mercaptopurina. 

La capacidad competitiva notable por el Cu(ll) mostrada por la 6-mercaptopurina 
en estos estudios, pudiera atribuirse tanto a la participación del átomo exocíclico S en la 



coordinación metálica, a su disposición en la estructura de la molécula (que posibilita por 
ejemplo, la formación simultánea de enlaces metálicos por S(6) y N(?)), así como a la 
capacidad heterocíclica comparativamente mayor de disociación protónica. Destaca el 
hecho de que incluso a valores de pH notablemente elevados, no existe participación del 
grupo OH- en el producto, lo cual permite hablar de la existencia de estabilidades 
cinética y termodinámica peculiares sobre la formación de dicho compuesto de Cu(ll). La 
simple estequiometría metal-ligante de éste, es un indicio a favor de estas características. 

La caracterización espectral y magnética del compuesto estarían en 
correspondencia con su carácter polinuclear, fungiendo la 6-mercaptopurina como 
ligante puente a centros de Cu(ll). En esta propuesta el heterociclo dianiónico participaría 
(a través de su átomo de S y de los dos átomos de N del anillo imidazólico) en puentes 
bidireccionales, construyendo con los átomos metálicos una malla aproximadamente 
bidimensional. Este ha sido el primer caso de los hasta ahora discutidos, en donde uno 
de los heterociclos centrales de estudio se encuentra bidesprotonado, y por tanto en 
ausencia de un estado tautomérico prototrópico determinado en el anillo de cinco 
miembros. 

En la caracterización magnética del producto sólido, dos modelos magnéticos han 
sido exitosos en la descripción de las propiedades magnéticas de bulto del compuesto de 
Cu(ll). Tanto el modelo de cadena lineal de espines S=% acoplados (incluyendo en éste 
la aproximación de campo medio para interacciones intermoleculares), como el modelo 
tetranuclear de espines S=% acoplados con simetría C2v arrojan la existencia de un 
acoplamiento antiferromagnético muy débil entre pares de espines electrónicos de 
átomos de Cu(ll) para las dos direcciones de la malla propuesta. En el análisis magnético 
los grupos puente del heterociclo aparecen como los más importantes en la construcción 
de las trayectorias respectivas de superintercambio magnético. La magnitud del 
acoplamiento magnético pudiera atribuirse en parte a las distorsiones en los planos que 
contienen a los átomos de Cu(ll). 

En el anexo :1: se presenta una exposición detallada sobre la preparación, la 
caracterización espectral y magnética del sistema polinuclear Cu(ll)(6-
mercaptopuri no 1 ato2

-). 



Capítulo Ve 

Estudios sobre la preparación en CH30H y 
la caracterización de compuestos de Cu(ll) 

con los heterociclos respectivos alopurinol, 
hipoxantina y 6-mercaptopurina. Parte l. 



Como extensión a los estudios precedentes (efectuados en disolución acuosa y pH 
variable, así como en CH30H) sobre reacciones de competencia entre el alopurinol, la 
hipoxantina y la 6-mercaptopurina por Cu(ll), se consideró pertinente complementar el 
estudio sobre la química de coordinación de los heterociclos en CH30H, tanto en sus 
reacciones respectivas Cu(ll)-heterociclo, como en las de competencia heterocíclica por 
el centro metálico, ampliando la serie de contraiones (X=CI-, Br-, N03-) presentes en 
las sales metálicas. El esquema general de las reacciones fue análogo a los seguidos en 
los estudios de los subcapítulos Ve y Vd; todas las reacciones se efectuaron a la misma 
temperatura que en Vd. 

Con respecto a las reacciones individuales Cu(ll)-heterociclo, aquí se presentaron 
diferencias notables para el caso del alopurinol (y en comparación a los estudios de los 
subcapítulos Va y Ve), obteniéndose compuestos del tipo Cu(ll)(alopurinoi)2(X)2 (X=CI-, 
Br- y N03-). Aquí pareciera que las propiedades fisicoquímicas del disolvente (constante 
dieléctrica menor con respecto a la del H20), juegan un papel importante en el 
mantenimiento de la carga formal cero en el heterociclo, posibilitando compartir la esfera 
de coordinación metálica con los contraiones de las sales metálicas. 

Para el caso de la hipoxantina, aquí se obtuvieron sistemas del tipo 
Cu(ll)(hipoxantinah(Xh (X=CI-, Br-, N03-), el cual es homólogo al de compuestos de 
Cu(ll) con hipoxantina obtenidos y comentados en el subcapítulo Ve. 

Por último, y para el caso de la 6-mercaptopurina, se obtuvieron compuestos de 
los tipos Cu(ll)(6-mercaptopurina)n(X)2 (X=CI-, n=1; Br-, n=2) y Cu(ll)(6-
mercaptopurinolato2-). Aquí también, la presencia del ligante heterocíclico con carga 
formal cero posibilita la presencia de los contraiones metálicos en la esfera de 
coordinación de los compuestos de Cu(ll) respectivos, hecho contrario al que se presenta 
en el sistema Cu(ll)(6-mercaptopurinolato2-). En relación a estos dos compuestos, 
pareciera que la naturaleza de los contraiones juega un papel importante en el estado de 
carga formal del heterociclo, y en la estequiometría de los compuestos de Cu(ll). 

En relación a las reacciones de competencia heterocíclica por Cu(ll), la 6-
mercaptopurina es el ligante con la capacidad mayor de sustitución heterocíclica, 
desplazando al alopurinol ó a la hipoxantina de los compuestos Cu(II)(Lh(N03-)2. Por 
otra parte y para los compuestos con X=CI- ó Br-, los tres heterociclos (como segundos 
heterociclos respectivos incorporados a los sistemas de reacción) no presentan 
capacidad de sustitución heterocíclica. La capacidad de la 6-mercaptopurina descrita 
anteriormente pudiera ser argumentada en términos de la capacidad de coordinación 
relativamente menor del grupo N03-; esta característica, asociada a la disociación 
protónica del heterociclo, favorecen la formación del sistema polinuclear Cu(ll)(6-
mercaptopuri nolato2-). 

Por último y cuando los heterociclos son llevados a competir simultáneamente por 
el centro metálico, la 6-mercaptopurina presenta la capacidad mayor de competencia 
heterocíc!ica y de coordinación metálica. La reactividad mayor de este heterociclo, 
pudiera estar asociada aquí al papel desempeñado por el átomo 8(6), el cual es el sitio 
más reactivo del ligante, en su química de coordinación metálica explorada hasta ahora. 
De los estudios de competencia heterocíclica por el metal, no se obtuvieron compuestos 
de Cu(ll) con ligantes heterocíclicos mixtos. 

La caracterización espectral de los compuestos de Cu(ll) con alopurinol, permite 
sugerir la existencia del heterociclo coordinado en forma monodentada por N(2) y en la 
forma tautomérica N(1 )-H/N(S)-H. Para los compuestos de Cu(ll) con hipoxantina, la 



caracterización correspondiente permite sugerir la existencia del heterociclo coordinado 
en forma monodentada por N(?) y en la forma tautomérica N(1 )-H/N(9)-H. Por último y 
para los compuestos de Cu(ll) con la 6-mercaptopurina en forma neutra, se propone 
coordinada por S(6) y N(?) (para el caso de X=CI-), y por S(6) (cuando X=Br-). En 
ambos casos, se sugiere la presencia del heterociclo coordinado en la forma N(1 )-H/N(9)
H. Aquí cabe señalar que la existencia del tautomerismo N(7)-H/N(9)-H de la forma tiona 
de la 6-mercaptopurina neutra ha sido evidenciado en estudios espectroscópicos de 
disoluciones de dicho heterociclo 1-

7
. 

Respecto a la estabilidad energética de los tautómeros de la 6-mercaptopurina en 
forma tiona y en estado aislado, los estudios teóricos6

-
8 han revelado que el tautómero 

N(1 )-H/N(7)-H es relativamente más estable (LiE=3.03 kcal/mol) que el N(1 )-H/N(9)-H. 
Los cálculos teóricos8 arrojan para el tautómero N(1 )-H/N(7)-H un valor para el vector 
momento dipolo eléctrico (0.74 D) comparativamente menor que el correspondiente y 
asociado al tautómero N(1 )-H/N(9)-H (5.90 D). 

Por otra parte, en los estudios espectroscópicos en (CD3)2S05
, la población 

relativa de los tautómeros favorece al N(1 )-H/N(7)-H sobre el N(1 )-H/N(9)-H, siendo la 
relación aproximada de 4/1. Para el caso del disolvente H20, la población relativa parece 
favorecer al tautómero N(1 )-H/N(9)-H1

-
4

·
6

.7. De esta forma, un incremento importante en 
la constante dieléctrica del medio parece favorecer la población relativa de aquel 
tautómero que en estado aislado presenta el valor mayor del vector momento dipolo 
eléctrico. El cambio de la población tautomérica relativa de la 6-mercaptopurina con la 
constante dieléctrica del disolvente, aunado a la participación del átomo S(6) como sitio 
preferencial de coordinación metálica del heterociclo, pudieran ser factores que 
contribuyeran al favorecimiento del tautómero N(1 )-H/N(9)-H en la 6-mercaptopurina 
coordinada. 

De esta forma y para los tres heterociclos en estudio, la caracterización permite 
sugerir que éstos se encuentran coordinados respectivamente en aquella forma 
tautomérica que en estado aislado presenta el valor mayor del vector momento dipolo 
eléctrico. 

En un intento por racionalizar la conducta coordinante experimental mostrada por 
el átomo § presente en la 6-mercaptopurina, y que pudiera ser el factor decisivo en la 
participación de otros átomos del heterociclo como sitios de coordinación, se realizaron 
cálculos teóricos8 de algunas propiedades para los tautómeros N(1 )-H/N(7)-H y N(1 )
H/N(9)-H del heterociclo libre. 

De los cálculos, es importante resaltar que en ambos tautómeros la función de 
onda asociada a los HOMO presenta propiedades de simetría y de contribución atómica, 
diferentes a las mostradas por la función homóloga para los dos tautómeros 
energéticamente más estables tanto del alopurinol como de la hipoxantina. Las dos 
figuras siguientes ilustran las propiedades de la función para el HOMO ('P±0.025) de los 
dos tautómeros de la 6-mercaptopurina en su forma tiona. 







En las figuras se observa que la función se distribuye a nivel del plano molecular, y 
la contribución atómica más importante es por parte del S(6). La función sobre dicho 
átomo parece tener al menos una contribución tipo p en el plano molecular. Las 
propiedades de la función sobre dicho átomo exocíclico no cambian notablemente con la 
forma tautomérica. Es interesante notar que para los dos tautómeros, la función de onda 
asociada al OM inmediato inferior en energía tiene las mismas propiedades que la 
asociada a los HOMO para los dos tautómeros del alopurinol y los dos tautómeros de la 
hipoxantina (Anexos Z y .~D. Por tanto, las propiedades asociadas al HOMO de ambos 
tautómeros de la 6-mercaptopurina, pudieran ser parte de los factores contribuyentes a la 
reactividad comparativamente mayor del átomo S(6) respecto a los átomos 0(4) y 0(6) 
presentes en el alopurinol y la hipoxantina. 

En relación a lo anterior y a las propiedades de la función de onda asociada al 
LUMO de ambos tautómeros de la 6-mercaptopurina, éstas se muestran en las figuras 
siguientes. 







En ellas se observa que la función (en el nivel ±0.025) tiene un plano nodal (sobre 
el plano molecular), y que su contribución atómica y distribución no muestran cambios 
apreciables con la forma tautomérica. En ambos casos el átomo S(6) contribuye a la 
función del LUMO, teniendo cuando menos una contribución tipo p perpendicular al plano 
molecular. En resumen y para este heterociclo, en ambos tautómeros el átomo S(6) 
contribuye a la función de onda de los OM frontera, que son a los que se asocian 
fundamentalmente las propiedades de transferencia de densidad de carga electrónica del 
heterociclo en sus reacciones químicas. 

Por otra parte, y en relación a la caracterización magnética de los compuestos de 
Cu(ll) obtenidos en este estudio, las propiedades magnéticas de bulto fueron analizadas 
con algunos modelos magnéticos. De los elegidos, sólo el modelo de cadena lineal de 
espines S=% acoplados, describió exitosamente la conducta magnética de cada 
compuesto. En el tratamiento respectivo de los datos experimentales con este modelo, se 
incluyó la aproximación de campo medio con la finalidad de explorar la posible 
descripción de acoplamientos magnéticos entre cadenas. 

Para todos los compuestos de Cu(ll) los resultados de la caracterización 
magnética permiten sugerir la existencia de un acoplamiento antiferromagnético muy 
débil entre los espines electrónicos asociados a pares de átomos de Cu(ll) que forman un 
arreglo lineal. En este análisis magnético las cadenas respectivas estarían formadas a 
través de la participación de los ligantes aniónicos (X=CI-, Br- y N03-) como grupos 
puente a átomos metálicos vecinos. Del mismo análisis magnético se desprende la 
existencia de acoplamientos magnéticos muy débiles entre cadenas. Para el compuesto 
polinuclear del tipo Cu(ll)(6-mercaptopurinolato2

-), el análisis magnético (subcapítulo Vd) 
empleando el modelo de cadena lineal con la aproximación de campo medio, ó bien el 
tetranuclear en una simetría C2v, permite sugerir la existencia de un acoplamiento 
antiferromagnético muy débil entre espines electrónicos asociados a átomos de Cu(ll), 
alineados en dos direcciones en una malla bidimensional distorsionada. Para los 
compuestos con X=Br-, la intensidad de los acoplamientos magnéticos respectivos es 
ligeramente mayor que para cuando X=CI-, sugiriéndose la influencia posible de la 
polarizabilidad comparativamente mayor del Br-en dicha conducta magnética. Para los 
compuestos con X=CI-, Br- ó N03-, estos ligantes son convocados a participar como 
preponderantes en las trayectorias respectivas del superintercambio magnético. Para el 
compuesto Cu(ll)(6-mercaptopurinolato2-) el heterociclo coordinado desempeñaría el 
papel central en la construcción de dicha trayectoria. La intensidad del acoplamiento 
magnético resultante obtenido en los casos de X=CI-, Br- ó N03-, permite considerar la 
posibilidad de que existan solamente interacciones débiles entre los ligantes aniónicos 
coordinados a un centro, y los centros vecinos; otra posibilidad es la referente a que los 
ángulos M-X-M son de tal magnitud que provocan una ortogonalidad apreciable entre los 
orbitales contribuyentes a la trayectoria del superintercambio magnético (de hecho, se 
han obtenido relaciones lineales entre e! valor de! parámetro J de intercambio magnético 
y el valor del ángulo M-X-M; en estos últimos, existen valores tales de dicho ángulo, que 
el valor de J es cero). Con los estudios realizados es difícil discernir sobre el peso 
específico de estas posibilidades, ó incluso la existencia de otras. 

Por último, la intensidad del acoplamiento magnético resultante obtenido en el 
compuesto de Cu(ll) con el heterociclo dianiónico, pudiera deberse en parte a las 
distorsiones en la esfera de coordinación de los átomos de Cu(ll). 



En el anexo§. se presenta una exposición detallada de la preparación, así como de 
la caracterización espectral y magnética de los compuestos de Cu(ll) obtenidos en este 
estudio. 
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Capítulo Vf 

Estudios sobre la preparación en CH30H y 
la caracterización de compuestos de Cu(ll) 

con los heterociclos respectivos alopurinol, 
hipoxantina y 6-mercaptopurina. Parte 11. 



Como continuación a los estudios del subcapítulo precedente, aquí se exploraron 
tanto las reacciones Cu(ll)-heterociclo para los ligantes respectivos alopurinol, 
hipoxantina y 6-mercaptopurina, como las reacciones competitivas de dichos heterociclos 
por el centro metálico, empleando el mismo disolvente y condiciones de temperatura para 
dichas reacciones, pero ampliando la serie de los contraiones metálicos a X= so/-, 
CI04- y CH3C02-. 

En relación a las reacciones químicas Cu(ll)-heterociclo, en todos los casos se 
formaron compuestos de Cu(ll) con los heterociclos respectivos. Para el alopurinol, se 
obtuvieron los compuestos del tipo Cu(ll)(alopurinolato-)(OH-) (cuando se empleó X= 
SO/- ó CH3C02-), Cu(ll)(alopurinoi)4(CI04-h. y Cu(ll)(alopurinol)( SO/-)(H20) (cuando 
se limitó la presencia de H20 en el disolvente de la reacción respectiva). Para la 
hipoxantina, se obtuvieron compuestos del tipo Cu(ll)(hipoxantina)(SO/-)(H20), 
Cu(ll)(hipoxantinah(CI04-h y Cu(ll)(hipoxantinato-)( CH3C02-). Por útlimo, y para la 6-
mercaptopurina, de todas las reacciones se obtuvo el compuesto del tipo Cu(ll)(6-
mercaptopurinolato2-), descrito y discutido en los subcapítulos Vd y Ve. 

En relación a las reacciones Cu(ll)-alopurinol, es notable la influencia que tienen la 
estabilidad termodinámica hacia el protón por parte de los contraiones metálicos 
empleados, la presencia de H20 en el disolvente y la temperatura de la reacción, sobre la 
carga formal del heterociclo y la presencia de otros grupos aniónicos coordinados al 
centro metálico eh los compuestos obtenidos. Así, en aquellas reacciones con X como 
base conjugada relativamente fuerte hacia el protón (X= SO/- ó CH3C02-), y presencia 
de H20 en el disolvente, se favorece la disociación protónica del heterociclo, y la 
presencia del grupo OH- en el compuesto de Cu(ll) resultante. 

En relación a las reacciones Cu(ll)-hipoxantina, la influencia de los factores 
citados arriba se detecta solamente en el caso X= CH3C02-, favoreciéndose la 
disociación protónica del heterociclo por primera vez. A diferencia de lo ocurrido con el 
alopurinol, aquí y para el caso de la hipoxantina monoaniónica, el contraión original es el 
que comparte la esfera de coordinación metálica del Cu(ll). Los resultados obtenidos de 
la reacciones Cu(ll)-alopurinol y Cu(ll)-hipoxantina, muestran una vez más la estabilidad 
relativamente mayor hacia el estado de protonación con carga formal cero por parte de la 
hipoxantina. Por último y en relación a las reacciones Cu(ll)-6-mercaptopurina, aquí se 
obtuvo solamente al compuesto de Cu(ll) con el heterociclo bidesprotonado. Resulta 
notable la influencia desempeñada al menos por los contraiones poliatómicos (X=N03-, 
subcapítulo Ve; X= SO/-, Cl04- y CH3C02-) en el favorecimiento de la desprotonación 
heterocíclica. La diversidad de las estabilidades termodinámicas hacia el protón por parte 
de estas bases conjugadas dificulta el análisis sobre los factores a nivel molecular que 
dan por resultado la disociación protónica del heterociclo. Pareciera ser que la 
temperatura es aquí también determinante. 

De cualquier forma, resalta también de estos estudios la tendencia relativamente 
mayor hacia la desprotonación extrema en H20 por parte de la 6-mercaptopurina y en 
relación al alopurinol ó a la hipoxantina. Por otra parte, y con respecto a las reacciones 
de competencia heterocíclica por el centro metálico, los estudios muestran la existencia 
de una capacidad notable de competencia y de coordinación metálica por parte de la 6-
mercaptopurina y la estabilización del compuesto Cu(ll)(6-mercaptopurinolato2-). De 
todas las reaciones de competencia heterocíclica por Cu(ll) no se obtuvieron compuestos 
de Cu(ll) con ligantes heterocíclicos mixtos. 



Acerca de los compuestos de Cu(ll) con alopurinol, los estudios de caracterización 
permiten sugerir la coordinación metálica heterocíclica respectivamente a través de los 
átomos N(1) y N(2) (para el compuesto Cu(ll)(aiopurinolato-)(OH-), discutido en el 
subcapítulo Va) y N(2) (para los compuestos Cu(ll)(alopurinol)( SO/-)(H20) y 
Cu(ll)(alopurinoi)4(CI04-)2). Para los compuestos de Cu(ll) con hipoxantina la 
caracterización permite sugerir la coordinación metálica heterocíclica a través de N(3) y 
N(7) (compuesto Cu(ll)(hipoxantina)( SO/-)(H20)), N(7) (compuesto Cu(ll) 
(hipoxantina)2(CI04-)2) y átomos de N (compuesto Cu(ll)(hipoxantinato-)( CH3C02-)). 
Por último y para el compuesto Cu(ll)(6-mercaptopurinolato2-), se sugiere (como se 
discutió en el subcapítulo Vd) la coordinación metálica heterocíclica a través de S(6), 
N(7) y N(9). 

En relación a las formas tautoméricas presentes en los heterociclos neutros 
alopurinol e hipoxantina coordinados respectivamente a Cu(ll), la caracterización está en 
concordancia con la existencia respectiva de los tautómeros N(1 )-H/N(5)-H y N(1 )-H/N(9)
H. Para el caso de la hipoxantina neutra y en el compuesto Cu(ll)(hipoxantina)(SO/
)(H20), resalta la existencia de su forma tautomérica N(1 )-H/N(9)-H y de su coordinación 
metálica a través de los átomos N(3) y N(7). La participación del átomo N(3) en la 
coordinación metálica aparece como novedosa, y muestra una vez más la inexistencia de 
una correspondencia directa entre la estabilidad termodinámica hacia el protón y la 
estabilidad termodinámica hacia un centro de transición, para un átomo heterocíclico 
dado. 

Como parte de este estudio y en relación a la caracterización magnética de los 
compuestos de Cu(ll) novedosos obtenidos, las propiedades magnéticas de bulto de los 
productos sólidos han sido descritas exitosamente con el empleo del modelo de cadena 
lineal de espines S=% acoplados, incluyendo en el tratamiento la aproximación de campo 
medio. Para todos los sistemas se plantea la existencia de acoplamientos 
antiferromagnéticos muy débiles entre espines electrónicos asociados a átomos de Cu(ll) 
vecinos en un arreglo lineal, así como también la sospecha de la existencia de 
acoplamientos magnéticos muy débiles entre las cadenas respectivas. En este análisis, 
los grupos sol-. CI04- y CH3C02-, así como los heterociclos neutros ó aniónicos, son 
considerados a participar en las trayectorias de superintercambio magnético. Sin 
embargo y a este nivel del análisis, es difícil discernir sobre el tipo de contribución de 
cada uno de dichos grupos a los acoplamientos magnéticos, tanto de tipo intracadena 
como intercadena. 

En el Anexo §. se expone detalladamente la preparación de los compuestos de 
Cu(ll) aquí comentados, así como su caracterización espectral y magnética. 



Capítulo Vg 

Estudios teóricos preliminares a nivel de 
Teoría de Funcionales de la Densidad, sobre la 

Estabilidad Energética, las Propiedades Moleculares y 
de Estructura Electrónica de algunos Tautómeros Cetónicos 

de los Heterociclos Alopurinol e Hipoxantina. 



En forma paralela a los estudios realizados y comentados en los subcapítulos 
precedentes, se llevaron a cabo cálculos teóricos preliminares sobre la estabilidad 
energética relativa, los parámetros estructurales y de índice de valencia, densidad total 
de carga electrónica, momento dipolo eléctrico, potencial electrostático molecular, así 
como de las propiedades de los orbitales moleculares ocupados y de los desocupados 
inmediatos y de energía superior, para los tautómeros energéticamente más estables del 
alopurinol y la hipoxantina neutros. La intención fue el explorar tanto la relación entre 
dichas propiedades y el tautomerismo de cada heterociclo, así como la relación posible 
entre ellas y algunos rasgos de conducta experimental mostrada por los heterociclos 
neutros en sus reacciones químicas ante el protón, o ante centros metálicos 
transicionales. 

Los cálculos teóricos revelan que en estado aislado y de estructura optimizada, los 
dos tautómeros energéticamente más estables para el alopurinol son el N(1 )-H/N(5)-H y 
el N(2)-H/N(5)-H (el segundo con una ~E~3 kcal/mol sobre el primero). Para la 
hipoxantina, los dos tautómeros más estables son el N(1 )-H/N(7)-H y el N(1 )-H/N(9)-H (el 
segundo, con una ~E~1 kcallmol sobre el primero). De esta forma, los cálculos indican 
que el par de tautómeros energéticamente más estables de cada heterociclo, son las 
formas cetónicas que presentan tautomerismo en los anillos de cinco miembros. 
Precisamente dicho par de tautómeros de cada heterociclo, es el que se ha podido 
detectar como especies predominantes en estudios espectroscópicos de disoluciones de 
dichos compuestos. 

Los cálculos de los parámetros estructurales y de índice de valencia revelan que 
en cada par de tautómeros existen pares atómicos unidos por enlaces químicos con 
carácter de enlace doble. Para cada par de tautómeros la posición de dichas regiones 
está relacionada estrechamente al tautomerismo en los anillos de cinco miembros; los 
átomos de N desprotonados están asociados a uniones químicas con átomos vecinos, 
con la propiedad acotada arriba. Los cálculos teóricos sobre densidad total de carga 
electrónica están en correspondencia con dichos resultados. En vector momento dipolo 
eléctrico está relacionado también estrechamente al tautomerismo en los anillos de cinco 
miembros. 

Aquellas regiones moleculares que involucran a átomos de N desprotonados ( ó 
inclusive, al 0), están saciadas al extremo negativo del dipolo eléctrico. Las propiedades 
de este parámetro pudieran tener implicaciones en el problema del tautomerismo de los 
dos heterociclos en disolución, sugiriéndose que las poblaciones relativas de los 
tautómeros respectivos tanto del alopurinol como de la hipoxantina en disoluciones con 
disolventes de constante dieléctrica elevada, pudiera cambiar a favor de aquellos 
tautómeros con valores mayores del vector momento dipolo eléctrico. 

Los cálculos teóricos del potencial electrostático molecular atractivo hacia una 
carga positiva de prueba revelan que las propiedades de dicho parámetro están 
asociadas íntimamente al tautomerismo presente en cada heterocic!o: aquellas regiones 
que involucran a átomos de N desprotonados (ó incluso al O) están asociadas a los 
potenciales electrostáticos atractivos mayores. En otras palabras, estas regiones 
pudieran considerarse como zonas preferenciales en las interacciones electrostáticas de 
los tautómeros con especies catiónicas. 

Por último y en relación a las propiedades de la función de onda asociada a los 
orbitales moleculares (OM), y en particular para los OM frontera, la función cambia de 
signo con el plano molecular de cada par tautomérico tanto del alopurinol como de la 



hipoxantina. En forma interesante y para la función del HOMO, las contribuciones 
atómicas a la función, así como su distribución a nivel molecular, son independientes del 
tautomerismo del alopurinol y la hipoxantina. De otra manera, la función asociada a las 
propiedades donadoras de densidad de carga electrónica tiene las mismas propiedades 
de simetría y de contribución atómica independientemente del tautomerismo de los dos 
heterociclos. Este resultado podría tener también implicaciones en el problema de los dos 
isómeros, dado que permite plantear la posibilidad de que átomos de N en cada par de 
tautómeros, puedan participar en procesos de donación de densidad de carga electrónica 
ante centros metálicos con orbitales d, independientemente del estado de protonación ó 
de desprotonación en que se encuentren. 

En relación a la función del LUMO, las contribuciones atómicas a la función, así 
como su distribución a nivel molecular, presentan ciertos cambios con el tautomerismo de 
cada heterociclo. Esto implicaría que las propiedades de aceptación de densidad de 
carga electrónica por parte del alopurinol y la hipoxantina, dependerían en cierta medida 
del estado tautomérico de cada uno de ellos en su forma cetónica. 

En el Anexo z se presenta en forma detallada el nivel de los cálculos teóricos 
realizados, así como los resultados obtenidos. 
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Estudios teóricos a nivel de 
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del Heterociclo Hipoxantina. 



Como continuación de los estudios teóricos precedentes, en este subcapítulo se 
presenta el resumen de algunos resultados obtenidos sobre un estudio teórico exhaustivo 
a nivel de Teoría de Funcionales de la Densidad de todos los tautómeros del heterociclo 
hipoxantina con carga formal cero. La intención ha sido realizar el refinamiento de los 
cálculos teóricos previos, extender el estudio a otros tautómeros, así como el calcular 
otras propiedades y su relación con la temperatura. Cálculos análogos para los 
heterociclos alopurinol y 6-mercaptopurina se encuentran en desarrollo. 

Los estudios teóricos consideraron catorce posibles tautómeros e isómeros de la 
hipoxantina neutra. En las optimizaciones de geometrías se emplearon criterios de 
convergencia de campo autoconsistente (1 o-9 Hartrees) y de gradiente de energía con 
respecto a la geometría (1 o-7 Hartrees/Bohr). Para todas las geometrías optimizadas se 
verificó su correspondencia a la de puntos estacionarios. Los cálculos teóricos 
permitieron obtener valores de energía molecular total, parámetros estructurales, índice 
de valencia, densidad de carga electrónica total, vector momento dipolo eléctrico, 
potencial electrostático molecular, energías y propiedades de la función de onda 
asociada a los 35 OM ocupados y 5 OM desocupados de energía menor, primer potencial 
de ionización y afinidad electrónica verticales, valores de las constantes de equilibrio 
tautomérico con la temperatura, y espectros vibracionales IR. 

Los estudios han permitido confirmar que de todos los tautómeros e isómeros 
posibles de la hipoxantina neutra, los energéticamente más estables son el N(1 )-H/N(7)-H 
y el N(1 )-H/N(9)-H. Así también y para estos dos tautómeros, los resultados sobre 
diversas propiedades estructurales, índice de valencia, densidad de carga electrónica 
total, momento dipolo eléctrico, potencial electrostático molecular, y propiedades de la 
función de onda asociada a los 40 OM de energía menor, no presentan diferencias 
cualitativas en relación a las homólogas obtenidas en el estudio preliminar (subcapítulo 
Vg). 

Loa cálculos sobre el primer potencial de ionización vertical, revelan que estos dos 
tautómeros son las especies relativamente más reductoras, y permiten sugerir que en el 
proceso de oxidación se involucran fundamentalmente a los HOMO respectivos, de tipo 
D. Los cálculos sobre la primera afinidad electrónica vertical revelan que los dos 
tautómeros más estables son las especies relativamente menos oxidantes, y permiten 
sugerir que en el proceso de reducción se involucran fundamentalmente a los LUMO 
respectivos, de tipo D. 

Los resultados obtenidos sobre los valores de las constantes de equilibrio 
tautomérico como función de la temperatura, revelan que a medida que ésta aumenta, lo 
hace también la población relativa de tautómeros energéticamente menos favorecidos 
respecto a los dos energéticamente más estables. 

El estudio teórico permitió realizar el cálculo y caracterización de los espectros 
vibracionales IR de cada tautómero, y de su contribución al espectro IR teórico de la 
hipoxantina en fase gaseosa, en función de la temperatum y de los valores de las 
constates de equilibrio tautomérico correspondientes. De esta manera, se ha podido 
realizar un análisis teórico del espectro vibracional IR experimental de la hipoxantina en 
matriz de Ar a 11 K, y se ha concluido que !os dos tautómeros que contribuyen a! !R 
experimental, son los energéticamente más estables, sin una contribución espectral 
significativa del tautómero siguiente en estabilidad energética descendente (el tautómero 
N(9)-H/enol-cis respecto al N(1 )). Así también, se realizaron asignaciones (por modos 
vibracionales contribuyentes) a las absorciones del IR experimental. 



En el Anexo §. se hace una exposición detallada de la metodología en el estudio 
teórico, así como de todos y cada uno de los cálculos realizados, de los resultados 
respectivos, y de sus implicaciones sobre la fisicoquírnica teórica y experimental del 
heterociclo. 
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Conclusiones. 

Los estudios realizados sobre las reacciones de los heterociclos alopurinol, 
hipoxantina y 6-mercaptopurina con el centro metálico Cu(ll), así como sobre algunas de 
las propiedades de los compuestos de coordinación correspondientes, ha sido una 
primera aproximación sistemática a la exploración de la naturaleza de algunos factores 
que pudieran intervenir tanto en la química de coordinación de los heterociclos, como en 
algunas propiedades de los compuestos de Cu(ll), y que tienen que ver por ejemplo y 
particularmente, con procesos de intercambio magnético entre espines electrónicos 
asociados a los centros metálicos. En estos estudios, algunos compuestos de Cu(ll) con 
heterociclos relacionados fueron preparados y utilizados para profundizar en el análisis 
de las propiedades magnéticas de uno de los compuestos de coordinación obtenidos en 
los estudios experimentales. 

Así también, los cálculos teóticos realizados sobre los heterociclos centrales de 
estudio, han permitido obtener información sobre algunas propiedades de los tautómeros 
energéticamente más estables, y ha sido analizada en un afán de interpretar ciertos 
aspectos de la información obtenida en los estudios experimentales referidos. 

l. Reacciones químicas Cu(ll)-heterociclo. 

De las reacciones llevadas a cabo en disolución acuosa y en CH30H, se 
obtuvieron los siguientes tipos de compuestos de Cu(ll): 

a) Con alopurinol (=L1). 

Cu( II)(L1 h(Xh 
Cu(II)(L1 )4(CI04 -h 
Cu(II)(L1 )(S042-)(H20) 
Cu(1l)(l1-)(0H-) 

En relación al último, se obtuvieron también los compuestos Cu(ll)(pirazolato-)(OH-) y 
Cu(ll)(3,5-dimetilpirazolato-)(OH-). 

b) Con hipoxantina (=L2). 

Cu(II)(L2h(X)2 
[Cu(II)(L2h(X)]2+(X)2 
[Cu(ll)(L2h(X)] 
Cu(II)(L2)(S042-)(H20) 
Cu(II)(L2 -)(CH3C02-) 

e) Con 6-mercaptopurina (=L3). 

Cu(II)(L3)n(X)2 
Cu(II)(L3 2-) 

(X=CI-, Br-, N03-, CI04-) 
(X=N03-, CI04-) 
(X=SO/-) 

(X=CI- n=1· X=Br- n=2) 
1 1 1 



Los estudios sobre las reacciones respectivas Cu(ll)-heterociclo permiten 
constatar que existe una influencia apreciable de las condiciones experimentales de 
reacción sobre la naturaleza del compuesto de coordinación obtenido de una reacción 
particular Cu(ll)-heterociclo. En otras palabras, una misma reacción puede conducir a 
productos diferentes. En estos estudios, se ha detectado la influencia de la temperatura 
de reacción, constante dieléctrica del medio, pH, fuerza iónica, tipo de aniones 
provenientes de las sales metálicas, ó incluso, contenido de H20 en el disolvente. 

De estos mismos estudios se constata que un mismo compuesto de coordinación 
puede obtenerse por rutas diferentes. Uno de los factores de mayor peso en este 
resultado, es el asociado a las estabilidades cinética y termodinámica notables y 
referentes a la formación de dicho compuesto, relacionadas a su vez a la desprotonación 
del ligante heterocíclico. 

Los estudios referidos permiten plantear que los tres heterociclos centrales 
pueden presentar una conducta diferente frente al mismo centro metálico y condiciones 
experimentales de reacción comunes. En estas diferencias (concernientes a la carga 
formal del heterociclo, modo de coordinación metálica y estequiometría Metai
Heterociclo, entre otras) las disposiciones de los átomos potencialmente coordinantes en 
los heterociclos, sus propiedades electrónicas atómicas, así como moleculares, y las 
condiciones experimentales de reacción, desempeñan el papel central. 

En relación a lo anterior, la secuencia de capacidad de disociación protónica 
mostrada por los heterociclos coordinados es: 

6-mercaptopurina > alopurinol > hipoxantina 

En esta secuencia, juegan un papel preponderante las disposiciones de los 
átomos coordinantes en los heterociclos, sus propiedades electrónicas, así como el modo 
de coordinación metálica heterocíclica. 

11. Reacciones químicas de sustitución y de competencia heterocíclica por el centro 
Cu(ll). 

Los estudios realizados permiten plantear que existe una influencia apreciable de 
las condiciones experimentales de reacción, así como de las propiedades de los 
heterociclos, sobre su capacidad de sustitución y de competencia por Cu(ll). La 
secuencia global de capacidad de sustitución y de competencia por el metal, es: 

6-mercaptopurina > alopurinol > hipoxantina 

En ésta, un factor decisivo lo desempeña la misma disociación protónica del 
heterociclo en su coordinación metálica. 

111. Coordinación metálica y tautomerismo de los heterociclos. 

La caracterización de los compuestos de Cu(ll) obtenidos, permite sugerir los sitios 
de coordinación metálica siguientes: 



a) Para el alopurinol (=L1). 

N(2) para los compuestos de Cu(ll) con alopurinol neutro. 

N(1) y N(2) para el compuesto de Cu(ll) con el alopurinol monoaniónico. 

b) Para la hipoxantina (=L2). 

N(7) para los compuestos del tipo Cu(II)(L2)2(X)2. 

N(3) y N(7) para el compuesto Cu(II)(L2)(SO/-)(H20). 

N(3) y N(9) para los compuestos [Cu(II)(L2h(X)]2+(X)2 y [Cu(II)(L2)2(X)]. 

e) Para la mercaptopurina (=L3). 

8(6) para el compuesto Cu(II)(L3h(Br)2. 

8(6) y N(7) para el compuesto Cu(II)(L3)(CI)2. 

8(6), N(7), N(9) para el compuesto Cu(II)(L32-). 

Los estudios estarían asociados a la participación de los heterociclos alopurinol e 
hipoxantina como ligantes coordinantes por N. Respecto a la 6-mercaptopurina, el papel 
desempeñado por el átomo S en la coordinación metálica es preponderante. Los cálculos 
teóricos realizados sobre estos tres heterociclos y en particular sobre sus dos tautómeros 
respectivos energéticamente más estables, permiten considerar que uno de los factores 
que pudieran contribuir a la diferencia en las capacidades coordinantes de los átomos 
exocíclicos 0(4), 0(6) y 8(6), reside en el tipo de contribución orbital de estos átomos a 
la función de onda de los orbitales moleculares ocupados de energía mayor (HOMO), del 
mismo tipo (II respecto al plano molecular) para los átomos de O en los HOMO de los 
tautómeros del alopurinol y de la hipoxantina, y diferente a la mostrada por el S(6) 
(carácter p en el plano molecular) en los HOMO de los tautómeros de la 6-
mercaptopurina. 

En relación al alopurinol neutro coordinado, los resultados permiten sugerir que 
éste se encuentra coordinado en la forma tautomérica N(1 )-H/N(5)-H, la cual es una de 
las dos formas energéticamente más estables del heterociclo que se predicen con los 
estudios teóricos, así como con los estudios espectroscópicos de disoluciones del 
alopurinol. Respecto al alopurinol monoaniónico coordinado, los resultados permiten 
sugerir su existencia en la forma cetónica y con el átomo N(5) protonado. Esto podría ser 
un hecho interesante, dado que en los estudios de disociación protónica del hetemciclo 
libre, la contribución de este tautómero no ha sido considerada como predominante en 
los equilibrios tautoméricos del alopurinol monoaniónico. Aquí, pareciera que las 
propiedades del anillo pirazólico, su participación como fragmento de coordinación 
metálica inicial, y las condiciones experimentales, favorecen su desprotonación bajo la 
interacción subsecuente con un átomo más de Cu(ll). 



Con respecto a la hipoxantina neutra coordinada, los resultados permiten sugerir 
su existencia en las formas tautoméricas N(1 )-H/N(7)-H y N(1 )-H/N(9)-H. Estas dos 
formas han sido sugeridas a partir de cálculos teóricos como las más estables de la 
hipoxantina en estasdo aislado, y evidencias por estudios espectroscópicos como las 
formas predominantes en disoluciones del heterociclo. 

Por último, la capacidad coordinante del átomo S(6) en la mercaptopurina 
pareciera desempeñar un papel determinante en el tipo de tautómero sugerido en los 
compuestos de Cu(ll) con el heterociclo neutro, que es el N(1 )-H/N(9)-H. 

En relación a este punto, se puede concluir que las formas tautoméricas sugeridas 
en que se encuentran coordinados los tres heterociclos neutros, están influenciadas por 
factores cuyo peso específico varía entre clases de conductas coordinantes. Para el caso 
del alopurinol y la hipoxantina (ligantes coordinantes por N), la conducta sugerida 
pareciera estar más asociada a las condiciones experimentales de reacción. Para la 6-
mercaptopurina, el factor de mayor contribución parece estar relacionado a las 
propiedades electrónicas del átomo S(6) y su capacidad coordinante. 

IV. Acoplamientos magnéticos en los compuestos de Cu(ll). 

Los estudios espectrales y magnéticos sobre los compuestos de Cu(ll) permiten 
plantear la existencia de dos grupos de acoplamiento magnético, referidos a la intensidad 
del intercambio correspondiente. 

a) Tipos de compuestos de Cu(ll) con acoplamientos magnéticos predominantemente 
muy débiles. 

Este grupo lo integran los sistemas: 

Cu(II)(L1)2(X)2 
Cu( II)(L1 )4(CI04 -h 
Cu( II)(L1 )( S04 2-)(H20) 
Cu(II)(L2)2(X)2 
Cu( II)(L2)(S04 2-)(H20) 
Cu(II)(L2-)(CH3C02-) 
Cu( II)(L3)( Cl)2 
Cu( II)(L3)2(Br)2 
Cu( 11 )(L/-) 

b) Tipos de compuestos de Cu(ll) con acoplamientos magnéticos intensos. 

Este grupo lo constituyen los sistemas: 

Cu( II)(L1-)( OH-) 
Cu(ll)(pirazolato-)(OH-) 
Cu(ll)(3,5-dimetilpirazolato-)(OH-) 
[Cu(II)(L2)2(X)t(X)2 
[Cu(II)(L2)2(X)] 



La conducta magnética experimental de la gran mayoría de los compuestos del 
inciso a) ha sido analizada exitosamente con el empleo del modelo de cadena lineal de 
espines S=% acoplados, incluyendo en el análisis la aproximación de campo medio, con 
la finalidad de explorar la posibilidad de la existencia de acoplamientos magnéticos entre 
las cadenas. 

La conducta magnética de los compuestos del inciso b) ha sido analizada 
exitosamente y en forma respectiva por dos tipos de modelos: el del anillo octanuclear de 
espines S=% acoplados, y el dinuclear de espines S=% acoplados. En dicho análisis y 
dado el caso, la aproximación de campo medio fue considerada también. 

Los estudios referentes a la mayoría de los compuestos del primer grupo, permiten 
sugerir que el acoplamiento antiferromagnético entre los espines electrónicos asociados 
a los centros metálicos, se efectuaría a través de ligantes puente (aniones provenientes 
de las sales metálicas, aniones y ligantes heterocíclicos, ó heterociclos). Este 
acoplamiento magnético promedio no se detecta a temperatura ambiental; solo los 
estudios a T ----¿Q K permiten detectarlo, y su intensidad pudiera estar asociada a un 
conjunto muy complejjo de factores, entre ellos, el arreglo estructural entre centros de 
Cu(ll) a lo largo de las cadenas sugeridas. 

En relación a los compuestos del segundo grupo, los estudios permiten sugerir 
que el acoplamiento antiferromagnético entre los espines electrónicos asociados a los 
centros metálicos en los compuestos del tipo Cu(II)(L -)(OH-), se efectúa a través de los 
ligantes puente aniónicos. Este acoplamiento magnético se detecta a T ambiental, y esto 
habla de su intensidad. Los tres tipos de compuestos presentan un acoplamiento 
magnético similar en intensidad, lo que en conjunto con la información obtenida de su 
caracterización espectral, permite plantear un carácter homólogo para ellos, tanto del tipo 
estructural como magnético. 

Con respecto a los compuestos de los tipos [Cu(II)(L2h(X)]2+(Xh y [Cu(II)(L2h(X)], 
los estudios magnéticos permiten sugerir que el acoplamiento antiferromagnético entre el 
par de espines electrónicos (asociados a dos átomos de Cu(ll)) se efectúa a través de los 
ligantes puente hipoxantina. Este acoplamiento magnético se detecta también a T 
ambiental. La similitud en la intensidad del acoplamiento magnético en estos sistemas, 
sumada a la información espectral, permite considerar aquí también la existencia de un 
carácter homólogo para ellos, en los mismos aspectos ya referidos. 



Sugerencias. 

Con la intención de profundizar y ampliar los estudios realizados, se pueden 
sugerir algunas investigaciones tanto experimentales como teóricas. 

A. Sobre los sistemas estudiados experimentalmente. 

1. Disolución acuosa. 

a) Estudios a pH<1. 
Se sugiere la realización (a temperatura ambiental) de los estudios en condiciones 

de protonación mayor en los tres heterociclos, con la intención de inhibir en mayor 
medida la existencia de tautomerismos en los anillos de cinco miembros, y explorar la 
capacidad y conducta coordinante heterocíclica respectiva ante Cu(ll). En estos estudios 
se implicaría el empleo de ácidos diferentes, y por tanto de bases conjugadas. 
b) Estudios a pH=1. 

Se sugiere la realización (a temperatura ambiental) de los estudios que consideran 
a los tres heterociclos, con la intención de inhibir la disociación protónica de la 6-
mercaptopurina, y explorar en dichas condiciones la capacidad y conducta coordinante 
de los heterociclos ante Cu(ll). En estos estudios se implicaría el uso de especies 
diferentes en la constitución de la fuerza iónica. 
e) Otros valores de pH. 

Se sugiere la realización de los estudios aquí abordados, a valores 
progresivamente ascendentes de pH, con la finalidad de explorar la capacidad y conducta 
coordinante de los heterociclos bajo estados sucesivos de disociación protónica y 
presencia ascendente del grupo OH-. Aquí y para cada valor de pH, se considerarían 
especies amortiguantes con valores diferentes en sus constantes de estabilidad 
termodinámica en la formación de compuestos de Cu(ll). 

2. (CH3)2SO. 
Se sugiere la realización (a temperatura ambiental) de los estudios aquí 

abordados, con la finalidad de explorar el efecto de la constante dieléctrica del medio 
sobre la naturaleza de las reacciones Cu(ll)-heterociclo, así como sobre la capacidad y 
conducta coordinante heterocíclica ante Cu(ll). 

Se sugiere la realización de estudios espectroscópicos de las reacciones M(ll)
heterociclo, con la finalidad de explorar los equilibrios correspondientes, así como las 
formas tautoméricas de los heterociclos. 

3. Heterociclos relacionados. 
Se sugiere el empleo de heterociclos sustituidos en posiciones selectivas, como 

una herramienta en la confrontación de los modos de coordinación metálica sugeridos 
para los heterociclos abordados y sobre la base de la eliminación de ciertos tipos de 
tautómeros. Dichos heterociclos podrían ser empleados en la realización de estudios 
paralelos a los que se han efectuado, ó bien, a los que aquí se proponen. 



B. Sobre los sistemas estudiados teóricamente. 

1. Refinamientos. 
Se sugiere la realización de los cálculos teóricos de los tautómeros de la 6-

mercaptopurina, al mismo nivel de refinamiento que para el alopurinol y la hipoxantina, 
con la intención de homologar la información sobre las propiedades de estos tres 
heterociclos. 

2. Modelos de disolvente. 
Se sugiere la realización de cálculos teóricos sobre propiedades de los tautómeros 

(más estables energéticamente) del alopurinol, la hipoxantina y la 6-mercaptopurina, con 
diferentes modelos de disolventes, modificando en este estudio la constante dieléctrica 
del medio. La intención es analizar la influencia de la constante dieléctrica del disolvente 
sobre la estabilidad energética, las propiedades moleculares y de estructura electrónica 
de los tautómeros. 

3. Reacciones heterociclo-protón. 
Se sugiere la realización de cálculos teóricos para determinar energías de 

protonación y de disociación protónica heterociclo-protón, para los diferentes estados de 
protonación y tautomerismo de los tres heterociclos en estudio. La intención es analizar 
las estabilidades energéticas, las energías implicadas en las reacciones ácido-base de 
los tres heterociclos (considerando las contribuciones tautoméricas respectivas), así 
como sus propiedades moleculares y de estructura electrónica. En este proyecto se 
estaría considerando el estudio teórico de los heterociclos (en sus estados diferentes de 
protonación y tautomerismo) bajo la influencia de disolventes de constante dieléctrica 
modificada sistemáticamente. 

4. Propiedades termodinámicas y moleculares de los heterociclos en agua. 
Se sugiere la realización de cálculos teóricos de la superficie de potencial de 

interacción de cada uno de los tres heterociclos (en sus formas tautoméricas más 
estables) con el agua. Esto se efectuaría con el fin de determinar, por los métodos de 
simulación por computadora, las propiedades termodinámicas y moleculares de las 
disoluciones acuosas de los heterociclos referidos. 

C. Sobre otros sistemas a estudiar experimentalmente. 

1. Sistemas metálicos. 
Se sugiere el estudio de las reacciones centro metálico-heterociclo, con el empleo 

de los centros metálicos del tipo [M(II)(N,N)(Xht y [M(II)(N,N,N)X]2
+ (M(II)=Pd, Pt; 

N,N=Iigante bidentado por N; N,N,N=Iigante tridentado por N; X=ligante lábil con carga 
formal cero), modificando sistemáticamente las condiciones experimentales de reacción. 
La intención de este proyecto es explorar la capacidad y conducta coordinante de los 
heterociclos frente a sitios de selectividad y restricción mayores. 

2. Sistemas heterocíclicos. 
Se sugiere la incorporación a los estudios sistemáticos, de otros heterociclos 

análogos estructurales al alopurinol (por ejemplo, los derivados 4-amino ó 4-mercapto), y 



a la hipoxantina y 6-mercaptopurina (por ejemplo, la 6-selenopurina), incluyendo sus 
derivados con sustituciones selectivas. La intención de este proyecto es analizar la 
influencia de los grupos ó átomos exocíclicos presentes en los heterociclos, sobre la 
química de coordinación de estos sistemas. Este proyecto podría ser paralelo a los 
estudios abordados, así como a los que aquí se han sugerido. 

D. Sobre otros sistemas a estudiar teóricamente. 

1. Sistemas heterocíclicos. 
Se sugiere la realización de estudios teóricos sobre los heterociclos relacionados 

al punto anterior. Este proyecto sería palalelo a los estudios teóricos ya abordados, así 
como también a los que aquí se han planteado. La intención de este proyecto estaría en 
relación estrecha con la planteada previamente sobre los estudios teóricos. 

2. Compuestos de coordinación. 
Se sugiere la realización de estudios teóricos sobre determinados compuestos de 

coordinación de Cu(ll), que presentan respectivamente a los heterociclos alopurinol, 
hipoxantina y 6-mercaptopurina. La intención en este proyecto es analizar las 
propiedades principales de la estructura electrónica de los sistemas, y su posible 
correspondencia con algunos aspectos de la química de coordinación experimental de 
dichos heterociclos, así como con algunas propiedades experimentales de los 
compuestos de coordinación respectivos. 
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Synthetic, spectral, and rnagnetic studies of the Cu(II) polynu
ckar coordination cornpound [Cu(HL)(OH-)ln with bridging OH
and HL (allopurinolate; C5H3N40-) ligands are reported. The corn
pound is obtained frorn aqueous media (at severa! pH values and 
frorn e¡-, Br-, N03, so¡-, CIO;¡, and CH3CO¡ Cu(II) salts), 
frorn DMSO at ca. 70°C using severa! of the abo ve salts, and under 
refluxing rnethanol ernploying Cu(S04) or Cu(CH3C02) 2 • The re
sults suggest that the cornpound [Cu(HL)(OH-)]n has a polynuclear 
forrn in which the bridging allopurinolate is coordinated through 
the N(l) and N(2) atorns of the pyrazolic rnoiety. All atternpts to 
grow crystals suitable for X-ray studies were unsuccessful, andan 
anorphous cornpound was always obtained. Magnetic studies show 
the existence of a strong antiferrornagnetic coupling, which rnay 
be associated with a favorable structural arrangernent between the 
metallic centers and the bridging ligands. This rnagnetic behavior 
is remarkable for a Cu(II) polynuclear coordination cornpound. 
Spectral and rnagnetic results together with the coordLnation modes 
of the bridging groups let us postula te as a possible arrangernent 
a cyclic polynuclear structure presenting the allopurinolate and 
OH- bridging ligands in a rnutually trans configuration. This work 
is the first EPR spectral and rnagnetic study reported for a coordi
ndon cornpound with the allopurinol heterocycle as a ligand and, 
thus for the first exarnple of a polynuclear coordination compound 
combining allopurinolate and OH- as bridging groups. © 1994 Aca-

demic Press, Inc. 

INTRODUCTION 

Heterocycles with pyrimidine- and azole-type rings 
fused in their structure are molecules of interest in bio
chemistry (1), its related areas (2), and coordination chem
istry (3-5). This interest is due in part to the fact that 

1 To whom correspondence should be addressed. 
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they have' several donar atoms, binding arrangements, 
and structural dispositions, and their coordination com
pounds have novel spectral and magnetic properties. In 
particular, several of these heterocycles, purine-type mol
ecules and their structural analogues and isomers, are of 
special biochemical and biomedical interest, · since they 
are heterocyclic substrates ofthe Mo metalloenzyme xan
thine oxidase, for which oxidation in almost all of these 
substrates takes place in the Mo center (2). In relation to 
the structural properties, donar atomic dispositions, and 
coordinating capability of these heterocycles, a refined 
understanding of the heterocycle-metallic ceriter interac
tions is an open field of systematic studies, including ki
netic, thermodynamic, structure, and spectral studies, as 
well as in magnetochemical and quantum mechanical re
search. Among the compounds that contain these hetero
cycles, only a few examples have been found (3, 4, 6) 
that ha ve polynuclear structures. A member ofthis family, 
allopurinol (H2L, 1H-pyrazolo[3 ,4-d]pyrimidine-4-one), 
is a structural isomer of hypoxanthine (6-oxopurine), as 
is shown in Fig. l. 

Figure 1 shows in 1 a pyrazolic moiety and in 2 an 
imidazolic moiety as five-membered rings. This character
istic leads to remarkable differences in their behavior with 
Lewis acids, e.g., transition metal centers. From previous 
and more recent studies with allopurinol and its deriva
tives (5-11), and depending on the metallic systems and 
the experimental conditions, the N atoms of the five
membered ring, and in particular the N(2) atom, are the 
most favorable coordinating sites of the heterocycle, in 
agreement with the donar properties (12-14) of N(2). In 
a previous work (5) the ethanolic synthesis and sorne 
properties of the compound [Cu(HL)(OH-n, were re
ported. The suggested polynuclear nature of this product 
and its low magnetic moment at room temperature are 
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FIG. l. Formulae and numbering schemes of allopurinol (1) and 
hypoxanthine (2). 

properties that could be associated with an effective mag
netic coupling pathway, particular! y of an antiferromag
netic character. All these facts prompted us to explore 
alternative synthetic routes and to carry out a more de
tailed characterization and magnetic study of this coordi
nation compound. 

In this paper, other synthetic ro u tes and spectral (EPR), 
thermogravimetric, and further magnetic results for 
[Cu(HL)(OH-)l, are reported. From these results we pro
pose a possible structural arrangement based on a cyclic 
framework for [Cu(HL)(OH-)],,. This represents the first 
example of a polynuclear system with allopurinolate and 
OH- as bridging groups. 

EXPERIMENTAL 

l. Materials 

The cupric salts, solvents, and buffer solution reagents 
were analytical grade products from Aldrich and_Merck. 
Allopurinol was from Sigma. All these products were used 
without further purification. 

2. S:vnthesis 

Aqueous medium. Metallic salts with X = e¡-, Br-, 
NO:J, So~-, Cl04-, and CH3CO¡, in 1:1,2:1,3:1, 1:2, 
and 1: 3 metal: allopurinol molar ratios, were used 
(mm ole scale). pH values were 4, 7, and 13. In all synthe
ses 1 mmole (136.11 mg) of allopurinol was dissolved in 
about 100 mi of the respective buffer aqueous solution 
(CH3COOH/NaCH3C02 for pH 4, KH2P04/Na2HP04 for 
pH 7, and KCI/NaOH for pH 13) with stirring and heating. 
After ligand dissolution, the corresponding cupric salt was 
added to the colorless solution at room temperature and 
the reaction mixture was stirred for about 1 hr. The deep 
blue product obtained was isolated by filtration, washed 
with water and hot ethanol, and then dried at 110°C for 4 
hr. The same product was also obtained for pH 1 (glycine/ 
HCI) for a 1 : 1 Cu(CH3C02)2 : allopurinol molar ratio at 
boiling temperature. 

Methanol mediwn. In this technique so¡- and CH3 

CO¡, as counterions and stronger bases, were used. A 
1 : 1 metal: allopurinol molar ratio (mmole scale) was em
ployed. The heterocycle was dissolved in about 100 mi 
of boiling methanol under refiux. The respective metallic 
salt was added to the colorless solution, and the mixture 
was maintained under refiux for 10 days. The correspond
ing product was isolated by filtration from the hot mixture 
and washed with hot methanol. The resulting deep blue 
salid was dried at ll0°C for 4 hr. For both techniques, 
the compounds obtained were preserved in a desiccator 
under vacuum with CaC12 • 

Dimethyl sulfoxide medium. In this technique severa! 
of the metallic salts employed in the aqueous media syn
thesis were u sed. A 1 : 1 metal : allopurinol molar ratio 
(mmole scale) was applied. The ligand was dissolved un
der stirring in ca. 20 mi ofDMSO and the respective cupric 
salt was added. The reaction mixture was maintained at 
ca. 70°C for severa! days. The deep blue compound ob
tained was filtered, washed with hot methanol, dried, and 
preserved as mentioned above. 

3. Physical Measurements 

Infrared (IR) spectra were obtained as nujol mulls using 
Csi plates in the 4000-200 cm -I range employing a 
598 Perkin-Elmer spectrometer. Electronic spectra 
(350-11 00 nm) of the powdered samples were measured 
by the specular reflectance method in a 160-A Shimadzu 
spectrometer. Magnetic susceptibility at room tempera
ture was measured by the modified Gouy method using 
a Johnson Matthey magnetic susceptibility balance and 
employing Hg[Co(SCN)4] as calibrating agent. Thermo
gravimetric measurements were carried out in DT-30 Shi
madzu equiprrient using N2 as the carrier gas anda heating 
rate of 5°C/min. The variable-temperature magnetic sus
ceptibility measurements were canied out using a SQUID 
Quantum Désign magnetometer, from 5 to 300 K under 
a magnetic üeid of 100 G. EPR s pectra (X baml) uf lhe solid 
samples were obtained in a 200-D Bruker spectrometer at 
liquid nitrogen and room temperature. An EPR spectrum 
(X band) of the frozen solution (DMSO) of the solvated 
compound was obtained at Iiquid nitrogen temperature 
only. The g values obtained were standardized against 
the absorption of diphenylpicrylhydrazine (DPPH) at 
g = 2.0043. X-ray powder diffraction patterns of allopuri
nol and severa! samples of the coordination compound 
were taken in a XD-5A Shimadzu anda D-500 Siemens 
diffractometer, the latter using a secondary monochroma
tor with CuKa radiation. Scanning electronic microscopy 
of salid [Cu(HL)(OH-)],, samples, treated under severa! 
thermal and pressure conditions, was carried out in JEOL 
5400-LV equipment, employing an Ag thin !ayer as elec
tric conductor medium. Microanalysis confirmation (C, 
H, N) was performed by the Chemistry Department at 
the University College, London. 
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RESUL TS AND DISCUSSION 

The coordination compound studied was obtained by 
severa! synthetic routes and corresponds to the formula 
[Cu(HL)(OH-)],, (calculated: 27.8, C; 1.8, H; 25.9, N; 
found: 27.5, C; 1.9, H; 25.8, N). The reaction was ca. 
100% quantitative in all cases. The product is insoluble in 
common organic solvents and shows a thermogravimetric 
curve that corresponds to an anhydrous sample, its ther
mal decomposition starting at around 3l0°C. The same 
thermal behavior was observed even when the Cu(II) 
compound was exposed to humid air. X-ray powder dif
fraction patterns of severa! samples of [Cu(HL)(OH-)],, 
obtained by different synthetic routes are identical and 
show iemarkable differences with respect to the free het
erocycle. The former show scarce, weak, and broader 
signals, indicative of a poor-crystalline nature. It is im
portant to mention that this poor crystallinity was not 
overcome by thc diffcrent product synlheses, by modi
fying the formation and the precipitation rates, nor by the 
redissolution attempts of the same compound in severa! 
solvents at different temperature conditions. The scan
ning electronic microscopy results for severa! samples of 
solid [Cu(HL)(OH-)],, do not show the topology and the 
morphology of a crystalline_proó:uct~ The_electronic spec-_. 
trum of the solid shows a broad band at around 590 nm 
and a low energy tail of a band in the limit of the blue 
region. The positión ofthe broad band could be associated 
with Cu(Il) d-d transitions, and the pattern of the 
spectrum is suggestive of near-planar geometry around 
Cu(Il). 

The IR spectrum of {Cu(HL)(OH-)]11 shows a strong 
band el ose to 3500 cm -l, which can be assigned to the 
v(OH-) bridge (15). It is interesting that the splitting band 
of the v(OH-) mode can be associated with the presence 
of OH- groups simultaneously bridging two metallic cen
ters in a mutually cis configuration; this spectral behavior 
has been reported (16) for the dinuclear system [Ni2(C6 

F5MOH-)zF- and is absent in the spectrum under discus
sion, suggesting that this type of configuration does not 
ex~st for the OH- groups. The complex and broad signa! in 
the 1130-1010 cm- 1 region is associated with the o(OH-) 
bridge mode. Also, as previously noted (5), the IR spec7 
trum shows bands at 1700 cm- 1 (v(C = O)) and 1610 
cm- 1 (o(N(5)-H)), therefore excluding these groups of 
the organic ligand as coordinating sites in'the compound. 
Signals at 486 cm- 1 (v(Cu-oH-) bridge) and at 295 and 
265 cm -l (v(Cu-N)) are also shown. The presence of 
these two latter bands in the low-energy region, attributed 
to the v(metal-N) mode, is in agreement with the partici
pation of the N atoms of the pyrazolic moiety of allopuri
nolate as coordinating sites in a bridging fashion (17). In 
summary, IR data are suggestive ofthe participation ofthe 
PYrazolic fragment of allopurinolate and OH~ as bridging. 

groups between Cu(II) centers in a polynuclear ar
rangement. 

Although in principie two arrangements of the bridging 
ligands are feasible ( one in the mutually cis configuration 
of the pyrazolic moiety of allopurinolates and the oH
groups, and the other in the mutually trans configuration), 
the IR data are in agreement with a mutually trans config
uration, which has been found previously in a triazolic 
ligand with Cu(II) in a polynuclear system (18), and re
cently in the interesting cyclic compound [Cu(3 ,5-
dmpz-)(OH-)]g (19). 

The room-temperature EPR spectrum of powdered 
[Cu(HL)(OH-)],, shows a complex pattern. A reliable as
signment of the bands is difficult, but it indicates the 
existence of strong metal-metal interactions. The ápprox
imate g value is 2.27. Although the EPR spectrum at 77 
K shows (Fig. 2) a relatively better resolution, its pattern 
is complicated because, among other features (a nonftat 
baseline ano a long tail al the high-field siJe of the g l. 
feature), it seems to contain overlapped signals in the 
middle-field region. With a g .L value of ca. 2.08, the region 
for g:: (ca. 2.4) shows severa! bumps. This last characteris
tic could be associated with magnetic impurity signals or 
exchange averaging of magnetically nonequivalent sites. 
With_this_spe_ctraLinfmmation_it is difficulUo conclude_ 
anything about the possibilities mentioned above. How
ever, the general pattern in the middle-field region could 
correspond to a predominant axialline shape and princí
pally dr"-y" ground state (g

11 
> gl. > 2.0) in a dominant 

tetragonal stereochemistry (20). The underlying broad sig
na! of the ERP spectrum is suggestive of the existence of 
Cu(II)-Cu(II) interactions in a polynuclear arrangement. 

The EPR spectrum at 77 K ofthe DMSO frozen solution 
of the solvated sample shows (Fig. 3) the existence of an 
anisotropic g tensor, with an axialline shape and values 
of g:... = 2.07 and g¡¡ = 2.4. The spectrum exhibits bands 
in the low-field region related toa hyperfine structure. It 
is interesting to point out that the EPR pattern (axially 
symmetric signa!) resembles that shown by sorne cop
per(II) compounds in solution with a pentacoordinated 
environment (square pyramidal) in the so lid state, e.g., 
[Cu(Cl)(DMF)(HB((3 ,5-i-propyl)2pzh)] in DMF frozen so
lution (77 K), which presents, in solid state, a DMF mole
cule coordinated to Cu(II) (21). The hyperfine constant 
value ( = 130 G) in the EPR spectrum under discussion is 
related to significant e- -nuclei coupling. It may be that 
the ground state of the metallic centers is mainly due to 
the drz-yz orbitals, although it is possible that the EPR 
spectrum characteristics could be due to mononuclear 
species that appear after a dissociative process induced 
by temperature and solvent nature has taken place. 

Since there are no magnetic studies reported for polynu
clear coordination compounds with purine-type Iigands 
and their isomers, and since the room-temperature effec-
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FIG. 2. X-band (9.25 GHz) EPR spectrum at 77 K of salid [Cu(HL)(QH-)]11 • 

tive magnetic moment of powdered [Cu(HL)(OH-)],, is 
0.9 f.LB, it was of great interest to explore its magnetic 
behavior. Figure 4 presents the experimental molar mag
netic susceptibility (per Cu(HL)(OH-)) as a function of 
temperature. 

From these results we observe interesting qualitative 
features, such as the increase of the molar susceptibility 
close to room temperature, which is suggestive of the 
existence of a strongly antiferromagnetic coupled system 
(22). In the low-temperature region a Curie-Weiss behav
ior is observed, very probably associated with magneti
cally noncoupled Cu(II) centers as a magnetic impurity. 
This result was reproducible for all samples studied. 

In a preliminary study, the experimentallow-tempera
ture magnetic susceptibility was analyzed employing the 
Curie-Weiss law. Por the range 5-30 K, the parameters 
Xo = 4.27 X 10-4, e = 11.06 X 10- 3, ande = -0.2233 
K were obtained. Also, and for the range 5-80 K, the 
antiferromagnetic coupling behavior results from the 
same equation. Por this case, we obtained the values 
Xo = 4.42 X 10-4, e = 10.73 X 10- 3, ande = -0.096 
K. This same magnetic characteristic is confirmed when 
the relation x- 1

- T for the low-temperature region is 
studied. 

In order to study the magnetic properties of [Cu 

dA 
dll 

o.,= 2. 4 

1 

+- A 11 -t- A 11 --i-
130G 130G 

(HL)(OH-)Jn, several models were selected, correspond
ing to two principal categories of systems: (a) dinuclear 
units for paired spins (23-26) and (b) linear chains of 
interacting spins, including interchain interactions 
(27-29). From a fitting process, the expression that corre
sponds to a Bleaney-Bowers-type equation (i.e., di
nuclear systems of paired spins) gave the best results: 

2N[32 2 [· ( 21)]- 1 

x(T) = kB/ 3 + exp ~BT (1 - p) 
[1] 

N!32g2 
+ 2na(l - p) + p 2kBT. 

In this equation, N is the Avogadro number, g the Lande 
splitting factor, [3 the Bohr magneton, kB the Boltzmann 
constant, T the temperature in Kelvin, J the interaction 
exchange energy between metallic nearest neighbors, p 
the mole fraction of the magnetically noncoupled Cu(II) 
impurity, and na the temperature-independent paramag
netism term. A fitting ofthe experimental values with Eq. 
[1] (Fig. 4) was carried out using as the criterion of best 
fit the mínimum value of 2:; Cxlalc - xfbs)2/(xlalc)2, with the 
following resulting parameters: g = 2.25, p = 0.0097, 
J = -492 cm -I, and 2na = 480 x 10- 6 emu/mole. It is 

OJ.= 2.07 DPPH / ¡ __ _ 

r 

FIG. 3. X-band (9.204 GHz) EPR spectrum of DMSO frozen solution of [Cu(HL)(OH-)],, at 77 K. 
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FIG. 4. Experimental (circles) and theoretical (salid line) values of 
the molar magnetic susceptibility vs temperature of [Cu(HL)(OH-)],,. 

interesting that the theoretical g value is in clase 
agreement with the experimental one (2.27). The p value is 
índicative of a very small contribution from magnetically 
n•:>ncoupled Cu(II) centers. The presence and nature af 
this magnetic impurity were observed in severa! samples, 
and they seem to be inherent to the nature of the polynu
clear compound. Regarding the J value, its negative char
acter Uoined to the same property for 8) may be associated 
with the existence of a singlet ground state, that is, an 
antiferromagnetic coupling between the Cu(II) atoms. The 
magnitude of J is attributed to an appreciable band gap 
between the ground and the excited states (22). Similar 
results were obtained when the xT-T behavior was ana
lyzed with Eq. [1] (Fig. 5). In this case, the following 

0.20 -,---------------------¡ 

o E o.1s 

)2 
~ 

E (].) 0.10 

~-

0.05 

0.00 -j---.-.--~-.--~---cr-~---r-~----"T-~--.----l 
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Temperature, K 

FIG. 5. Experimental (circles) and theoretical (salid Iine) values of 
xT vs temperature values of [Cu(HL)(OH-)L,. 

FIG. 6. Schematic drawing of the cyclic framework proposition for 
[Cu(HL)(OH-)ln in a mutually trans configuration. 

resultswereobtained: g = 2.24,p = 0.00857,1 = -549.7 
cm- 1, and 2no:. = 515.6 x 10-6 emu/mole. 

The good fitting shown by our results suggests a remar k
able intrachain spin coupling between the Cu(Il) centers 
by the bridging ligands due to an arrangement that makes 
efficient connection between the magnetic orbitals possi
ble. As has been previously discussed (30), the planarity 
and efficient overlap between the metallic and the bridging 
in-phase orbitals gives, in general, this strong antiferro
magnetic coupling. In our case it is probable that the 
participation of the Cu(II) dxz-yz orbitals in sigma bonding 
with N and O atomic orbitals of the bridging groups, and 
the dvz and/or dx: orbitals of Cu(II) overlapping with p'TT' 
orbitals of N atoms of the pyrazolic moiety of allopuri
nolate, may be relevant to the J value. 

Keeping. these aspects in mind as well as the structural 
and configurational arrangement possibilities for [Cu 
(HL)(OH-n,, it is interesting to note that the mutually 
trans configuration is a favorable arrangement for the 
coordination chemistry of pyrazolate- (pz -), its deriva
tives, and OH-, OR-, and x- ligands as bridging groups 
(14, 16, 19). The fact that the pyrazolic moiety N atoms 
are participating as a bridge in the coordination of allopuri
nolate, together with the existence of the bridging OH
ligand in [Cu(HL)(OH-n, and the same metal: ligands 
stoichiometry with respect to [Cu(3,5-dmpz-)(OH-)]g, 
makes it possible in principie to suggest analogous con
figurational and structural features in these two coordina
tion compounds. A schematic drawing of this possible 
structure is shown in Fig. 6. 

This possible structure is supported also by the fact 
that the chemical behavior of the allopurinoate in the 
compound [Cu(HL)(OH-)]n is established essentially by 
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the pyrazolic ring, which is a structural analogue of the 
3,5-dmpz- model system ligand. 

CONCLUSIONS 

Alternative experimental conditions for the synthesis 
ofthe polynuclear compound [Cu(HL)(QH-)t, have been 
established. The critica! factors in these ro u tes of synthe
sis are the presence of water in the reaction media, the 
nature and basic properties of the counterions, and the 
pH and temperature. Wefound that the coordination com
pound [Cu(HL)(QH-)] 11 is kinetic and thermodynamically 
stable toward other competitive reactions (31). Concern
ing the magnetic studies carried out on [Cu(HL)(QH-)]11 , 

the results show strong antiferromagnetic coupling, and 
the J average value obtained let us suggest the existence 
of a favorable structural arrangement, in which the dispo
sition and orientation of metallic and bridging donor 
atomic orbitals are critica! for the superexchange coupling 
pathway. The influence of the pyrimidinic ring of allopuri
nolate on the magnetic behavior previously discussed was 
studied by analyzing the magnetic results for the molar 
susceptibility temperature dependence of [Cu(pz -) 
(QH-)L obtained under selected conditions (31). This 
compound shows magnetic properties analogous to those 
of [Cu(HL)(QH-)],,. This allows us to postulate that the 
principal heterocyclic ring involved in the magnetic cou
pling of the metallic centers in [Cu(HL)(QH-)]n is the 
pyrazolic moiety. On the structural arrangement for 
[Cu(HL)(QH-)],, the results suggest a possible cyclic 
framework in a mutually trans configuration, in which the 
superexchange coupling pathway could be favorable. The 
magnitude of this antiferromagnetic coupling is remark
able for a polynuclear coordination compound. This is 
the first report of EPR spectral and magnetic studies of 
an allopurinol coordination compound, and of one of the 
few polynuclear coordination compounds with these 
types of heterocycles reported thus far. Also, this is the 
first example of a polynuclear system with allopurinolate 
and oH- as bridging groups. 
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Antiferromagnetic Coupling in the Cyclic Octanuclear Compound 
[Cu(II)(Jt-3,5-dimethylpyrazolate)(Jt-0H)} 
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[Cu(II)(Jt-pyrazolate)(Jt-OH)]. 
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Allopurinol- and Hypoxanthine-Cu(II) Coordination Compounds Inorganic Chemistry, Vol. 35, No. 25, 1996 7431 

Table l. Analytical Results of the Cu(ll) Coordination Compounds (L1 = Allopurinol; Lz = Hypoxanthine) 

compound color %C 

Cu(L¡h(Cl)2· Hz O pale green 28.28 
Cu(Lzh(Cl)2·2Hz0 blue 27.13 
Cu(Lz)z(Br)2·2Hz0 green-yellow 22.59 
Cu(Lz)z(N03)zo2Hz0 deep blue 24.22 
Cu(Lz)z(S04)• Hz O blue 26.70 
Cu(Lzh(Cl04)zo2Hz0 blue 21.05 

To this, 1 mmol of the respective Cu(II) salt (X = e¡-, Be, 
No3-, S04

2-, or Clo4-) previously dissolved in ca. 10 mL of 
buffer solution was added. The reaction mixture was maintained 
under stirring at room temperature for ca. 2 weeks, and then 
was kept at ca. 40 oc and slow evaporation. From this, a solid 
product was initially formed, isolated, and carefully washed with 
H20 (T = 4 °C). The solid product was kept at ca. 50-60 oc 
for 48 h, without color changes (see Results and Discussion). 
For allopurinol and CH3C02- a blue suspension was formed. 
The product was isolated, washed with HzO and kept at 50-60 
oc for several days, resulting in a deep blue product. Its 
characterization was in full agreement with the polynuclear 
system Cuii(allopurinolate-)(OH-), previously synthesized 
under several experimental conditions.4 For hypoxanthine and 
X = Be, a second minor fraction was isolated, which was 
not characterized. Also for this heterocycle and X = S04

2- or 
Clo4-, a second solid product was respectively formed, 
which was isolated and treated as before (see Results and 
Discussion). 

(ü) Competitive Heterocycle-Cu(ll) Interactions. Com
petitive reactions of the heterocycles in study toward the metallic 
center were systematically performed. The reactions scheme 
employed was as follows: 

X 
(L1 +Lz)+M~ 

The brackets correspond to the previously established chemi
cal equilibria in solution, while the parentheses correspond to 
the previously dissolved heterocycles, X is the metallic coun
terion systematically modified (X= Cl-, Be, N03-, S04

2-, 
Cl04- and CH3C02 -), M = Cu(II), and L¡ and Lz represent 
the heterocyclic ligands allopurinol and hypoxanthine, respec
tively. All the competitive reactions were performed at the same 
pH and temperature values. For the first and second type of 
competitive reactions, the initial step was performed as men
tioned in point i; the solution obtained by adding the second 
heterocyclic ligand was maintained for another 2 weeks. After 
this time, the respective reaction mixture was maintained at slow 
evaporation (T = 40 °C), and the solid products formed were 
isolated and treated as before. For the last type of competitive 
reactions the two ligands previously dissolved in the buffer 
solution were allowed to react simultaneously with each metallic 
salt. For this case also each competitive reaction was maintained 
for the same period of time and treated with the same technique. 

It is important to point out that the high chemical complexity 
of the reaction mixtures and the evaporation conditions from 
which the different fractions were separatcd made it very 
difficult to obtain single crystals for any of the compounds, 
which could be employed in diffraction studies. 

(C) Physical Measurements. Infrared (IR) spectra in the 
4000-200 cm-1 range (Nujol mulls, Csl windows) were 

calcd found 

%H %N %C %H %N 

2.37 26.38 28.20 2.50 26.10 
2.73 25.31 27.10 2.60 25.29 
2.27 21.08 22.65 2.60 21.15 
2.44 28.25 24.71 2.71 28.40 
2.24 24.91 26.79 2.33 25.04 
2.12 19.36 21.36 2.13 19.88 

obtained by using a 599-B Perkin-Elmer spectrometer. IR data 
in the 600-70 cm-1 range (high density polyethylene pellets) 
were obtained by using a 740 FT IR Nicolet equipment. 

Electronic spectra in the 200-1100 nm range ( quartz 
windows and BaS04 as reference) of the powdered so lid samples 
were recorded by the specular reflectance method by employing 
a 160-A Shimadzu spectrometer. 

Thermogravimetric studies (room temperature-600 °C) were 
carried out in a DT-30 Shimadzu equipment by using N2(g) as 
carrier fluid and 5 °C/min as heating rate. 

X-band EPR spectra of the powdered solid samples (room 
temperature and 77 K) were recorded by employing a 200-D 
Bruker spectrometer, with DPPH as reference. 

Magnetic susceptibility of powdered samples as a function 
of temperature at different magnetic fields was obtained with a 
SQUID MPMS-5 Quantum Design Magnetometer, from 2 to 
300 K, and magnetic fields of 100, 1000, 5000, 10000, and 
30000 G. The equipment was previously calibrated with very 
fine standards (Pd, Ni, Al). The magnetic measurements (for 
each field) were carried out under both increasing and decreasing 
temperature. Each magnetic measurement was corrected due 
to the cell and sample diamagnetic contributions and showed 
an average standard deviation 3 orders of magnitude lower than 
the respective reading reported. 

Microanalyses (C,H,N) were performed at the Chemistry 
Departrnent of the University College of London, and by means 
of a 240-C Perkin-Elmer elemental analyzer. 

Results and Discussion 

(A) Analytical Resuits. The products isolated and character
ized in this study were systematically confirmed by elemental 
analysis. The results shown in Table 1 are the representative 
values obtained. 

(B) Summary of the Single and Competitive Heterocycle
Cu(ll) Interactions. The single and competitive heterocycle
Cu(II) interactions carried out yield severa! coordination 
compounds. Table 2 shows these results for the different 
counterions employed. 

In this table, a remarkable preponderance of Cu(allopurinol)z
(Cl)z· H20 from the single reactions is observed, irrespective of 
the metallic counterion employed (except for X= CH3Co2-). 
The higher basicity of CH3C02- may play a significant role in 
the heterocyclic ligand deprotonation and in the stabilization 
of Cu(allopurinolate-)(OH-), in which the allopurinol is dis
sociated even at this very low pH value. The behavior, however, 
is different for hypoxanthine: for the single reactions, a clear 
influence of the metallic counterion is found due to the formation 
of severa! coordination compounds. It is possible that the lower 
coordination capability of the polyatomic counterions leads to 
the formation of other products, such as Cu(hypoxanthine)z
(Cl)2·2H20. The most significant case is for X= CH3Co2-, 
in which only this last product was formed. Again, the higher 
basicity of this anion appears to play a critica! role in this 
behavior. The higher stability of Cu(allopurinol)z(Cl)z·H20 
arises again in the competitive heterocycle-Cu(II) interactions, 
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characteristics suggest the noninvolvement ofboth the 0(6) atom 
and the N(1)-H group in the metallic bonding. The spectral 
analysis is in agreement with a noticeable electronic perturbation 
of endocyclic groups, suggesting the existence of a different 
metallic bonding behavior of the heterocyclic ligand. In this 
respect, the IR characteristics of the bands attributed to the e=O 
and N(1)-H groups suggest the involvement of endocyclic N 
atoros (possibly the N(3) and N(9) atoros) in addition to those 
for X = e¡- orBe. The spectral data permit us to propase 
the noninvolvement of the H20 molecules in the bonding, as 
for X= Cl- and Br-. 

No3- IR bands. The IR bands for this system are located 
in the 1800-600 cm-1 range. The spectral characterization is 
indicative of the presence of both ionic and coordinated9•10 

N03 -. The existence of the coordinated N03- (C2v symmetry) 
is deduced from the partial splitting of the complex and strong 
bandín the 1750-1725 cm-1 range (peaks at 1750, 1744, 1740, 
and 1725 cm-1). This band corresponds to the v1 + v4 

vibrational mode. This same behavior is deduced from the band 
at 1565 cm-1 (v4), and from the partial splitting ofthe complex 
band in the 1395-1300 cm-1 range (peaks at 1380, 1360, and 
1345 cm-1). The band corresponding to v1 might be masked 
by the band at 1273 cm-1, which in turn is associated with ring, 
Ve-N, and ON-H vibrational modes of the coordinated hypox
anthine. Also, v2 might be masked by the bands at 980 and 
935 cm-1 (assigned to ring and e-H vibrational modes of the 
same heterocyclic ligand). v6 is associated with the band at 
830 cm-1. Finally, the bands at 730 and 696 cm-1 might 
contain the V3 and vs vibrational modes, respectively, although 
they are also attributed to vibrational modes of the heterocyclic 
ligand. The existence of the ionic N03- group is inferred from 
the band at 1050 cm-1 (v1). The bands corresponding to v2, 

v3, and V4 for the N03- group in D3h symmetry might be 
contained respectively in the bands corresponding to the 
vibrational modes for the coordinated N03 -. The v1 + v4 

vibrational mode for the ionic N03- group might also be 
contained in the same 1750-1725 cm-1 range. The Vcu-ONo2 
vibrational mode is associated with the band at 343 cm-1, 
although heterocyclic ligand vibrational modes cannot be 
discarded. The band at 290 cm-1 is attributed to the Vcu-N 
vibrational mode. 

(v) eun(hypoxanthineh(S04)•HzO. Heterocycle IR Bands. 
The IR information for the 4000-1400 cm-1 range is very 
similar to that corresponding to X = N03 -; this suggests an 
analogous metallic bonding behavior for hypoxanthine in both 
cases, which is corroborated by the related bands (except those 
corresponding to S042- vibrational modes) appearing in the 
1300-600 cm-1 range and by the low-energy IR spectrum. 
From the spectral analysis, the H20 molecules show the same 
behavior for both cases. 

S042- IR Bands. The spectral data of the IR active bands 
are indicative of the existence of coordinated Süi-. V3 ShOWS 
splitting with broad bands at 1175 and 1100 cm-1• v1 can be 
associated to the broad band at 970 cm-1, without excluding in 
this band the participation of ring and e-H vibrational modes 
of the coordinated heterocyclic ligand. v4 is associated to the 
band centered at 623 cm-1, which is also split at 600 cm-1; 

these bands seem to be also produced by the skeletical ande-H 
vibrational modes. Finally, the very weak band at 490 cm-1 

could be assigned to v2• With this spectral information, the 
participation of the S042- group in a monocoordinated (C3v 

symmetry) form can be suggested.9•10 This metallic coordination 
might be supported by the band at 348 cm-1, which is attributed 

(9) Ferraro, J. R. Low-frequency vibrations of lnorganic and Coordination 
Compounds; Plenum Press: New York, 1971 and references therein. 
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to VM-oso3, and which is also suggested to be produced, in part, 
by heterocyclic vibrational modes. The metallic bonding of 
hypoxanthine could be supported by the broad band at 290 cm-1, 

assigned to the Vcu-N vibrational mode. 
(vi) cun(hypoxanthine)z(Cl04)z·2H20. Heterocycle IR 

Bands. The IR data are very similar to that for X = S042-; 
therefore, we can suggest an equivalent behavior for the 
coordinated hypoxanthine and H20 molecules in the three cases 
(X= N03-, S042-, and e1o4-). 

Cl04- IR Bands. The spectral data for this group are in 
agreement with its existence in both ionic and coordinated forms. 
For the coordinated elo4-, the strong and broad band (peaks 
at 1140, 1116, and 1060 cm-1) is respectively assigned to v4 

and V¡ of e104- in a C3v symmetry. The broad and asymmetric 
band at 932 cm-1 is attributed to the v2 of elo4- in this same 
symmetry, although the contribution to this band of ring and 
e-H vibrational modes is not discarded. v3 is associated with 
the broad band at 680 cm-1. The contribution of v5 is attributed 
to the broad band at 620 cm-1, in addition to the contribution 
of skeletical and e-H vibrational modes. v6 could be associated 
to the weak band at 500 cm-1. These spectral data are in 
agreement with the presence of el04- in a monocoordinated 
form (C3v symmetry).9•10 On the other hand, the presence of 
the V3 and V4 vibrational modes for e1o4- in a Ta symmetry 
could be masked respectively, by the bands attributed to v4 and 
V¡, and to Vs for Cl04- in a C3v symmetry. The IR activated V¡ 
for the ionic e104- could be assigned9•10 to the broad and weak 
band at 860 cm-1. The asymmetric and broad band at 345 and 
338 cm-1 could be assigned in part to the VM-oc103 vibrational 
mode. The contribution of the heterocyclic ligand skeletal 
vibrations in this band must also be considered. The band at 
285 cm-1 is assigned to the Vcu-N vibrational mode. 

With the above spectral information, two types of metallic 
bonding for the heterocycles can be proposed. For the eu(II) 
compounds with allopurinol and hypoxanthine respectively (X 
= e¡- orBe), the first type is through one of the N atoros of 
the five-membered ring. The second type is deduced for the 
cases with X = N03-, S042-, and e104-, with the involvement 
of N(3) and N(9) atoros of hypoxanthine. For all the cases, 
counterions are suggested to be coordinated to the Cu(II) atoros, 
the polyatornic ones in a monocoordinated form. For the 
systems with N03- and e104- the presence of ionic groups is 
also proposed. In all the cases, the participation of H20 
molecules in the metallic bonding is excluded. 

(D) Thermogravimetric Results. The thermogravimetric 
results are summarized in Table 3. 

For the frrst and the last compounds, the first mass loss step 
corresponds respectively to the following processes: 

Cu(allopurinol)z(el)z·H20 __,. Cu(allopurinol)z(Cl)2 

Cu(hypoxanthine )z(SO 4)· H20 __,. Cu(hypoxanthine )z(SO 4) 

For the other three, this step is in agreement with the sample 
dryness process. For all the cases, the temperature range in 
which the initial step takes place is suggestive of the nonexist
ence of H20 molecules in the metallic coordination sphere, in 
agreement with the low-energy IR spectral information. In 
trying to corroborate our results related to the nature of the H20 
molecules ( crystalline lattice type) and the thermal stability 

(10) Nakarnoto, K. lnfrared and Raman spectra of Inorganic and Coor
dination Compounds, 2nd. ed.; John Wiley & Sons, Inc.: New York, 
1978 and references therein. 



Allopurinol- and Hypoxanthine-Cu(ll) Coordination Compounds 

the same general pattern. The only difference Iies in the 
resolution of the signal for gu (with g components of 2.24 and 
2.16), which supports the considerations on the structural 
features and axial interactions quoted above for the Cu(ll) center. 
Again, under these conditions, a Cu(ll)-Cu(ll) magnetic 
coupling is discarded. 

The EPR spectrum of curr(hypoxanthine)2(Cl)2·2H20 shows 
(Figure 2b) a signal in the middle magnetic field region, 
suggestive of an anisotropic g tensor, with g1 = 2.025, g2 = 
2.103 and g3 = 2.247 (R = (g2 - g¡)/(g3 - g2) = 0.5 ( < 1.0)), 
with no evidence at these conditions of Cu(ll)-Cu(ll) inter
actions. The spectral data could be associated to a distorted 
octahedral rombic environment for Cu(ll). The ground elec
tronic state is suggested to be associated to the d_.2-y2 and 
di orbitals. With a decrease in temperature (77 K, v = 9.264 
GHz) the spectrum gives g1 = 2.029 and g2 = 2.072 and shows 
a resolution of the signal for gu (with g components of 2.22 
and 2.14). This result, joined to the value g1. = 2.072, is 
associated to axial interactions and to the suggestion of an 
elongated octahedral rombic environment for Cu(ll). Also, 
under these conditions, there is no evidence of Cu(ll)-Cu(ll) 
interactions. 

Finally, the EPR spectrum at room temperature (v = 9.778 
GHz) of the anhydrous curr(hypoxanthine)z(Clh was obtained 
in the hope of corroborating the isostructural character for this 
system and the former hydrated analogous. For the anhydrous 
compound, essentially the sarne pattem is obtained (g1 = 2.02, 
g2 = 2.09, g3 = 2.20), in agreement with the spectral and thermal 
results (i.e., the noninvolvement of H20 molecules in the 
Cu(ll) coordination sphere of curr(hypoxanthineh(Cl)2·2H20). 

The EPR spectrum of eurr(hypoxanthine)2(Br)2·2H20 (Figure 
2c) shows differences with respect to the two preceding cases. 
The spectral pattem consists of a very broad and non symmetric 
signal (g1 = 1.96, g2 = 2.14, g3 = 2.38), which is associated 
with an anisotropic g tensor15 and to the existence of Cu(ll)
Cu(ll) interactions. With a lowering of the temperature (77 K, 
v = 9.264 GHz) the spectrum shows the same general features 
(g1 = 1.98, g2 = 2.15, g3 = 2.36). Interestingly, a broad and 
unresolved signal in the low-field region is also detected (600-
1500 G), supporting the existence of Cu(ll)-Cu(ll) interactions, 
although without excluding its origin due to the presence of 
magnetic impurities of S= 1h spins in the ground state. 

The analysis of the EPR spectral results described for these 
three compounds, suggests the structural features for them. For 
eurr(allopurinol)2(Cl)2-H20, it is possible to consider the exist
ence ofmononuclear curr(allopurinolh(Clh units in a distorted 
square planar geometry, possibly with very weak axial interac
tions in the crystalline lattice, as is schematically shown in 
Figure 3. 

For Curr(hypoxanthineh(Cl)2·2H20 the existence of a dis
torted octahedral rombic geometry for Cu(ll), with the hypo
xanthine and Cl- Iigands in the equatorial plane is proposed. 
Weak axial interactions occur possibly through the heterocyclic 
Iigand (i.e., the exocyclic 0(6) atoms) or through the halogen 
atoms of neighboring Cu(ll) units, this last one in a similar way 
to that postulated for curr(allopurinolh(Cl)2-H20. For curr
(hypoxanthine)2(Br)2·2H20, it is possible to consider the exist
ence of Cu(ll)-Cu(ll) interactions through the Be Iigands, in a 
similar form to that suggested for curr(allopurinol)2(Cl)2·H20. 

(ii) curr(hypoxanthineh(N03)z·2H20 and analogue com
pounds (X = S04

2- and CI04 -). The EPR spectrum of curr
(hypoxanthine)2(N03)2·2H20 at room temperature (Figure 4) 
shows absorptions at resonance fields both well above and below 

(15) Hecht, H. G.; Frazier, J. P., ID. J. Chem. Phys. 1966, 44, 1718. 
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Figure 3. Schematic drawing of the distorted tetracoordinated environ
ment proposed for eurr(allopurinol)2(Cl)2·H20 and its interactions. 
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Figure 4. X-band EPR spectra of powdered eurr(hypoxanthlne)z
(N03)z-2H20 at room temperature (dotted line) and 77 K (solid line) 
at v = 9.264 GHz. 

the region (geff ca. 2) where signals are normally found for 
Cu(ll) with S = 1h spins in the ground state. In fact, the spectral 
pattern at 77 K fully resembles the one shown by dinuclear 
Cu(ll) systems with N,N-bridging Iigands in a square-pyramidal 
geometry for the Cu(ll) centers, showing Iigands bonded in the 
axial positions.16- 18 

For the spectrum at room temperature, the pair of bands 
quoted are assigned to the two D.m = 1 transitions H;xyl and 
Hxy2 of a triplet electronic state. From these, the dipolar splitting 
(dipolar interaction between the electronic spins of the Cu(ll) 
centers) is ca. 1125 G. The g values are g1. = 2.09 and gu = 
2.19. The spectrum also shows, in the low-field region, the 
expected absorption D.m = 2 for dinuclear Cu(ll) systems in 
the same triplet electronic state. In short, the spectrum shows 
the D.m = 1 and D.m = 2 transitions for a triplet state and nearly 
axial symmetry for Cu(ll) in a dinuclear framework. The 
unpaired spins of the Cu(ll) centers are suggested to Iie upon 
the dx2-y2 orbitals. The E splitting parameter appears to be zero, 
or at least negligible, due to the fact that the xy bands do not 
split in the spectra at 300 and 77 K. The spectrum at 77 K 
shows a general pattem that closely resembles the one shown 
at low temperature by this type of dinuclear systems. The 
lowering in the intensities of the signals is in agreement with 
the depopulation of a S = 1 state and the population of a S = 
O state associated with the existence of an antiferromagnetic 
coupling between the unpaired electrons of the Cu(ll) atoms in 
the dinuclear compound. At this temperature, the almost 

(16) Goodgame, D. M. L.; Price, K. A. Nature 1968, 220, 783. 
(17) Duerst, R. W.; Baum, S. J.; Kokoszka, G. F. Nature 1969, 222, 665. 
(18) Sonnenfroh, D.; Kreilick, R. W. Inorg. Chem. 1980, 19, 1259 and 

references therein. 
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Figure 8. X (emu/mol) -T (K) curves for powdered (a) eurr_ 
(allopurinol)z(Cl)z-HzO (H = 100 G) and (b) eun(hypoxanthine)2(Cl)2• 

2Hz0 (H = 100 G). Dotted lines are experimental data; salid lines are 
theoretical results. 

(G) Magnetic Stud.ies Results. In arder to study in detail 
the behavior of the Cu(II) centers, magnetic measurements of 
the different coordination compounds were made. 

(i) Cuii(allopurinolh(Cl)z-H20 and curr(hypoxanthine)z
(Cl)z-2Hz0. The molar magnetic susceptibility X (emu/mol) 
values as a function of T (K) were obtained at the three magnetic 
fields of 100, 1000 and 10000 G for both compounds. The 
results for H = 100 G are shown in Figure 8 for (a) 
eurr(allopurinol)2(Cl)2·H20 and (b) eurr(hypoxanthine)2(Cl)2· 
2H20. A very small decrease of x is observed with the increase 
of the magnetic ficld, but without any changes in thc general 
trend of the magnetic response, which in turn is associated in 
both cases to very weak antiferromagnetic coupling. The 
presence of a magnetic impurity is excluded in both systems 
dueto the form of the x - T curves at low temperature (at least 
up to 2 K). 

In arder to analyze the magnitude of the magnetic interactions 
(not detected in the EPR data, not even at 77 K), and considering 
the distorted geometry and axial interactions suggested for these 
systems, a linear chain magnetic model of antiferromagnetically 
coupled S = 1/z spins was selected, for which the x values can 
be calculated with the Bonner-Fisher equation 

X= Nif32
[ 0.25 + 0.14995x + 0.30094x

2 + _ ] 
kT 1 + 1.9862x + 0.68854x2 + 6.0626x3 Xo 

2{32 
(1- p) +NfkT p (1) 

where x = 111/kT and the other symbols have their usual 
meaning. 

For Cull(allopurinol)2(Cl)2·H20, setting g = 2.09 and p =O 
as fixed parameters, a very good fit was obtained (Figure 8a, 
salid line). The magnetic parameters obtained are the follow
ing: J = -3.9088 cm-1 and xo = 0.004167 emu/mol. The 
fitting process was performed for the other two values of the 
magnetic field (1000 and 10000 G), and very similar parameters 
were obtained. When the same fitting procedure was carried 
out fixing only the g parameter, very similar J and xo values 
were also obtained. Other magnetic models (i.e, a dinuclear 
magnetic model of coupled S= 1/z spins) were studied, without 
successful results both in the fitting process and in the physical 
meaning of the magnetic parameters obtained. 

When the same model and eq 1 for curr(hypoxanthine)2(Cl)2· 
2H20 were employed, a good fit was obtained, which is shown 
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Figure 9. X (emu/mol) -T (K) curves (H = 1000 G) for powdered 
Cuii(hypoxanthine)z(Br)z-2H20. Dotted lineare experimental data; salid 
line are theoretical results. 

as a salid line in Figure 8b. For this process with g = 2.10 
and p = O, the values J = -4.85 cm-1 and xo = 0.003534 
emu/mol were obtained. For H = 10 000 G, the same procedure 
gave J = -4.69 cm-1 and xo = 0.001562 emu/mol. With the 
employment of a dinuclear system of coupled S = 1/z spins, 
and the Bleaney-Bowers equation, the fitting process was good 
(for H = 100 G), with J = -5.77 cm-1 and xo = 0.0034 emu/ 
mol, but with a very low (unphysical) g (=1.22) value. 

The magnitude of the J parameter for both compounds (J = 
-3.9088 cm-1 for Cull(allopurinol)2(Cl)2·H20 and J = -4.85 
cm-1 for cun(hypoxanthine)2(Cl)2·2H20) is indicative of very 
weak antiferromagnetic coupling between the unpaired electrons 
of the Cu(II) centers, without an important dependence on the 
magnetic field intensity. These magnetic results joined to the 
spectral information for both systems suggest the participation 
of certain ligands in the magnetic coupling discussed. From 
these, the allopurinol and hypoxanthine molecules are excluded, 
respectively, and the ligands that play an important role in the 
magnetic coupling pathway could be the el- atoms. Thus, the 
suggestion of the structural arrangement for both eun( allopurinol)2-
(Cl)2·H20 and eun(hypoxanthine)2(Cl)z-2H20 would be analo
gous (Figure 7). 

(ii) curr(hypoxanthine)z(Br)2-2Hz0. The x(emu/mol) - T 
(K) values for this compound were obtained at magnetic fields 
of 1000, 10000, and 30000 G, and only shown for H = 1000 G 
in Figure 9. The general pattem is in agreement with an 
antiferromagnetic coupling, higher in intensity than that shown 
for the former two cases. With an increase of the intensity of 
the magnetic field, a very small lowering of the x values is 
obtained, but without a modification of the general trend of the 
magnetic response. The tail at the low-temperature region, 
which follows a Curie-Weiss behavior, is associated to a 
magnetic impurity of non coupled S = 1/z spins. 

With respect to the spectral information for this compound, 
several magnetic models were explored. The frrst was the 
dinuclear model of coupled S = 1/z spins with the Bleaney
Bowers equation: 

(2) 

The attempts to fit this equation to the experimental data 
completely revealed a poor agreement between the calculated 
(with realistic magnetic parameters) and experimental suscep
tibilities; when the fitting was good, umealistic parameters (i.e., 
g = 1.7) were obtained. An appreciable improvement was 
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several axial ones appear to show lower 111 values, 16- 20 ranging 
from -127 to -107 cm-1, showing the influence that the 
anionic character of the heterocyclic ligand has on the decrease 
of the antiferromagnetic coupling effectiveness between the 
unpaired electrons of the metallic centers. 

With respect to the few (only three) magnetic studies on dinu
clear Cu(II) systems reported up to date with 6-oxopurine (hy
poxanthine) in neutral form as unique bridging ligand and anions 
(X= e¡- or Br-) in the axial positions,18•19 the J values range 
from -142.1 to -105.5 cm-1• There are no reports ofhomo
logue dinuclear systems and anionic or cationic 6-oxopurine. 

In relation to the three dinuclear Cu(II) compounds reported 
here with the unique bridging ligand 6-oxopurine, the J values 
(-141.76 to -142.56 cm-1 forX = N03-; -162.03 to -167.02 
cm-1 for X= S04

2-; and -153.89 to -160.16 cm-1 for X= 
Cl04 -) are of the same type as those for the analogue systems 
with 6-arninopurine or the few reported with 6-oxopurine (X 
= Cl- orBe). The sirnilarity in the J parameter for all these 
cases is suggestive of strongly related structural features and 
electronic architecture between them. 

In the absence of crystalline data for these dinuclear 
compounds, we cannot mak:e statements about the nature of the 
magnetic coupling pathway that produces the antiferromagnetic 
behavior we have found. Por the examples quoted before, 16- 20 

the Cu(II)-Cu(II) distance is such that a direct metal-metal 
interaction has been discarded, as in the cupric acetate type 
systems, and a ligand-mediated process is proposed. The 
similarity of the magnetic behavior they show with respect to 
the three dinuclear compounds reported here let us suggest that 
the magnetic coupling pathway in these last ones could be also 
through the bridging hypoxanthine molecules, in the N(1)-H, 
N(7)-H tautomeric form. 

In order to explore this possibility at a molecular level, we 
have recently performed exhaustive density functional theory 
calculations for hypoxanthine and its tautomers, and we have 
found interesting results for the N(1)-H, N(7)-H tautomeric 
form. The electrostatic potential with respect to a positive 
charge, shows an attractive region located at the N(3) and N(9) 
atoms. The total electron density shows pseudoaromaticity in 
both rings, and for still high density values (p = 0.27) these 
nitrogen atoms are electronically communicated through the 
fragment N(3)-C(4)-N(9). The molecular orbital analysis is 
also interesting, because the d-orbitals of two Cu(II) atoms can 
present respectively potential effective overlap with the N(3) 
and N(9) atoms: for the a bonding MO the overlap could be 
suggested to be with the dx2-Y. orbitals; the ROMO (II -type) 
could overlap with the dxz orbitals, and finally, the LUMO (II
type located at the C(2), C(4), and C(8) atoms) could overlap 
with the dyz orbitals, favoring a II-type backbonding process. 
The :first two overlaps postulated would form a!II bonds be
tween the two Cu(II) atoms and the deprotonated nitrogen atorns, 
which suggest a possible communication between these Cu(II) 
centers through the fragment N(3)-C(4)-N(9) ofthe bridging 
ligands. This communication could be enhanced by the back
bonding process from the third t'ype of overlap considered. 

Concluding Remarks. In the study reported here, new Cu
(II) coordination compounds with the heterocyclic ligands 
allopurinol and hypoxanthine, respectively, and several anions 
were synthesized in aqueous solution and at low pH value. In 
the competitive reactions of these heterocycles by the Cu(II) 
center, the fact that curr(allopurinol)z(Cl)z·H20 is the predorni
nant compound is relevant, almost without influence (except 
for X = CH3C02 -) of the metallic counterion employed in the 
syntheses. 
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With regard to the Cu(II) compounds with allopurinol and 
hypoxanthine (X= Cl- orBe), respective! y, the correspondent 
characterization supports the existence of both the MN2X2 

character and nearest neighbor interactions, which lead to a very 
weak antiferromagnetic coupling. This type of coupling is 
conceived through both a linear chain (Cu(II) compounds with 
allopurinol and hypoxanthine with X = Cl-), and a dinuclear 
system (Cu(II) compound with hypoxanthine and X = Be), 
with the participation of the halo gen atoms as bridging ligands. 

Por the Cu(II) compounds with hypoxanthine and X = 
No3-, S04

2-, or Cl04-, the characterization supports the 
existence of dinuclear units, of the cupric acetate type, with 
bridging hypoxanthine and polyatornic anions as axialligands. 
The unpaired electrons on the pairs of Cu(II) atoms are strongly 
antiferromagnetically coupled in all these cases. The three 
systems are incorporated within the few examples reported up 
to date with this heterocycle as unique bridging ligand in 
dinuclear Cu(II) compounds. 

The magnetic study carried out for the curr(N)2(Xh systems 
has contributed to the exploration of both the role played by 
the halogen atoms on the magnetic coupling pathway between 
the Cu(II) units and sorne features of their structural arrange
ments in the crystalline lattices. Por the dinuclear Curr(N)4 (O)¡ 
systems the same study let us suggest the role played by the 
bridging hypoxanthine ligands in the effectiveness of the 
antiferromagnetic coupling pathway when anionic and poly
atornic 0-donor groups are sirnultaneously bonded to Cu(II) 
centers in axial form. 

Noticeable differences in the metallic bonding behavior for 
the two isomeric heterocyclic ligands have been deduced from 
the study. This is particularly remarkable for hypoxanthine, 
where the N(3) and N(9) atoms are in sorne cases involved in 
this bonding, irrespective of the strong acid conditions and the 
N(7)-HJN(9)-H tautomerism for the free ligand in solution. 
All this could be of potential biochernical significance in the 
study of their catalytic metal center-ligand interactions, because 
both heterocycles are substrates of the metalloenzyme xanthine 
oxidase. 1•4 

With regard to the Cu(II) compounds studied here, the 
synthetic dinuclear compounds could be proposed to potentially 
rnirnic sorne physical property of dinuclear copper centers of 
protein sites,21•22 which could contribute to an improved 
understanding of their biological analogues. 

Finally, this study also represents a contribution about the 
exploration of the chernical behavior of Cu(II) toward two 
isomeric heterocyclic ligands under systematically modified 
reaction conditions. Related studies are in progress, in the hope 
to advance in the correspondent comprehensive understanding 
of this problem. 
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· ABSTRACT. 

Tlw spectral a u el map;rlf't ic charact erization of tlw e y die oct anudeé1r compmmd [ C'n( II) 8 f ¡t-

3 .. :-J-rlimethylpyrazolatf' !8 (¡1-0H )8 ] and its analogue [Cu( II )( ¡t-pyrazolatt' )(p-OH J] is n"'-

ported. An oct anudear ring magnetic model describes the magnetic data of the first 

cornpound. in agreement with a strong antiferromagnetic coupling between the Cu( II) 
1 

center:_o.: through the miwd briclging ligands. The same results art' ohtainecl for its Cu( II) 
1 

analogue. ·which let us consicler the existence of a structural arrangement of the same type 

for [Cu( II)( ¡t-pyrazolate )(p-OH )]. 
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I\"TRODlTTIO:'\. 

As part of a nwt hodology in tlw coordination chemistry stncly of tlw family of the 

pnrinic derivativ-es. their :-;tructural analogues aucl isomers. selective hetenx¿·clic fragmeuts 

<-;er'i·t' as models of certain regions r~f the whole original molecules. For example. by s<"lec-

tiug the hetProcycle pyrazole ancl derivatÍn's. it is possible to stucly some aspects of thP 

coorclination chemistry of the purinic isomer allol)urinol in a simpler \vay. \Ye haYe been 
., 

interestecl in the coorclination chemistry of the pyrazolic fragment of allopurinol and we 

hav-e selectecl the pyrazole ( 1) ancl 3.5-climethylpyrazole heterocycles ( 2) (Figure 1) to ex-

plore their interactions with metallic atoms ( e.g .. Cu( II)) uncler several reaction conclitions 

systematically modified. ancl to analyze the structuraL spectral ancl magnetic properties 

of the respective coordination compouncls. 

Figure l. 

In the progress of our research program the synthesis ancl structural characterization 

of the cydic octanuclear coorclination compound [Cu(II)s (¡t-3,5-climethylpyrazolate)8 (p

OH)8] were reported (3,4). In these papers the formation of the polynuclear compound 

[C'u(Il)(p- pyrazolate )( p-OH)] was also mentioned. However. no cletailed information 

about the synthesis conclitions and physical properties was given for the last Cu(II) com-

pouncl. These aspects promptecl us to explore the syntheses for these tm) coorclination 

compouncls (both by the reportecl and by alterna.tiYe routes) to perform their spectral ancl 

magnetic characterization. ancl to compare their physical propertie::; with tho.:;e shown by 

tlw relatecl polynuclear compouncl [Cu(II)(¡t- allopurinolate)(p-OHl] re1x>rtecl before (51. 

The magnetic study reportecl here represents the first analysis e\·er done of these 

interesting systems. in which t.he pyrazolic ligancls ancl OH groups simultaneously bridge 

the Cu(II) centers. 
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EXP ER L\IE~TAL. 

j_. j\Iatr-riak 

lH-pyrazole (=pzH).lH-3.5-climethylpyrazole (=3.5- clmpzH) ancl thP metallic Cu(II) 

,.;alts ( analytical grade) 1vere commercially suppliecl. There 1vas no nf'ed for further purifi-

cation. 

2. Synthesis. 

The polynudear com.pound [C'u(Il)(p-pz)(p-OH)] vvas prepared by dissolving 1 rnmol 

of pzH in ca. 50 ml of an aqueous buffer solution at pH=13 (KClj:\"aOH) upon stirring 

at room temperature. 1 mmol of the respectiw C'u( II) metallic salt (X=Cl-. Br- . .:\03. 

so~- or Cl04 ). previously clissolved in ca. 10 ml of H2 0. was aclclecl to the colorless 

solution previously obtainecl. The resulting cleep blue suspension of each reaction was 

n1.aintainecl uncler stirring at room temperature. All of them changecl to a blue- purple 

color in a few hours. The corresponcling reaction mixture was kept under these conclitions 

for ca. 24 hours with no observed changes. The suspension was filterecl off and the solicl 

product (blue-purple color) was washed first with several portions of H2 0 ancl then with 

repetitive volumes of C2 H5 0H. \;Vhen kept at ca. 100°C for 4 hours each solícl showecl no 

changes. The respectil'e colorless filtrate was cliscarclecl. \Yhen using X=CH1 C'O.;- as the 

metallic counterion. the cleep blue suspension ( uncler stirring for ca. 48 hours) cha.nged to 

a blue-purple suspension, ancl V'lhen it 1vas kept at the same conclitions for 48 aclclitional 

hours. no changes we·e cletected. The reaction mixture ancl the solicl procluct -vvere treatecl 

as abo1·e. 

Deep purplt>-blad: solids 1wre obtainecl by carrying out the same reactions at boiling; 

temperature ( except for X=SO~- ). These solicls corresponcl to mixtures of CuO ancl 

Cu(II)n(pz) 11 (ÜH! 11 ¡ 2 (Xln¡2 in a ratio directly proportional to the reaction time. 

The synthesis of [Cn(II)s(p-clmpz)s(p-OH)s] required thc previous preparation of Cul 

and its reaction with :3,;5-clmpzH. giving the starting c~·clic trinuclear Cu( l) coordination 

compouncl [Cu(Ih(¡t-3.5-clmpzb]. This reaction was performecl as follows: 10.0 mmol of 
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Cui \Yt:'l"f' di~solv<"d in SO ml of C'H:¡ C:\ under stirring at room tempenüurc and :\:.!1 ,e;) 

atmo:-,pl1ere (the soh·ent \Vas pre,·iously lmbbled \Yith :\2(g)). Sheets of Cu(~) v\·ere added 

ro the resulting solution (pale yellow). 10.0 mmol of 3.5-dmpzH first ancl then 11.0 mmol of 

'('2 H, 1; :'\ wen· incorporatecl to the reaction mixture. rapiclly forrning a white suspension. 

which ''-"o:i maintainecluncler stirring at room tt'rnperature ancl :'\2(g) for half an hour. The 

mixture ,,·as filterecl off. A white solicl was isolatecl ancl \Vashed first with 50 ml of CH3 Cl\ 

ancl then with 50 ml of ( CH3 )2 CO. The solí el procluct was kept at 105°C for half an hour. 

ancl no changes were observed. The procluct was founcl to be insoluble in the common 

organic soh·ents, and stable in air ancl moisture. The IR bands of the procluct were the 

same as those quotecl for the Cu(I) compouncl in a crystalline structure cletermination 

( 6) , in •xhich other synthetic methocl was usecl. Finally, the cyclic trinuclear compouncl 

[Cu(I)3(,u-clmpz)3] was employecl in the synthesis of [Cu(II)s(¡L-clm.pz)s(¡t-OH )8 }. with a 

v-ery similar technique to that previously reported (4). as follows: 0.98 g of [Cu(Ih(p

clmpz h] were adclecl to 40 mJ of C5 H.5 ::-J with 0.5 ml of cleionizecl H20. A vigorous stream. 

of 0 2 (g) \Yas appliecl to the reaction mixture under stirring at room temperature. A slow 

change to cleep blue color was observed; no changes were cletectecl in the next 24 hours. 

The suspension was filterecl off, anda cleep blue-purple solid was isolated ancl washed with 

ca. 20 ml of C\H'):\. The procluct was driecl at reduced pressure ancl room temperature. 

The original filtrate ancl the C5 H5 :\' usecl in the \Vashing were mixecl ancl ev-aporatecl to 

clryness. getting a second fraction of the same procluct. 

.J. Phy$ica.l kfea.,~urements. 

-Infrared !IR) spectra (::\ujol mulls, EBr \YinclmYs) in the 4000-400 cm- 1 ra.nge werf' ob

tained by using a. 750 FT IR Nicolet equipment. For the 4000-:200 cm- 1 range (.:\ujol 

mulls, Csi winclows) a 598 Perkin Elmer spectrometer was employed. IR data (high clen

sity polyethylene pellets) in the 600-/0 cm- 1 range were obtainecl by using a 740FT IR 

:\icolet equipment. 
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-Ek·ctronic spectra !200-1100 urn. qnartz \vinclows and BaS04 as rf>ff'renre) in tlw solid 

state uf the powderecl samplPs. \\·ere recorcled by using a 160-A Shimadzu spectromett'r. 

-Thermogravimetric elata (room temperature-800° C) v.:ere obtainecl by using a 2100 

Dupont thermobalance. employing ::\2 (g) as carrier gas ancl .3°C-min- 1 as heating rate. 

-X-ray cliffraction patterns of the pmvderecl samples vvere recorclecl by using a D-500 

Siernens cliffractometer. by employing a seconclary monochromator with CuEn racliation. 

-X-bancl epr spectra of the powdered samples (room temperature ancl TI E) were recorcled 

by employing a 200-D Bruker spectrometer. using DPPH as reference. 

-The n1.agnetic susceptibility of fJO\Hlerecl samples as a function of temperature at clifferent 

magnetic fielcls, \Vas measurecl with a SQ"CID Quantum Design .\Iagnetometer. from 2 to 

300 K, and magnetic fields of 100. 1000 ancl 10000 G. The magnetic susceptibility data 

were corrected by the cell and the sample diamag11etic contributions. The magnetometer 

was previously calibrated with very fine stanclards (Pd, Ni and Al), and the mean stan

dard cleviation of the magnetic susceptibility measurements was three orders of magnitude 

lmver than the studied data. Preliminary magnetic susceptibilities (room temperature) 

of powdered samples were obtained by using a Johnson ~\Iatthey balance and employing 

Hg[Co( SC~'~·)4 ] as reference. 

-:\Iicroanalysis confirmation (C. H.::\) \Yas performecl at the Chemistry Department. "Cni

wrsity College of Lonclon. 

[Cu(II)(p-pz )(p-OH)). 

1. A nal·ytical Res·nlts. 

RESl.LTS A::\D DISCTSSIO:.J. 

Experimeutal: 24.4 (9éC). 2.16 (YtHJ. 18.91 (o/c.);): calculated for Cu(II)(C:3 H:~::\2)(QH-): 

24..± (<;{'C). 2.13 (<ftH). 18.98 (c¡;:::\l. These analytical results correspond to the product 

obtainecl· \vhen X=So¡- was employed as the initial Cu(II) meta.llic counterion, ancl they 

are in full agreement with the anionic character of the pyrazolate ligand. 

2. Infrared spectr-nm. 
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The IR spectral data of several samplPs of tlw Cu( II) cornpouud aud t hose corres-

nondiug to the free heteron-clic ligand are listNl in Tablc I. Tlw assignnwnts were madf' 
Á ,_ ... '-

h<tsed on recent stuclies (7-11). 

Table I. 

The overall speotral behavior is in agreement vvith the existence of the pyrazolate as 

br'idging ligancl to Cu(II) centers through the :\ atoms (7-11). The heterocyclic ligancl 

coordination is supported by a strong and sharp band at 330 cm-l. assignecl to the u_\1 _ .v 

..-ibrationalmocle. The IR elata for the OH group indicate its existence as bridging ligancl 

( 12-15) . 

v'Vith regarcl to the geonwtrical disposition of the pyrazolate ancl OH ligancls in the 

Cu{II) coorclination sphere. the lü\v-energy IR elata are in agreement with a mutually-trans 

configuration. as it is schematically shmvn in Figure :2. 

Figure 2. 

3. Electronic spectrum. 

The spectra. of the sa.mples in the 400-1100 nm range show a. broacl ancl asymmetric 

band centerecl at 590 nm. The frequency ancl structure of this bancl is associatecl \vith d-d 

transitions of Cu( II) in a nea.rly planar tetracoordinatecl geometry. 

4. X- Ray diffraction pattern. 

The pmvcler pa.tterns consist of broacl signals in the 7.00-50.00 :28 range. This coulcl 

be suggestiYe of a poor crystallinity of all the samples analyzecl. associatecl to the synthesis 

experimental conditions uncler which the Cu(II) compound wa.s obta.inecl. 

5. Ep-r spectr-nrn. 

The X-bancl (u=9.79 GHz) epr spectra a.t room ternperature of all the samples show 

a very >veak broa.dand symmetric signal with 9av ::::::: :2.1-L These spectra are not resolved 
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ll pon denea~ing tlH' t Plll pcrat ure ( 11 E ) . The pa t t eru 1s associa t f'd ro t h<' existen ce of 

stroug Cu(Il)-Cu(Il) magnetic coupling. 

6. Thermogra.-uimdric resnlt8. 

The thermal results do not show mass loss in the room temperature-:?00°C range. This 

suggests the absence of H2 0 molecules both in th.e lattice ancl in the metallic coorclination 
'. 

sphere. The lmvering of mass starts at :232°C ( 9S.S8lj¡'. of initial mass) in an abrupt step: 
\ 

then a second one is observecl starting at ca. :237°C (11.39lj¡' ). ancl finally a n1ass loss 

in steps from ca. 341° (44.127c) up to 800° (:23.647c) is obtainecl. The same results 

vv'ere observecl \Yhen the samples were in contact with ambient air. confirming the non 

hygroscopic character of the coordination compouncl. 

7. Preliminar·y magnetic res·ults. 

The effecti,-e Inagnetic moment (Peff) of samples coming from the several reaction 

conclitions (X=Cl-. so¡-. ClO;¡- ancl CH3 C02) was obtained at room temperature. ran-

ging frmn 0.9-± to 1.0 BJ\1/Cu(Il) center. The values clase to 1.0 B::VI allow us to suggest 

the existence of a noticeable Cu(II)-Cu(Il) rnagnetic coupling, in agreement with the epr 

spectral information. 

[ Cu(II) 8 (~t-dmpz ) 8 (~t-OH)s]. 

1. Infrared spectrmn. 

The IR spectnun of [Cu(Il)s(~t-clmpz)s(¡t-OH)s] shows a similar pattern \Yith respect 

to the IR bancls of 3.5-dmpz bondecl as briclging ligand in the cyclic trinuclear system 

[Cn(Ih(p-3.5-clmpzl:J]. Table II shows the IR bands of the compouncl uncler cliscussion 

ancl tentative assignments to them. 

Table II. 

The IR spectrum of the coorclinatecl heterocycle shows several moclifications when com-

pared to the free ligand. The analysis supports the non existence of the :\-H group in the 
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heterocy die ligaucl. Thc same analysis anse t he exiskuce of pert urha t ions of t he b;mds 

associatt'd wit h cuclocyclic groups Yibrational modes in ag;reemcnt with thf' participatiou 

of the ~ atoms in their coorclination to t he C'u( II) centers. ancl thP heterocycle as bridg-

ing ligallCl. Tlw bancls appearing at 3/1 ancl 3:20 cm- 1 are assigpecl to ZIH _ .v. The IR 

c;pectrum abo shows bancls associated with the ¡¡(oH-) and tlw Z/Dl-OH- bl;iclp/') \'Íhra-
' 
1 

tional mueles. also in concorclance wi th the structural iuformation reportecl for'/his C'u( II) 

compound. 

2. Electronic spectr-um. 

In the 400-1100 nm range [C'u(II)s(p-3.5-clmpz)s(p-OH)s] shcrws a broacl bancl with a 

maximum at 580 nn1. which can be associatecl to d-d transitions of Cu(II) in a roughly 

planar tetracoorclinatecl C'u( II) geometry. The structure ancl frequency of this bancl is 

similar to that shown by the analogue [Cu( II)( p-pz )(p-OR)] ( 590 nm) ancl it is in agreement 

with the C'u(II)(N)2(0)2 cha.racter for both systems. 

:J. Epr spectr-nm. 

At room temperature anclz/=9.7 GHz. [Cu(II) 8 (p-3.5-clmpz)s(p-OH)s] is nea.rly epr silent. 

This behaYior also inclicates remarkable magnetic coupling, as in [Cu(II)(p- pz)(¡l-OH)] 

at the same spectra.l conclitions. The epr spectrum wa.s not resolved upon a temperature 

clecrea.se ( 11 K). 

4. X-Ray diffra.ction pattern. 

The analyzecl samples of the cyclic octa.nuclear compouncl [Cu(II)8 (p-3.5-clmpz)8 (p-OH~ ¡] 

shmv a pO\nler pattern tha.t. resembles in some aspects that of the analogue [Cu(II)(¡¡-

pz)(p-OH)]. The fonner shows however. signals of sharper ancl higher intensity character 

iu the 4-30 :28 rangP. The clifferences bet\\·een the t\YO patterns could be attrihntPcl in part 

to the drastic synthesis conclitions carriPcl out. Also. the cletailecl structural ancl lattice 

characteristics of both Cu(II) systems are not necessaril:y the same. a.ncl this may also 

explain that differences. 

5. Thermogra·virnetric results. 
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[e ni II) 8 (JI -3 .3-clmpz )¡; ( p- oH le<: c:llO\\'c; a different tlwrmograYÍmet ríe pé! tterll comp<tred to 

the oue shmn1 by its analogne [Cu(II)(p-pz)(¡t-ÜH)]. It slww~ a first step of mass loss 

st&Tting at 86.6°C (98.217c of initial mass). The seconcl step starts at :211.6°(' (83.:2(/c) 

ami continues in steps from ca. 334 oc (44.3-±%) up to 800°C' (:23.:21 <;(' ). The thermal 

results for the first rnass loss step coulcl be associated \Vith the elimination of C\Hs :\" 

soh·ent molentles from the sample. relatecl to the clryness conditions carriecl out for this 

com.pouncl synthesis (in fact. in the synthetic route previously reported( 4 ). two C.5 H:5 :\" 

molecules per octanuclear unit are decluced from the analytical results). 

6. Preliminary magnetic rnnlts. 

[Cu(II) 8 (p-3.5-chnpz)s(JL-0H)B] shows an effective magnetic moment at room ternpera

ture of c.a. 0./ B.:VI/Cu(II) center. This low value indicates a strong rnagnetic coupling 

between the unpaired electrons of the Cu(II) centers, in agreement with the epr spectrum. 

This behavior is similar to that deducecl for the analogue polynuclear cornpouncl [Cu(II)(p

pz )! p-OH)]. 

:VIAGNETIC STUDIES. 

The rnagnetic susceptibility ·vers·ns temperature measurements were carriecl out in the 

2-300 E range at magnetic fields of 100. 1000 ancl 10000 G for both compouncls. 

Figure 3 shmvs the molar magnetic susceptibility \ ( per octanuclear unit) for 

[Cu(II)(p-pz)(p-OH)]. as a function of temperature for the three values of the external 

magnetic fielcl. 

Figure 3. 

The small but continue mcrease of the \ values \Vith temperature in the high

temperature regíon índicates an antíferromagnetíc coupling. In the lmv-temperature region 

a Cnrie-vVeiss behavior, \vhich may be associatecl with non couplecl S=1/:2 spins, is ob

sen·ed. As the magnetic fielcl increases. a small clecrease in the \ va.lues is observed. with 
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110 modification in tlw g;cnPral trf'nd of the met~netic re:c:ponsP. The antiferromat!;r1etic con-

pling ¡, also inferred from tlw \T- T plots for tht· same magnf'tic fielrls: a uearly linear 

knn'ring of \T with the temperature decrease is obserYecl. In this representation the three 

línes for the clifferent H values converge in the limit of low-temperaturP. ancl the incn'aSf' 

of the mcd?;IlPtic fielcl produces a lowering of the resperú\·e slopes. Li1war relationships that 

com·ergP at 100 G are obtainecl when plotting the experimental magnf'tization data (JI) 

as a function of the magnetic field (H) for the fixecl temperatures 10. 10. :200 ancl 300 E. 

The line for T=10 E shows a higher slope than that of the others: the slopes for the other 

three temperatures are very similar, slightly increasing from 70 to 300 E. This behavior 

corroborates both the non couplecl S=1/:2 spins contribution in the low-temperature re-

gion. ancl the successive population of excitecl states of higher spin multiplicity for the 

high-temperature region, which indicates the existence of magnetic coupling in the solid 

procluct. 

The data 1vere studiecl employing se1·eral mag:net1c models like the clinuclear. the 

inií.nite linear chain and the finite size ring ( i. e .. octanuclear ). The best fitting results 

were obtainecl for the octanuclear ring moclel of S=1/:2 couplecl spins ( 16). for which the 

parallel magnetic susceptibility expression, moclifiecl to take into account the fraction of 

11on-couplecl spins ( p) ancl the temperature independent term (\0 ) contributions. is: 

.YJ2g2 -Jii/kT[1- (-tanhX) .. \"] . , - . S.J2g2 
\ = e 11-pl-r\(1-p)+ p 

4kT 1 + (- tanh X)·\" ' ' 0 
' 21.-T 

( 1) 

I.Yhere J{ = j.J!/2k·T. _y is the size of the finite ring (\\·e usecl S= 8) ancl the other symbols 

haYe their usual meaning. In the fitting process. the minimization function usecl was: 

The fitting process ( employing Eq. ( 1)) \Yas Hry successful ancl gaw the follmving 

magnetic parameters for g = 2.14: H = 100G:.] = -118.6±4.28 cm- 1
. p = 0.045±1.77x 

lo--1• \o = 0.0066 ± 1.12 x 10-5 emu/octanudear unit; H = 1000G: .J = -2:26.1 ± 20.97 
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nn- 1 • p 0.001 ± 4.2--1 x 10-.1 . \ 0 = 0.0030 ± --1.80 x 10-"> emn/octaunclear nnit: H = 

lOOOOG: J = -:218.4 ± 21.--11 cm- 1
• ¡J = 0.00:3 ± -±.13 x 10- 1

• \o = 0.00:29 ± 3.3G x 

lo-s Pnm/octanuclear unit. The .] values are consistent with a strong antiferromagnetic 

coupl.ing betvvcen the unpairecl electrons of the Cu(II) centers. 

The saine magnetic model \YÍth a mean-fielcl correction was employed to explore tllP 
1 

possibility of inter-'ring magnetic coupling. The magnetic susceptibility ( \') in this ap-

proximation is: 

-/ .\ 
\ = 1 - ( 2:: J' ¡_v g2 T· r\ (2) 

where \ is the magnetic susceptibility gi,·en by Eq. ( 1 ). J' is the inter-ring magnetic 

coupling parameter, ancl ::: is the number of nearest neighboring rings. 

From this, a very goocl fit was obtainecl for the three fields, vvith the following n1.agnetic 

parameters for g = 2.14: H = 100G: J = -191.54 ± 22.37 cm-1, ::]' = -0.14 ± 1.38 

cm -l, p = 0.045 ± 0.0034, \o = 0.0067 ± 8.73 x 10-5 emu/octanuclea.r unit: H = lOOOG: 

.] = -173.6 ± 7.97 cm-1
. ::J' = -3.73 ± 0.304 cm- 1

. p = 0.063 ± 0.001. \o= 0.0038 ± 

2.85 x 10-5 emu/octanuclear unit: H = 10000G: J = -167.5± 10.28 cm-I, ::]' = -4.43± 

0.41 cm-1
, p = 0.067 ± 0.00'2. \o = 0.0027 ± 4.37 X 10-5 emu/octanuclear unit. These 

parameters corresponcl to the theoretical curves shown as solicl lines in Figure 3. The J 

,-alues corroborate a strong antiferromagnetic coupling ( intra-ring type ). The ::: J' values 

makes us think about the possibility of wry weak inter-ring magnetic coupling. maybe of 

antiferromagnetic type. 

For [Cu(II) 8 (p-3,5-clmpz)8 (¡L-ÜH)8 ]. Figure 4 shows the molar magnetic susceptibility 

\ ( per octanuclear unit) as a function of temperature for the three magnetic fielcls. 

Figure 4. 

The general pattern in the high-temperature region also suggests an antiferromagnetic 

coupling. The behavior in the low-temperature region ( Curie- ·weiss type) may also be 
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assncia tf'rl wi t h thP presence of non couplcd S= 1/:2 spins. Tlw applied maQ)Wt ic fiel el }PéHls 

to <:t rwarly insignificémt iucrf'ase of t lw \ yaJ u es. \Vit h no e hmu~;es in tllf' gpneral magnet ic 

respousP. As in the previous system, the antiferromagnetic coupling is also decluced from 

tlw \T- T plots for the three magnetic fielcls. In this case. ancl for a magnetic fielcl value. 

a \T lowering and a clPcrease of the slope startil1g from ca. 130 K are ohtainecl with the 
\ 
\ 

te1nperature clecrease. The three curves show the same trend. ancl thf'y convergf' at the 
\ 

limit of low-temperature. The increase of the magnetic fielcl produces a slight increase of 

the corresponcling slopes. 

The JI - H plots for the fixed temperatures 10, 70. 200 ancl 300 I\. shovv linear 

relationships which converge at 100 G. The lines show a progressive increase of slope for 

70. 200, 300 ancl 10 K. These slopes are lovver than those founcl for the previously discussecl 

com_pouncl. The slope for 10 K also corroborates the non couplecl S=l/2 spins contribution 

in the low-temperature region. The increasing slopes for the 70-300 K range are consistent 

with the population of excitecl states of higher spin multiplicity. The slopes of the 10 K 

lines for both Cu( II) compouncls allow us to suggest the presence of a higher contribution 

of non coupled S=l/2 spins in [Cu(II)(p-pz)(p-OH)]. 

The fitting process was also performed for the moclel employecl before with a mean 

fielcl correction (Eq. (2) ). In this case. the magnetic parameters obta.inecl for g = 2.20 

-· · H - lOOG· J- 1,.,.3 O± 14· ~ - 1 -J' - 1 ~ 0 9 1 3 l'l - 1 -O 0')4- +O 001-\vere. - . - - 1 . - .o cn1 . -. - , 1 .o :r:: . . ~ cn1 . p - . ~ ~ . 1. 

\o = 0.001-± ± 5.67 x lo--'> emu/octa.nuclear unit: H = lOOOG: J = -160.98 ± 11.66 cm- 1 . 

::P = +3.69 ± :2.39 cm-1
• p = 0.027 ± 0.0015. \o = 0.0013 ± 5.53 x 10-5 emu/octanuclear 

· · · H- 1ooooc· J- -164 4--- · 1- og - 1 -J'- +- QQ± 1 1·1 -l -o o·; 1__!_o oo·1·1 Ldllt.- .. - .O::t:/. Cnl ·-·- l.uu-±.~Cnl ,p-._"±__,____.-~· 

\o = 0.0016 ± 7.07 X 10--s emu/octanuclear unit. These pararneters corresponcl to tlw 

t llPoretical curves shown as so lid lines in Figure -:!:. 

The .] values obtainecl herc are also in concorclance with a strong antiferromagnetic 

coupling between the unpairecl electrons of the Cu( II) centers. The :.; J' va.h1Ps allmvs us 

to suggest the existence of very wea.k inter-ring magnetic coupling. although it coulcl be 

13 



-.;nspectPd to be of a ferromagnetic typc. The contribntion of tl1P 11011 r·cmplPd S=1/2 spins 

in tlw samplP (p iu Eq. (1)¡ is lmnT than the OIH' found for [CuiiiJi¡,-pz)(¡,-OH)j. iu 

agreenwnt with the previous discussiou of the JI - H plots for both compounds. The 

differences in such contributions outstancl in the fonn of the \ - T curves 111 the lmv-

ternperature region for the t>vo Cu(Il) compouncls stucliecl here. 
1 
\ 

The significant contribution of non-coupled spins (noticeablP at low temi)eratures as 
1 

a Curie-\\-eiss type be havior) affects the magnetic response of the stuclied compouncls. for 

y;hich in acldition the \ values are small. YVhen fitting Eq. ( 1) to the experimental elata. 

we noticed that the calcula.tecl temperature a.t which the molar magnetic susceptibility 

should be a maximum. líes well below both the eme estimatecl experimentally. and the one 

preclicted by the pure octa.nuclea.r moclel (Eq. (1) with p = 0) which is Tf\maxl =!Ji/~· 

( 16 ). ::\ate tha.t the last term in Eq. ( 1) shows the dependence of \ on p and T. In orcler 

to study the effect of the mole fra.ction of non-coupled spins on the behavior of the molar 

magnetic susceptibility, we fitted Eq. ( 1) with p = O to the experim.ental data of both 

compouncls at H = 100 G for the tempera.ture range 50 - 300 K, and used the J a.ncl 

\o values obta.inecl in this way to theoretically calcula.te·the molar magnetic susceptibility 

curves as a function of p with Eq. (1). These are shown in Figure 5 for a) [Cu(II)(p-pz)(p

OH)]. ancl b) [C'u(Il) 8 (p-3.5-clmpz)s(p-OH)s]. As can be seen. the temperature for which 

\ has a maximum va.lue is lower as p is increasecl. The presence of non-coupled spins. 

considerecl as a magnetic impuri ty. moclifies tllf' curws form ancl the T( \max) ,·al u es for 

both compounds. 

Figure 5. 

In the next step. we proceeclecl to fit equation (1) v;ith p =Oto the experimPntnl 

elata for the 100-300 E temperature region. in which the effect of the magnetic impurity 

is not as noticeable as in the lmv-temperature region. The magnetic results employing 

this pure octa.nudear model are for [Cu(II)(¡.¿- pz)(p-OH)] with g = 2.14: H = 100 G, 
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J = -331.32 ± 2:2.:28 cm - 1
, \o = O.OOGI ± 6.56 x lo--~ emu/mol: H = 1000 G . .J = 

-363.50:::::-S.l!) cm- 1
. \o= 0.0041±5.5:2x 10-6 emu/mol: H = 10000 G. J = -346.64±5.20 

cm- 1
• \u = 0.0032 ± 6.30 x 10- 6 emu/mol. and for [Cu(II)8 (p-3.5-clmpz)8 (p-0H) 8 ] with 

g = :2.20: H = 100 G . .] = -231.23 ± 35.11 cm - 1
• \o = 0.0018 ± 1.09 x 10-4 emu/mol: 

H = 1000 G . .] = -2:27.83 ± 32.60 cm -l. \o = 0.0018 ± 1.04 x 10--l ernu/mol: H = 10000 

G J - ·) ¡- 66 ..¡_ 1 n "'"O -l - - O 00'71 ..¡_ 1 31 1()--l 1 
· ·l .. --_-rt. _,_-ro./ cn1 ·\o-. _ _,_ .. x emu;mo. 

Although the fitting results are 1·ery goocl for both compounds ancl the three magnetic 

fielcls. the fact of reducing the mm1ber of experimental data make the sta.tistical errors 

grow. ::\e,-ertheless. this proceclure let us see that the respective tempera.ture for vvhich 

\ is a maximum (!.JI/k) n10ves toa. higher va.lue than the one ca.lcula.tecl consiclering the 

contribution of non-couplecl spins in the whole temperature range. 

In order to analyze the possibility of inter-ring interactions. we a.ppliecl the octanuclear 

model with a mean-fielcl correction ( Eq. (2)) for the sa.me range of tempera.ture ( 100-300 E) 

and p =O. The fitting results were excellent. as can be seen in Figure 6 for [Cu(II)(p-pz)(¡.L

OH)) and Figure 1 for [Cu(II)s(f-t-3.5-clmpz)s(p-OH)s]. The magnetic parameters obta.ined 

are: for [Cu(II)(p-pz)(¡L-OH)] with g = 2.14 a.ncl H = 100 G . .] = -334.77 ± 9.41 cm- 1 , 

::.1' = -:2.86 ± 1.68 cm- 1
, ~o = 0.0081 ± .00089 emu/mol; H = 1000 G, .] = -324.15 ± 

10.11 cm-1
, z.J' = -3.69 ± 0.83 cm- 1

, \o = 0.0047 ± 0.00014 emu/mol; H = 10000 G, 

J = -311.67 ± 9.18 cm- 1
• z.J' = -4.05 ± 0.92 cm- 1

. \o = 0.0036 ± 0.00009 emu/mol: 

for [Cu(Ilis(p-3.5-clmpz) 8 (¡.t-0H) 8 ] with g = 2.:20 ancl H = 100 G. J = -:263.78 ± :2.17 

cm- 1
. ::.1' = :21.:20 ± 0.53 cm- 1

• \ 0 = 0.0013 ± 8.88 x 10-6 emu/mol: H = 1000 G . 

.] - ·J-6 1.1 + ·) 94 -l - J' - ·)- 33 ..Lo :-9 - 1 - -o oo1·) ' g ·)- 10-6 ¡ l· - --O . ~ _,_ -· C'111 , "-• - -0·· -'- .O C11l . \o - . - :r · .-0 X el11U 1110 . 

H = 10000 G . .J = -261.89 ±4.03 cm -l. z.P = 24.06±0. 75 cm -l, \o == 0.0014± 1.0 x 10-·5 

emu/mol. 

Figure 6. 

Figure 7. 
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Tlw rmrf' oct anndf'Rr modd wi t h a lll<"élll-fidd cmTf'ction al so predicts higlwr tf'Ill

peni ture ndnes for t lw \ maximnm for bot h Cn( II 1 ¡·mupouncls. Tlw ma~rwtic coupliu~ 

parametcr .1 for both compounds. is in agreement \Vith the above results aLout the propo

sition of strong antiferromagnetic coupling, slightly higher for [Cu(II)(p-pz)(p-OH)]. Also. 

this model ancl correction let us suggest the possibility of very weak inter-ring magnetic 

coupling for both Cu(II) systems. maybe of antiferromagnetic type for [Cu(II)(p-pz)(p

OH i] ancl of ferromagnetic type for [Cu(Ills({t-3.5-clmpz)s(p- OH)s]. Basecl on the spec

tral ancl magnetic stuclies, it is possible to suggest that the Cu(II) compouncL with the 

unsubstitutecl pyrazolate ligand. shows an analogue structural arrangement to that of the 

cyclic octanuclear Cu(Il) compouncl with the methylatecl pyrazolatf' ligancl. The character 

(ferro or antiferromagnetic) of the inter-ring interactions :: J' is not condusiw. ancl at this 

point only the existence of this type of interactions can be suggestecl. 

A very goocl fitting was also obtained applying the same cyclic octanuclear magnetic 

moclel ancl Eq. (1) with p =Oto the magnetic elata (H = 100 G) ofthe previously reportecl 

polynuclear compound [Cu(II)(allopurinolate)(OH)] (5), with J = -378.:?3 ± 19.0 cm- 1 . 

The .] val u e is of the same character to the ones corresponcling to the Cu( II) compouncls 

cliscussecl here, ancl also in agreement with the structural arrangement suggested before 

for this Cu(II) system (5). 

The dinuclear ancl the infinite linear chain magnetic moclels \Yere employecl in an 

attempt to explore the quality of the octanuclear ring magnetic moclel \Vith respect to 

others in t he clescription of the magnetic elata here presentecl. The unsuccessful results in 

the fitting process for these two moclels leacl us to conduele the reliability of the octanuclear 

ring moclel for the Cu(II) compounds cliscussed here. 

\Yhen comparing the magnetic behaYior ofpolynuclear bis-pyrazolate Cn(II) or Co(II) 

compouncls (17-19) to that of the polynndear system [Cu(II)(¡.¿-pz)(¡t-OH)]. the fonner 

show lower superexchange magnetic coupling ( J ranging from -6 to -105 cm -l ). Dinu

clear bis-p,yrazolate Cu(II) compouncls (20-2:?) show more intense rnagnetic coupling ( J in 
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tlw -100 to -:214 cm- 1 rangP). On the other hand. polyrmclr·ar his-clinwthylpyrazolate 

Cndi) or Corii¡ compcnmds (1l.Hl.:23) (.!in tlw --38 to -66 cm- 1 rauge for Cu(Il): 

from -:2 to -G.G cm- 1 for Co(II)) abo shmv lower mag;netic coupling than [Cu(IIJ 8 (p-

3.5-dmpz)8 (p-0H)8 ]. For dinuclear or trinuclear bis-pyrazolate Co(II) systems (24). the 

antiferromagnetic ,coupling is very low ( .J ra11ging from -1 to -25 cm- 1 ). 

' ' 
\ 

The compouricl [Cu(II)(p-pz) (¡t-OH)] shows magrwtic coupli11g in the sanw ra11gP 
1 

as that shown by clinuclear Cu(II) compou11ds with pyrazolic ancl OR donor groups as 

briclges (:25-:28) (.J from -32 to > -500 cm-1 
). With respect to the mag11etic behavior 

of [Cu(II) 8 (p- 3,5-dmpz)8 (¡.t-OH)s], only one dinuclear case of this t¿'pe was found in the 

literature (25). The nmgnetic coupling in this case is comparatively lower (.J = -95 cm- 1 ). 

On the other han d. from all the clinuclear Cu( II) compounds quotecl abo ve ( 25-28). 

it is possible to analyze the influence of the methyl groups in the pyrazolic moiety 011 

the magnetic coupli11g intensity of the respective systems. The only cases reportecl (25) 

(com.pou11ds quoted therei11 as 7a._ .J(pz/OR)=-100 cm- 1
; 7c. J(dm_pz/OR)=-95 cm-- 1 ) 

show that the methyl groups do not hm·e a stro11g i11fluence 011 the i11te11sity of the magnetic 

coupli11g. This influe11ce is lower tha.n the one cleclucecl from the magnetic study of the two 

Cu(II) com_pounds presented here. 

CO:.\CLCSIOSS. 

In the present study. \W performed the spectral and magrwtic characterization of the 

polynuclear systems [Cu(II)(p-pz)(p-OH)] and [Cutiil 8 \¡L-3.:S-clmpz) 8 (p-0H)8 ]. The spec-

tral results allow us to suggest the pyrazola.te and OH groups as mutually-trans bridging 

ligancls in the first system. This beha,·ior is shmvn in (Cu(II)s(p-3.5-clmpz)8 (p-OH) 8 ]. 

These systen1s are remarkable in their strong intra-ring superexchange map;netic coupling. 

Finally. the Cu( II) compouncls di::;cussed befor·e would be some of the few polynuclear 

Cu(II) systems which would have some topological relationship with the few octanuclear 

compounds reportecl up to now (29-32). They are a.lso the first class of Cu(II) systems 

17 



shmving those mixed brid,ging; lig<mds. This papf'r is tlw first magnetir stnrly carriPcl out 
- •" - -

for this type of ,·cry complex lllPtallif' syc.;temc-. 
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Tables. 

Table I. IR data (-±000-:200 nu- 1
) and a:'sigmw'nts for pzH a1td [C'u(li)(¡¡-pzJ(¡t-OHi]. 

AblnP\-iations: S_. strong: \I. medium: \Y. Wt'ak: Sh. shoulder: ,.¡J. Ycry ln·o<td: h. Lroad: s. 

sharp: el. cloublet. 

Table II. IR elata (4000-:200 cm- 1
) ancl assignments for [Cu(IIJ 8 (p-clmpz)8 (p-0H)8 ]. Ah

breYia tions a~· e the same as Ta ble I. Assignments were m acle using the references cite el in 

the cliscussion\of [Cu(Il}(p-pz)(p-OH¡]. 

FIGrRE CAPTIO:'\S. 

Figure l. Schematic clrawing of 1H-pyrazole (I) and 1H-3,5-climethylpyrazole (II). 

Figure 2. Schematic clrawing of the structural arrangement suggestecl for [ Cu( II )( p-pz )( p-

OH)] (R=H). ancl partial clrmYing of the structural arrangement shown by the octanuclear 

ring [Cu(II)s(p- clmpz)s(p-OH)s] (R=CH3) (References 3 and 4). 

Figure 3. rdolar magnetic susceptibility \ (per octanuclear unit) as a function of tem-

perature and magnetic fielcl for [Cu(II)(p-pz)(,Ll-OH)]. Dotted lines are the experimental 

data and solicl lines are theoretical ,-alues. 

Figure 4. \Iolar magnetic susceptibility \ (per octanuclear unit) as a function of temper-

ature ancl magnetic fielcl for [Cu(II) 8 (p-dmpz) 8 (,LL-0H)s]. Dotted lines are experimental 

elata and solicllines are theoretical Yalues. 

Figure 5. \ (emu/mol)-T (1\:) theoretical curves from Eq. (1) for a) [Cu(II)(p-pz)(p-

OH)]. ancl b) [Cu(Il)s(p- dmpz)s(p-OHh~]. as a function of the magnetic contribution of 

the non-couplecl S = 1/:2 spins. 

Figure 6. \ (emu/n1ol) -T (1\:) values for [Cu(II)(¡l- pz)(,LL-ÜH); ancl H = 100.1000 ancl 

10000 G. Dottecllines are the experimental elata ancl solicllines are theoretical val u es from 

Eq. (:2). 

Figure 7. \ (emu/mol) -T (E) values for [Cu(II) 8 (p-dmpz)8 (¡L-0H)8 ] and H = 100.1000 

and 10000 G. Dotted lines are the experimental data and salid line;:; are theoretical ,-alues 

from Eq. (2). 
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ABSTRACT. 

Aqueous and methanolic Cu(II)-6-mercaptopurine interactions yield the novel amorphous 

polynuclear compound [Cu(II)(6-mercaptopurinolate)2 -]n, which is also obtained from di

verse Cu(II)-heterocyclic ligand competitive reactions. The kinetic and thermodynamic 

stabilities inferred for this compound are remarkable. The spectroscopic data let us sug

gest the involvement of S.(6) and N atoms in the imidazolic moiety of the deprotonated 

ligand in the bonding to Cu(II) atoms, forming a distorted bidimensional metallic network. 

The magnetic studies show the existence of very \Veak antiferromagnetic coupling in the 

ma.gnetic superexcha.nge pa.thways postula.ted. This system represents the first example of 

a. 1:1 Metal:6- merca.ptopurinola.te2 - system with a d-type open shell metallic center. The 

ma.gnetic study carried out also represents the first example of magnetic cha.racterization 

for this type of polynuclear Cu(II) cmTlpounds. 

~~~ 
~----------------------------;-
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INTRODUCTION. 

Purine derivatives are interesting molecules dueto their very rich acid-base physical 

chemistry, to the variety of coordination sites they shov¡r in metal-heterocycle interactions 

and to the stereochemical, spectral and physical properties of the respective coordination 

compounds, among other features. 

The synthetic (1,2) heterocycle 6-mercaptopurine (Figure 1) is the structural analogue 

of the Ribonucleic Acid minar base 6-oxopurine (hypoxanthine); it is employed against 

certain neoplastic diseases, as acute lymphoblastic leukemia (3) . 

Figure 1 

This fact, together with the specific role that several transitional metals play in the 

Nucleic Acid processes ( 4), have prompted several research groups to carry out studies 

related to the bonding behavior of 6-mercaptopurine ( and its nucleosides, nucleotides and 

derivatives) in metal-heterocycle interactions (5). From these studies it is important to 

arise the key role played by the exocyclic S_(6) atom in the metallic bonding of the molecule: 

as terminal or bridge ligand through the S_(6) atom, as chelating ligand through the .S.(6) 

and N(7) atoms, or even more and interestingly, as chelating ligand toward a metallic center 

(.S.(6) and N(7)) and simultaneously bridging (through .S.(6)) adjacent metallic centers in 

scarce polynuclear coordination compounds (6). To our knmvledge, there is no report of 

a compound v;,rhere this exocyclic .s_ atom reluctes to bond to transitional centers. This 

behavior makes it possible to suggest the great electronic exchange capability, and the 

energetic and spatial disposition of the atomic orbitals of this atom in those interactions. 

In our research program related to the study of transition metallic center-purine 

derivative interactions, v·.re have explored the reactions of 6-mercaptopurine with Cu(II) 

under several experimental conditions, and we have confirmed the great reactivity and 

bonding capability of the heterocyclic ligand through the .S.(6) atom. In this paper we 
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report several Cu(II)-6-mercaptopurine interactions carried out both in aqueous ( at dif

ferent pH values) and in methanolic media, including competitive reactions of this hetero

cycle with other ligands (for example, 6-oxopurine or its isomer, allopurinol) toward the 

Cu(II) coordination sphere. Also, we report here the spectral and magnetic study of the 

novel polynuclear coordination compound [Cu(II)(6-mercaptopurinolate2-)]n, 'Nhich is the 

unique product in these metal-ligand interactions. 

EXPERIMENTAL. 

Reagents. The Cu(II) metallic salts (X=Cl-, Br-, NO~, So~-, ClO~ and 

CH3 CO;-), 6-mercaptopurine, 6-oxopurine, allopurinol, buffers (glycine/HCl/NaCl for 

pH=1; CH3 COzH/ Na.CH3 COz for pH=4; KHzP04 /K2HP0 4 for pH=7 a.nd KOH/KCl for 

pH=13) and orga.nic solvents were comrnercially adquired. All were used with no further 

purification. 

Cu(II)-heierocycle ínteractíons. 

A) Aqueous medí u m. 

All the reactions were independently carried out a.t pH values of 1, 4, 7 and 13. Also, 

for each one of these interactions, the metallic counteri~m (from e¡- to CH3 e o;-) \Vas 

systematically changed. 

a) Single Cu(II)-6-mercapiopuríne ínteractíons. 

At each pH value, 1 mmol of 6-mercaptopurine was added to 100 ml of the buffer 

solution, and the mixture was allowed to boil under stirring and refluxing at atmospheric 

pressure. 1 mmol of the respective metallic salt (previously dissolved in c. a. 10 ml of 

Hz O) was added to the resulting pale yellow solution, shortly forming a green suspension, 

which was maintained under those conditions for several days; no changes were observed. 

The boiling mixture was filtered off, and the solid product ( dark green) was exhaustively 

washed, first with boiling H2 0 and then with boiling CH30H. The product obtained 

from each reaction was kept at c.a. 100°C for 24 hours. At these conditions, the solid 

showed a noticeable dark green color, due to the high density of the sample. The original 
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color was again obtained when each sample was finely powdered. This same product was 

obtained when 1:2 and 1:3 metal:ligand molar ratios were used for each metallic salt and 

pH value. The compound synthesized in all these reactions was almost insoluble ( at room 

temperature) in the common organic solvents (CH3)2CO, C2H5 0H, CH30H, CH3CN, 

CH3N02 and (CH3)2SO. A green-yellow solution v;,ras obtained after several days only 

when the product was kept in (CH3)2SO under prolonged stirring and slight heating. 

b) Competitive Cu(II)-heterocycle interactions. 

These were carried out systematically modifying the sequence of the metal-heterocycle 

interactions at different pH values, as is schema.tically shown below: 

\•.rhere .l\1 =Cu(II), L 1 =allopurinol, L2 =hypoxanthine, L3 = 6-mercaptopurine, X =metallic 

salt counterion, [.l\1 + Li]=chemical equilibrium between these reagents and (L¡ + Lii + 

· · · )=solvated ligands. 

In a typical reaction, 1 mmol of allopurinol was added to 100 ml of the specific buffer 

solution and the mixture was treated as in (a). 1 mmol of the respective metallic salt was 

added to this solution, shortly forming (for pH values from 4 to 13) a blue suspension (the. 

final product was reported befare (7)) which was maintained under stirring a.nd boiling 

for several hours; no changes were observed. 1 mmol of 6-mercaptopurine was added to 

this suspension at the same conditions; the mixture color changed from blue to green with 
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time. Finally, after several days, the reaction mixture was the same as that obtained in 

all the cases in (a), and the solid was treated in the same wáy. The product obtained (8) 

from the respective Cu(II)-allopurinol interaction in this typical reaction at pH= 1 ( except 

for X=CH3 COz-), was kept in solution at boiling conditions. The 6-m_ercaptopurine added 

to this solution formed t4e same green suspension, and the solid obtained was treated as 

befare. The Cu(II)-allopúrinol interaction yield also the same blue suspension from this 

typical reaction at pH=1 (X=CH3 C02 ). The following reaction step was carried out as 

befare, and the same dark green product was also obtained. 

In summary, the product was the same (i.e., the dark green powder) from the sys

tematically modified competitive reactions of the heterocyclic ligands ( allopurinol and 6-

mercaptopurine, hypoxanthine and 6-mercaptopurine or even more, allopurinol, hypoxan

thine and 6-mercaptopurine) tmvards Cu(II) at several pH values and by employing di verse 

metallic salt counterions. 

B) M ethanolic medium. 

For each one of the reactions carried out in this medium, the metallic salt counterion 

(from X=N03 to CH3 C0:2) was systematically modified as in part A. 

a) Single Cu(II)- 6-mercaptopurine ·interactions. 

1 mmol of 6-mercaptopurine was dissolved (u pon stirring, boiling and refluxing at 

atmospheric pressure) in 100 ml of CH3 OH. 1 mmol of the respective metallic salt (pre

viously dissolved in c.a. 10 ml of CH3 0H) was added to the pale yellow solution. A green 

suspension was obtained and maintained at these conditions for several days; no further 

changes were observed. The solid formed ( dark green) was isolated, purified and dried as 

quoted befare. 

b) Competitive Cu(II)-heterocycle interactions. 

These reactions were carried out under the same scheme as in the aqueous medium. 

In a typical reaction, 1 mmol of 6-oxopurine was dissolved in 100 ml of CH3 OH under 

stirring, boiling and refluxing at atmospheric pressure. The respective metallic salt was 
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added to the colorless solution. A blue suspenswn was obtained which was preserved 

at the same conditions for several days, with no additional changes observed. Then, 1 

mmol of 6-mercaptopurine was added to this product suspension (8), turning to green 

with time. It was maintained under the experimental conditions quoted before for several 

days; no changes were detected. The product ( dark green) was isolated, purified and dried 

as previously mentioned. 

In summary, all the competitive Cu(II)-heterocycle methanolic interactions carried 

out yield also the same dark green product. 

PHYSICAL MEASUREMENTS. 

Infrared (IR) spectra of all the samples were obtained as nujol mulls (Csi plates) in the 

4000-200 cm-1 range by employing a 598 Perkin Elmer spectrometer. Electronic spectra 

(350-1100 nm) of the powdered samples were measured by the specular reflectance method 

in a 160-A Shimadzu equipment, and by using BaS04 as reference. Electronic spectra 

(200-1100 nm) of (CH3)2SO solutions of the solvated compound were also obtained with 

the same equipment. Thermogravimetric measurements were carried out in a DT-30 Shi

madzu equipment by using N2(g) as c~rrier gas and 5°C/min as heating rate. The ma.gnetic 

susceptibility at. room temperature 1vas measured by t.he modified Gouy method using a 

Johnson Matthey balance and employing Hg[Co(SCN)4 ] as calibrating agent. The variable 

field and temperature magnetic susceptibility measurements were carried out by using a 

SQUID Quantum Design magnetometer from 2 to 300 K and from 103 to 5 x 104 G. The 

magnetic measurements for each magnetic field were performed both increasing and de

creasing the temperature. They were corrected considering both the cell and the sample 

diamagnetic contibutions. EPR spectra (X-band) of the powdered samples were obtained 

in a 200-D Bruker spectrometer at room and liquid nitrogen temperatures. An EPR spec

trum (X- band) of the (CH3)2SO frozen solution of the solvated compound was obtained 

only at liquid nitrogen temperature. The g values obtained were standardized against the 

absorption of diphenylpicrylhydtazyl (DPPH) at 2.0043. X-ray powder diffraction patterns . 
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of the organic ligands 6-oxopurine, allopurinol and 6-mercaptopurine and several samples 

of the Cu(II) coordination compound obtained, were taken in XD-5A Shimadzu and D-

500 Siemens diffractometers. Microanalysis determination (C, H, N) was performed by 

the Chemistry Department at the University College, London, and confirmed employing a 

240-C Perkin Elmer equipment. 

The samples obtained were previously exposed to atmosphere for several days before 

performing the analytical and the thermal studies. All the other physical measurements 

'Nere carried out with the freshly obtained dried samples. 

RESULTS AND DISCUSSION. 

The Cu(II) coordination compound obtained was the same irrespective of the pH 

values explored, the metallic salt counterion used, the Metal:ligand molar ratios employed 

and the sequence in the competitive Cu(II)-heterocycle interactions performed. The same 

product was obtained by modifying the reaction medium, CH3 OH in this case. This 

compound appears to be of both remarkable kinetic and thermodynamic stabilities. To 

our knowledge, there is no example among thé purine-type heterocycles with such reactivity 

and with the specific and selective coordination mode towards Cu(II) as that shown by 6-

mercaptopurinolate2- in this study. 

a) Analytical results. 

All the samples analyzed are in agreement with the formulation: Cu(II)(6-mp2-)·H20 

(6-mp2-=6-mercaptopurinolate2-). Found: 25.55% (C), 1.52% (H), 23.84% (N); expected 

for Cu(C5 H2N4 S2-)-H20: 25.91% (C), 1.73% (H), 24.17% (N). 

b) Infrared {IR) results. 

The IR bands characterization both of the free ligand 6-mercaptopurine and Cu(II)( 6-

mp2-) was carried out based on related studies (9-16). 

The IR spectrum of the free ligand 6-mercaptopurine shows a band at 3425 cm-1 

(vN-H), which does not exist in the IR spectrum of the coordination compound. This is 

in agreement with the N-H deprotonation of the organic ligand in the Cu(II) compound. 

8 



The bands in the IR spectrum of 6-mercaptopurine associated to ZIC-H vibrational modes 

(3140 and 3090 cm-1 ), are not clearly shown in the IR spectrum of the Cu(II) compound, 

and indicate a strong electronic modification in the nearest sites of the C-H groups. The 

band at 1610 cm-1 (óN-H/vc=c/vc=N) in the free ligand IR shows a shift to lower energy 

(1580 cm-1 ) in the Cu(II) compound IR, in agreement with the deprotonation quoted 

before and the endocyclic coordination involvement of this ligand. 

The band appearing at 1520 cm- 1 (vc=N/ring vib.) in the free ligand IR spectrum is 

not observed in the IR spectrum of the Cu(II) compound. The 6-mercaptopurine IR band 

(1410 cm-1 ) associated to several endocyclic groups vibrational modes (ve-N /vc-c/ring 

vib.) is also not present. This same spectral behavior is shown for the band at 1275 cm-1 

(ve-N /ring vib.) in the free ligand IR. Again, these spectral modifications are in agreement 

with the coordination of 6-mercaptopurine in a deprotonated state through endocyclic 

sites. The IR spectrum of 6- mercaptopurine shows a band at 1150 cm-1 (vc=s/ring vib.) 

which is absent in the Cu(II) compound IR spectrum, and suggests the participation of the 

exocyclic S.(6) atom (together with endocyclic groups) in the metallic bonding. Related 

to this last proposition, the bands that appear at 1575 cm-1 , 1345 cm-1 and 1115 cm-1 

(vR-N-C=S) in the 6-mercaptopurine IR spectrum, show a noticeable perturbation in the 

Cu(II) compound IR spectrum_, together with the abscncc of som_e uf them. This spectral 

pattern is also strongly suggestive of the S.(6) atom participation in the metallic bonding 

of the heterocyclic ligand in the Cu(II) coordination compound. On the other hand, the 

IR spectrum of the coordination compound in the 1100-600 cm-1 range shows remarkable 

modifications (in frequency and intensity) of bands associated to vibrationalmodes of both 

the endocyclic groups ( e.g., the C-H groups) and the exocyclic groups ( i. e., the C-S group ), 

in agreement with the involvement of the S.(6) and N atoms in the metallic bonding of 6-

mercaptopurinolate2-. 

Finally, bands at 317 cm -I, 275 cm -I, 240 cm-1 and 216 cm-1 appear in the low

energy IR spectrum of the Cu(II) coordination compound. These bands might be related 

to the ZICu-S and ZICu-N vibrational modes. 
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e) Electronic spectroscopy results. 

The electronic spectrum (350-1100 nm) of powdered Cu(II)(6-mp2
-) shows the low

energy tail of a band that arises in the UV region and continues to the visible region. This 

is associated both to a Metal- Ligand charge transfer process and to the participation of 

the .8.(6) atom of the heterocycle in the metallic bonding. The spectrum also shows a broad 

band at 715 nm, associated to Cu(II) d- d transitions. Unfortunately, the spectral pattern 

difficults the possible assignment of the Cu(II) stereochemistry. 

The electronic spectrum (200-1100 nm) ofthe Cu(II) coordination compound solvated 

in (CH3 ) 2 SO shows a broad and asymmetric band (centered at c.a. 278 nm) in the 225-

650 nm range, which is assigned as above. The broad band associated to Cu(II) d - d 

transitions appears at c. a. 834 nm, and is shifted to lower energy with respect to the 

analogous band in the spectrum of the solid sample. This lower energy shift might be 

attributed to changes in the stereochemistry of the Cu(II) coordination sphere, perhaps 

due to the presence of solvent molecules in it. 

d) Thermogravimetric results. 

The atmosphere ex;posed powdered sample shows a mass loss attributed to the process: 

Cu(II)(6-mp2 -)·H2 0 ..-¡. Cu(II)(6-mp2-). The temperature range (c. a. 90- 100°) in which 

this loss occurs, is also in agreement vvith the suggestion that the Hz O rnolecule is not 

involved in the Cu(II) coordination sphere, as was also inferred from the absence of the 

VM-OH
2 

vibrational mode in the low-energy IR spectrum of the dried Cu(II) compound. 

Finally, the thermal decomposition of the anhydrous Cu(II) system starts at c.a. 320°C 

and it is attributed to the thermal heterocyclic ligand modification. 

e) EP R spectral results. 

The X-band (v=9.244 GHz) epr spectra (Figure 2a) of all the powdered samples of 

the Cu(II) coordination compound, both at room and liquid nitrogen temperatures, are 

the same. 

Figure 2 
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The spectral behavior could be associated to the presence of a nearly static structure 

around Cu(II). This also suggests the existence of very strong Metal-Ligand interactions, 

including lattice interactions of very short-range. The existence of an anisotropic g tensor 

can be inferred from Figure 2a; the spectral pattern in full indicates the existence of 

Cu(II)-Cu(II) magnetic interactions. The estimated g values (gj_ = 2.09, g¡¡ = 2.40), 

indicate a significant tetragonal geometry on Cu(II). The spectral pattern in the middle

field region corresponds to a predominant axial-type, and principally dxLy2 orbitals as 

electronic ground state (g¡¡ > g j_ > 2. O) in a dominant tetragonal stereochemistry. The 

fact that no changes are observed in the EPR data with the decrease of temperature, and 

the indication of metal-metal interactions, suggest that, at least in this temperature range, 

there are no changes in the electronic states of the Cu(II)-Cu(II) magnetic coupling. 

The X-band (v=9.204 GHz) EPR spectrum of (CH3 ) 2 SO frozen solution (77 K) of 

the solvated Cu(II) coordination c<.:m1pound is shovm in Figure 2b. The spectral pattern 

( axial-type) is very different from that in the solid state. For the case in discussion, an 

anisotropic g tensor, with values of gj_ = 2.08 and g¡¡ = 2.40, is also inferred. The spectrum 

in the high-field region a.lso indicates the existence of Metal-Metal magnetic interactions. 

In the low-field region, the four absorptions are attributed to a hyperfine structure; the 

value (c.a. 130 G) is associated to significant e--nuclei coupling. It is necessary to point 

out that the EPR spectral pattern resembles the one shown by some Cu(II) compounds in 

solution that show a pentacoordinated environment (square pyramidal) in the solid state 

(17). 

Finally, it is possible to propose that the electronic ground state of the Cu(II) centers 

líes mainly upon the dxLy2 orbitals. The spectral characteristics discussed above c~uld 

also be· due to the existence of mononuclear units, as a consequence of a dissociative 

processes induced by the temperature and the solvent physical chemistry properties. 
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f) X-ray powder diffraction patterns results. 

The X-ray diffraction pattern (10-70° 2e) of the free organic ligand shows several 

signals, mainly in the low-2e region. However, the respective diffraction pattern (10-

600 2e) of several powdered samples of the Cu(II) coordination compound, indicate an 

am.orphous character. This could be associated both to the synthesis conditions and to 

the complex polynuclear character of the Cu(II) compound. Slow evaporations of both 

aqueous and methanolic filtrates of the original reaction mixtures, yield scarce mass of the 

same amorphous system. 

In summary, Vi'ith all the experimental results discussed befare, the existence of a 

Cu(II) coordination compound that only shows heterocyclic donar atoms of the deproto

nated 6mp2 - ligand in the metallic coordination sphere can be considered. The spectros

copic data. are in concorda.nce with the metallic bonding of the exocyclic .S.(6) atom and 

endocyclic N atoms forming a tetracoordinated Cu(II) environment. \iVith respect to the 

na.ture of these last atoms, the donar properties of those corresponding to the imidazolic 

ring would make them the most favorable ones, because of the high basicity of the N(9) 

atom, a.nd of the adequa~e stereochemical disposition of the N(7) atom in constructing (to

gether vvith the .S.(6) a.tom) chelating honding towarcls the metallic centers. This metallic 

bonding mode is chara.cterized by a noticea.ble Meta.l-Liga.nd thermodynamic stability. 

In arder to obta.in a possible structural arrangement for this Cu(II) compound, in 

agreement with all the results discussed befare and with the existence of a polynuclea.r 

chara.cter, systematically modified molecular models were ma.de. From these, only one 

a.rrangement, shown in Figure 3, is selfconsistent. 

Figure 3 

In this, the Cu(II) atoms are simulta.neously bridged by the .S.(6) a.nd the N(7)/N(9) 

atoms of the deprotonated liga;nd. The structural arra.ngement would not be planar, with 
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the Cu(II) atoms in a roughly .distorted tetracoordinated environment ( i. e., fl.attened tetra

hedral geometry). This structural proposition for the novel Cu(II) coordination compound 

would implicate the existence of an unexplored metallic bonding mode for the heterocyclic 

ligand, also in a non frequent deprotonation level. This bidimensional network is not 

frequent in the metal coordination chemistry. Very scarce examples of this class have 

been reported up to date, being one of them the system [Cu(II)(imidazolate-)2)n (18-

20) , in which the monoanionic ligands are bridging the Cu(II) atoms in two directions. 

Two other" examples of this type are the compounds [Cu(II)(methylpyrazolate-)2)n and 

[Cu(II)(chloropyrazolate-)2)n, in which the Cu(II) atoms are linked through the N atoms 

of the pyrazolate- rings (21) . In these structures the Cu(II) environments are respectively 

fl.attened tetrahedrals (21 ), or alternating planar tetracoordinated and flattened tetrahe

drals (18-20). Also, in all these few examples the 1:2 Metal:Heterocycle molar ratio is 

present. The Cu(II) compound in discussion here, is the first example of a 1:1 Cu(II):6-

mp2- system for which a spectroscopic and magnetic characterization (see below) has been 

made. 

Only one example of the M(II)(6-mp2-) type has been reported up to date (14), which 

corresponds to the formulation Cd(II)(6-mercaptopurinola.te2-)-H20. Unfortunately, only 

a limited study was made without advances in its structural arrangement and in the 

detailed metallic bonding of the heterocyclic ligand. 

g) M agnetic studies results. 

The magnetic study of the Cu(II) compound under discussion was made in the 2-300 

K range and external magnetic fields of 103
' 104

' 3 X 104 and 5 X 104 G. vVhen plotting the 

x (emu/Cu(II)) values versus T (K) for the respective magnetic fields, a small decrease of 

the magnetic susceptibility with the increase of the magnetic field intensity was observed. 

The general pattern of the curves is in agreement with a Curie-Weiss behavior; the fitting 

process ofthe Curie-Weiss equation, x = X o +C /(T-B), to the experimental data was very 

good, and the B ( < O) values obtained for all the magnetic fields indicate the existence 
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of an antiferromagnetic coupling. This type of magnetic coupling is confirmed plotting 

xT versus T for all the magnetic field intensities. In this representation a continuous 

decrease of x_T values with descending T is observed, and at temperatures lower than 100 

K, the slope increases. This pattern indicates an antiferromagnetic coupling in the sample 

analyzed. 

\Ne selected the linear chain model of coupled S= 1/2 spins to analyze the magnetic 

features of the structural proposition mentioned befare. The magnetic susceptibility is 

described by the Bonner-Fisher equation: 

1V(J2g2 
[ 0.025 + 0.14995x + 0.30094x 2 

_] (
1 

Nf3 2g2 

XBF = kT 1 + 1.9862x + 0.68854x 2 + 6.0626x3 + Xo - p) + 2kT p (1) 

where x . 111/kT, and the other symbols have their usual meaning. V\Tith this equation, a 

very good fitting process was obtained for the whole temperature and magnetic field ranges. 

The value of the spectroscopic g tensor (2.09) was maintained constant in this process. The 

parameters obtained \Yere: H = 1000 G: J = -7.59 ± 0.15 cm-1 , p = 0.1748 ± 0.0015, 

Xo = 1.549 X 10-3 ± 1.33 x 10-4 emu/tetranuclear unit; H = 10000 G: J = -6.67 ± 0.17 

cm-1
, p = 0.1608 ± 0.0014, Xo = 8.09 X 10-5 emu/tetran:uclear unit; H = 30000 G: J = 

-4.64±0.16 cm-1 , p = 0.1090±0.003, Xo = 8.09 x 10-5 emu/tetranuclear unit; H = 50000 

G: J = -4.13 ± 0.13 cm-1 , p = 0.0720 ± 0.003, Xo = 8.09 X 10-5 emu/tetranuclear unit. 

The J values indicate a very 'Neak intensity for the intrachain antiferromagnetic coupling. 

The p values (assumed as the mole fraction of non coupled S= 1/2 spins) are consistent 

with the Curie-\~Teiss behavior in the low-temperature region. 

The presence of the non coupled S = 1/2 spins makes it difficult to observe the X 

maxi-ma as a function of temperature in the four di:fferent magnetic fields curves. The 

maxima are predicted by equation (1) for p = O (by employing the other fitting param

eters mentioned befare) to be localized in the 7-13 K range for the four magnetic fields. 
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This is in concordance with the typical x- T behavior for a system with a very weak 

antiferromagnetic coupling. 

The structural proposition for the Cu(II) compound also allows us to propase the 

existence of interchain magnetic interactions, in addition to the intrachain ones. To analyze 

this possibility, a molecular field approximation was included, for which the magnetic 

susceptibility is calculated as: 

(2) 

where XBF is the magnetic susceptibility of one linear chain of coupled S = 1/2 spms 

described by equation (1), z is the number of nearest neighboring chains and J' is the 

interchain mean-field magnetic coupling parameter. The fitting process obtained for this 

expression was very good, and the magnetic parameters obtained were (for g = 2.09 and 

z = 4): H = 1000 G: J = -11.34 ± 0.27 cm-1
, J' = -0.45 ± 0.06 cm-1 , p = 0.21 ± 0.001, 

Xo = 1.09x10-3 ±3.7x10-5 emu/tetranuclearunit; H = 10000 G: J = -11.58±0.19 cm-I, 

J' = -0.67 ± 0.05 cm-1
, p_= 0.21 ± 0.001, Xo = 1.90 x 10-4 ± 2.6 x 10-5 emujtetranuclear 

unit; JI= 30000 G: J = -11.53 ± 0.31 cm- 1
, J' = -1.56 ± 0.01 cm- 1

, p = 0.22 ± 0.002, 

Xo = 7.59x10-5 ±3.8x 10-5 emujtetranuclear unit; H = 50000 G: J = -11.20±0.34 cm-I, 

J' = -2.54±0.17 cm-I, p = 0.21±0.002, Xo = 5.65 x 10-5 ±4.1 X 10-5 emu/tetranuclear 

unit. The corresponding theoretical values from equation (2) are shown in Figure 4a 

together with the experimental data for H = 1000 G. 

Figure 4 

The results support the possible existence of both intra and interchain antiferromag-

netic coupling throughout the network of the polynuclear Cu(II) coordination compound. 

The magnetic coupling is very weak ( J and J' values) in both types of interactions. 
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In a further step, the· tetranuclear cluster magnetic model of coupled S = 1/2 spins 

in the Td, D2d, D2 and C2v symmetries was employed to fit the experimental data. The 

best results were obtaíned for the C2 v symmetry. In this approximatíon (22) , J1 -=/:- J 2 -=/:

h = J4. J1 and h would represent the superexchange magnetic coupling parameters for 

the two diagonal pairs (1-2; 3-4) of Cu(II) centers in a tetranuclear unit of the netv\rork 

shown in Figure 3 (see numbering there); J3 and J4 would represent the corresponding 

magnetic parameters for the pairs (1-3 or 2-4; 1-4 or 2-3) of non diagonal Cu(II) centers 

bridged only by the .S.(6) or the N- N donar groups. From the fitting process, the following 

parameters were obtained (for fixed g = 2.09): H = 1000 G: J1 = -3.22 ± 1.4 cm-1 , 

J2 = -10.12 ± 0.96 cm-1 , J3 = J4 = -3.26 ± 0.47 cm-1 , Xo = 0.00315 emu/tetranuclear 

unit, p = 0.97 ± 0.00097; H = 10000 G: ] 1 = -2.74 ± 0.46 cm-I, h = -9.27 ± 0.68 cm-I, 

J3 = J4 = -3.12 ± 0.20 cm-1
, Xo = 0.002 emu/tetranuclear unit, p = 0.97 ± 0.00073; 

H = 50000 G: ] 1 = -2.15 ± 1.56 cm-1 , J2 = -7.96 ± 0.55 cm-1 , J3 = 14 = -2.16 ± 0.52 

cm-1
, Xo = 0.0018 emujtetranuclear unit, p = 0.98 ± 0.00064. 

From these results, an antiferromagnetic coupling between the unpaired electrons of 

the Cu(II) atoms involved in the constructing tetranuclear unit of the network proposed 

befare, can be suggested. The theoretical va.lues from the corresponding equation (22) 

are shown in Figure 4b together with the experimental data for H = 10000 G. From this 

approximation, one finds that ] 1 + ] 3 + 14 is slightly lower than 12 , in agreement with 

the low-symmetry considered for the distorted bidimensional metallic network suggested 

for this Cu(II) compound. From the theoretical model, the possible existence of a more 

favorable magnetic coupling pathway between the types considered can be established. In 

this magnetic study, the p values are noticeable overestimated in the fitting process. 

The two last magnetic models explored can be considered equivalent in the magnetic 

data description. In fact, both models let us propase the existence of interacting tetranu

clear Cu(II) units ( the first one through interacting Cu(II) chains; the second m1e, as 

distorted tetranuclear Cu(II) units ), and the Cu(II)- Cu(II) antiferromagnetic coupling is 
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inferred. In this coupling, the bridging donar groups appear to be the most favorable ones 

in constructing the superexchange magnetic coupling pathways. The very weak intensity 

in the antiferromagnetic coupling would appear to be related (in great measure) to distor

tions in the planes that contain the Cu(II) atoms ( i. e., a distorted bidimensional network). 

However, at this level of experimental information and magnetic study, it is difficutl to 

state the detailed structural correspondence for each one of the superexchange magnetic 

coupling parameters (J values). The presence of non coupled S= 1/2 spins difficults the 

magnetic characterization ( e.g., the observa.tion and study of the X ma.xima in the x- T 

curves). The non coupled spins could be associa.ted in part to the amorphous cha.racter of 

the salid product and the short-range order for the metallic network proposed. 

Fina.lly, the molar magnetiza.tion ( 1'1) as a function of the magnetic field at consta.nt 

temperature was analyzed using the Brillouin function. The good fitting to the experi

mental data a.t different consta.nt tempera.tures let us estímate the respective total spin 

sta.tes S: 0.31 (T =2 K); 0.40 (T =5 K); 0.47 (T =10 K); 0.56 (T =20 K); 0.68 (T =50 K); 

0.74 (T =100 K) a.nd 0.80 (T =200 K). Figure 5 shows the case for T = 10 K, for which 

nega.tive ma.gnetic fields were a.pplied to the sa.mple. The ma.gnetiza.tion is fully reversible 

under these experimental ma.gnetic conditions for the whole tempera.ture ra.nge. 

Figure 5. 

A gradual singlet (S = O) sta.te depopula.tion sta.rting a.t 2 K a.nd with the increa.se of 

tempera.ture is deduced from the S va.lues. Typica.l 111-H ma.gnetic pa.tterns corresponding 

to a.n a.ntiferroma.gnetic coupling (23) are a.lso obta.ined in the 10-200 K ra.nge. 

CONCLUDING REMARKS. 

Severa.l synthetic routes for the novel polynuclear compound [Cu(II)(6-mercapto

purinola.te2-]n were explored. This system shows both a. metal- liga.nd stoichiometry a.nd 

a. heterocyclic liga.nd deprotona.tion level, sca.rcely explored in the coordina.tion chemistry 

of this orga.nic molecule. The Cu(II) compound a.ppears to show noticea.ble kinetic a.nd 
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thermodynamic stabilities, also deduced from several Cu(II)-heterocyclic ligand compet

itive reactions. These stabilities could be associated to the high anionic character of 6-

mercaptopurinolate2-, and thus to its polycoordinating capability towards the metallic 

atoms, as it is inferred from the spectroscopic data. These results support the involve

ment of the exocyclic .8.(6) atom and N atoms of the imidazolic moiety in the metallic 

bonding. The Metal:Ligand stoichiometry and polynuclear character of the Cu(II) com

pound allows us to suggest a 6-mercaptopurine coordination type not explored up to date. 

This is concerned with its polydirectional metallic bonding mode, which in turn favors the 

Cu(II)-Cu(II) magnetic interactions in a distorted tetracoordinated geometry for Cu(II). 

The magnetic studies confirm the existence of magnetic coupling between the unpaired 

electrons of the Cu(II) atoms, being this of very weak antiferromagnetic character through 

both cla.sses of superexchange magnetic coupling pathways postulated from the two mag

netic models explored. The very weak magnetic coupling in the polynuclear Cu(II) com

pound studied here, appears to be related both to the structural distortions through the 

metallic network, and to the restricted short-range arder in this, in concordance with the 

amorphous character of the samples analyzed. 

Finally, Ít is important to arise the high difficulty associated to the study of non crys

talline coordination compounds. In this context, the magnetic studies are an unvaluable 

tool to advance in their characterization and to detect certain phenomena at a molecular 

level. 
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Figure Captions. 

Figure l. Schematic drawing and numbering of 6-oxopurine (I) and its structural analogue 

6-mercaptopurine (II). 

Figure 2. X-band EPR spectra of [Cu(II)(6-mp2-))n a) in powdered solid state at 300 K 

(v=9.244 GHz) and b) in (CH3 ) 2 SO frozen solution (77 K) (v=9.204 GHz). 

Figure 3. Schematic drawing of the structural arrangement proposition for [Cu(II)(6-

mp2-)]n· 

Figure 4. x (emujtetranuclear unit) as a function of T (K) for [Cu(II)(6-mp2 -))n a) 

from the linear chain magnetic model with a mean-field approximation (H = 1000 G) and 

b) from the C2 v tetranuclear cluster magnetic model (H = 10000 G). Dotted lines are 

experimental data; solid curves are theoretical values. 

Figure 5. lvf- H plot (T = 10 K) of [Cu(II)(6-mp2-))n· Dotted lineare experimental 

data; solid line are theoretical values from the Brillouin function. 
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Spectral and Magnetic Characterization of Novel Cu(/1) Coordination 
Compounds Synthesized in Methanolic Medium with the 

Heterocycles Allopurinol, Hypoxanthine and 6-mercaptopurine. 
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Abstract. 

Sin~le and competitive heterocyclic ligand - Cu(II) methanolic interactions with allop

urinol. hypoxanthine and 6-mercaptopurine, and X=Cl-, Br-, N03 were carried out. 

From both the heterocyclic substitution and simultaneously competitive reactions the S.(6)

purine derivative shows the higher coordination capacity, even substituting in sorne cases 

()103) both allopurinol and hypoxanthine of the correspondent coordination spheres. The 

chromophores M(II)(N)2 (X)2 for allopurinol and hypoxanthine and M(II)(N)I(S)1 (X)2, 

M(II)(Sh(Xh and M(II)(Nh(Sh for the .S.(6)-purine derivative, were obtained. In these 

systems and for allopurinol and hypoxanthine, the N(2) and N(7) atoms are the respective 

metallic coordination sites suggested. For the .S.(6)-purine derivative, the S.(6)/N(7), .S.(6), 

and "N"(7)/N(9)/.S.(6) atoms are the correspondent metallic bonding sites proposed. The 

spect:ral and magnetic characterization of the systems with the neutral heterocycles, is in 

agreement with the structural suggestion of distorted tetracoordinated environments for 

Cu1' H) a."ld axial interactions with anionic ligands from the nearest neighboring Cu(II) 

u.."lits. in a linear-chain type framework. The magnetic studies are in agreement with the 

suggestion of very weak both intra and interchain magnetic coupling, the former of antifer

romagnetic character. For the Cu(II) compound obtained with the dianionic .S.(6)-purine 

derivative a distorted tetracoordinated environment for Cu(II) in a roughly bidimensional 

framework is suggested, with the same types of magnetic coupling between the Cu(II) 

units. 
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I. Introduction. 

Allopurinol (1H-pyrazolo[3,4-d]pyrimidine-4-one, I), hypoxanthine (6- oxopunne, II) and 

6-mercaptopurine ( III) are heterocycles (Figure 1) of interest from both pharmacological 

and biochemical points of view [1-3). Having several donor atoms in their structures, these 

heterocycles are interesting ligands in ~oordination chemistry [4-6] , dueto the diversity in 
1 

metallic bonding sites, Metal-Ligand stbchiometries, structural arrangements and physical 
1 

properties of the respective coordination compounds. These features depend strongly on 

the experimental reaction conditions, which are of a great variety in the studies reported 

up to date. 

Figure 1 

As part of our research program concerned to heterocycle-metallic center interactions, we 

have focused our attention on the purine derivative and isomer - Cu(II) interactions, in 

competitive reactions of these ligands towards the metallic center and under systematically 

modified reaction conditions. To our knowledge, there are no studies of this type reported 

in the literature, and we have considered that these represent a good methodology to 

explore sorne qualitative, aspects of the kinetic and thermodynamic stabilities of these 

interactions, and their correspondent coordination compounds, and also sorne of their 

physical properties. 

Here we report certain heterocycle - Cu( II) methanolic interactions for the three ligands 

mentioned above, both in single and competitive modes. Also we report the correspondent 

reaction products, and the spectral and magnetic characterization of these new Cu(II) 

coordination compounds. 

II. Experimental. 

A) Reagents. 

Heterocydic ligands, metallic salts and solvents were analytical grade and commercially 

supplied. All were used with no further purification. 
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B) Heterocycle - Cu(II) interactions. 

1) Single heterocycle - Cu(II) interactions. 

For this step, the respective heterocycle - Cu(II) interactions were carried out employing 

1:1 rnetal:heterocyclic ligand molar ratios, and CH3 OH as solvent at boiling ternperature 

and refluxing. For each type of heterocycle- Cu(II) reaction, the counterion was changed 

(X=Cl-, Br-, N0;3). The reactions yield solid products which were washed with boiling 

CH3.0H, a.nd kept at ca. 100°C for eight hours. 

In a typical reaction, 1 mmol of allopurinol was added to 100 ml of CH3 OH, and the mixture 

was kept at boiling temperature under stirring and refluxing ( atmospheric pressure ). To 

the colorless solution obtained, 1 rnmol of CuCh• 2H20 (previously solvated in ca. 5 ml of 

CH30H) was incorporated, and after two hours a scarce pale green solid was formed. Two 

hours later, a noticeable suspension (pale green color) was obtained, which was rnaintained 

at these conditions for another 4.8 days, without changes. The hot suspension was filtered 

off, anda solid product (pale green-blue color) was isolated, which was washed with several 

portions (30 rnl in total) of boiling CH30H. The solid obtained (same color) was kept at 

100°C for 8 hours, without changes in color. 

Total reaction times and colors of the respective coordination compounds obtained with 

each of the heterocyclic ligands and metallic counterions are shown in Table l. 

Also, the respective Cu(II) compounds (X=Cl-) with allopurinol, hypoxanthine and 6-

mercaptopurine were synthesized employing 1:1 metal:heterocycle molar ratios ( mmol 

scale) in 15 rnl of (CH3 )2SO, under stirring at room temperature. The reaction mixtures 

were maintained at these conditions for 2, 11 and 17 days respectively; to the solutions 

obtained, 25' ml of CHCb:C2HsOH (1:1, V:V), 25 ml of C2HsOH and 20 ml of C2H5 0H 

were added respectively. The respective solid products were formed after several weeks, 

\vhich were isolated by filtration, exhaustively washed with boiling C2H5 0H, and kept at 

100°C for 8 hours. The respective solid products (pale green-blue, deep blue and dark 

green) gave the same analytical and spectral results than the Cu(II) compounds (X=Cl-) 

obtained in CH30H and here reported. 
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2) Successively competitive heterocycle - Cu(II) interactions. 

For this type of reactions, a Cu(II) coordination compound vvith a specific heterocyclic 

ligand was ini tially synthesized (as describe el in section 1). The purified com pouncl was 

microanalytically studied to obtain its empirical formulation. Assuming a mononuclear 

character for this, a second interaction ( coordination compound - second heterocyclic lig-
, 
' 

and) in a 1:1 molar ratio was explored, at the same conditions as in section l. The 
\ 

correspondent solid was also treated as before. 

In a typical reaction, 1 mmol of allopurinol was solvated under stirring and boiling by 

refluxing (atmospheric pressure) in 100 ml of CH30H. To the colorless solution, 1 mmol 

of Cu(N03)2• 6H20 (previously dissolved in ca. 10 ml of CH30H). was added at the 

above conditions, forming a turquoise-green suspension, which changed to blue-green after 

0.5 hours. After 8 hours, the suspension showed a lilac color and was kept at the above 

experimental conditions for 8 aclditional days. The hot suspension was filtered off, and the 

solid product was washed with hot CH30H. The lilac solid was kept at 100°C for 6 hours, 

without changes. Under microanalysis of the product, 1 mmol of this was suspended in 

100 ml of CH3 OH, and kept boiling under refluxing. 1 mmol of 6-mercaptopurine was 

added to this suspension, and at these conditions a gray suspension was quickly formed, 

which changed to green 17 hours after. By maintaining the suspension at the same above 

conditions, the green color was kept for 9 days. The hot suspension was filtered off, and 

the solid was washed with hot CH3 OH. The solicl (dar k green) vvas kept at 100°C for 6 

hours. The final color was dark green. 

Total reaction times for the second step and corresponding to these types of reactions, are 

listed in Table l. 

3) Simultaneously competitive heterocycle - Cu(II) interactions. 

For this type of competitive reactions, the respective heterocyclic ligancls were previously 

solvated in CH30H at boiling temperature and refluxing; To the respective solution ob-

tained, the correspondent metallic salt was added. The reaction mixture without changes 
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with time, was filterecl off in hot. ancl the solicl procluct was washecl with hot CH3 OH. The 

solicl product was kept at 100°C for 8 hours. 

In a typical reaction, 1 mmol of allopurinol ancl1 mmol of 6-mercaptopurine were adcled to 

100 ml of CH30H. The mixture was kept boiling uncler stirring ancl refluxing (atmospheric 

pressure), ancl at these conditions, 1 mmol of CuC12 e 2H2 0 (previously clissolved in 5 ml of 

CH30H) was added to the solution obtainecl before, forming in short a green suspension. 

After three days, the suspension turnecl to clark green, without changes with another 3 

clays of reaction at these conclitions. The hot suspension was filtered off, and the clark 

green solid was washecl with several portions of boiling CH30H (50 ml in total). The solid 

of the same color was kept at 100°C for 8 hours, without changes in color. 

Reaction times ancl products obtainecl for this type of competitive reactions are shown in 

Table l. 

Table l. 

C) Physical measuren1ents. 

-rvlicroanalytical results (C,H,f'\) were performecl in the Chemistry Department at the 

University College of London. Analytical confirmation was obtainecl by the Department 

of Chemistry, University of Sheffield (microanalysis service). 

-Infrared (IR) spectra were obtained as Nujol mulls using Csi plates in the 4000-200 cm-1 

range and employing a 599-B Perkin Elmer spectrometer. IR data (high clensity polyethy

lene pellets) in the 600-70 cm-1 range were obtainecl using a 740FT IR Nicolet equipment. 

-Electronic spectra (350-1100 nm) of the powclerecl samples were measured by the specular 

reflectance method in a 160-A Shimaclzu spectrometer, using BaS04 as reference. 

-Thermogravimetric results were obtainecl employing a DT-30 Shimaclzu equipment using 

N2 (g) as carrier fluid and 5°C/min as heating rate. 

-EPR spectra (X-bancl) of powderecl samples were performecl in a 200-D Bruker spectrom

eter, both at room temperature ancl 77 K The g values were stanclarclizecl against the 

absorption of diphenylpicrylhydrazine (DPPH), at 2.0043. 
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X-ray powcler diffraction patterns of free ligancls ancl their Cu(II) coorclination compouncls 

\Yere taken in a XD-5A Shimaclzu equipment. 

-Magnetic susceptibilities of samples at room temperature were measured using a Johnson 

Matthey balance and employing Hg[Co(SCN)4 ] as calibrating agent. 

-Magnetic susceptibility as a tunction of temperature were carried out usmg a SQUID 
\ 

MPMS-5 Quantum Design Magnetometer, from 2-300 K, and magnetic fields of 100 and 
\ 

10000 G. The equipment was previously calibrated with very fine standards (Pd, Ni, Al). 

The magnetic measurements for each sample and magnetic field were carried out both 

increasing and clecreasing temperature. The experimental magnetic data are fully sta

tistically representative ( each value has an average standard deviation three orders of 

magnitude lmver than the reported data). The magnetic susceptibilities were corrected by 

the cell and sample diamagnetic contributions. 

For the analytical results, the samples obtained were previously exposed to the atmosphere 

for several weeks. A similar procedure was applied for the thermal studies. All the other 

physical measurements were carriecl out with the freshly obtained samples. 

III Results and Discussion. 

a) Anal~tical results. 

Table 2 shows the microanalytical results for the Cu(II) coordination compounds obtained 

in the single and competitive heterocyclic- Cu(II) interactions carried out in this study. 

Table 2. 

b) Compounds obtained. 

i) Single heterocycle - Cu(II) interactions. 

For all the single interactions, Cu(II) compounds with the respective heterocyclic ligancls 

were obtained. For almost all these reactions, the metallic counterions exist also as ligands, 

and only one case shows deprotonation of the heterocyclic ligand, without the presence 

of the metallic counterion. The 1:2 metal:heterocycle ratio is the favored one in the com

pounds obtained with allopurinol and hypoxanthine. For the S.(6)-purine derivative, the 

1:1 and 1:2 stoichiometries are the favored ones. 
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ii) Successively competitive heterocycle - Cu(II) interactions. 

The 5_(6)-purine derivative ligand shows higher substitution capacities in this type of com

petitive rcactions ( e.g., X=NO;- ). The high stability of its interactions towarcls Cu(II) 

is also shown by the inertness of the respective coorclination compound when trying to 

subsbtute it with both allopurinol ancl hypoxanthine. On the other hand, the three hete

rocydes as respective second ligands do not show (X=Cl- or Br-) substitution capacities 

in this type of competitive reactions. The capacity of 6- mercaptopurine to carry out ligand 

substitution reactions towards allopurinol and hypoxanthine previously bonded to Cu(II) 

(as in Cu(II)(L¡)2(N03 )z, Li=allopurinol, hypoxanthine) could be explained in terms of 

the lower metallic bonding capacity of the N03 groups (relative to Cl- or Br-) in the 

correspondent coordination spheres. This behavior, joined to the deprotonation of the S_( 6)

puríne clerivative under these particular experimental conditions, favors the formation of 

the Cu(II)(L3 ) 2 - system (see analytical results), with high kinetic and thermodynamic 

stahilities. 

íii) Simultaneously competitive heterocyde - Cu(II) interactions. 

\.!V:"hen the heterocyclic ligands were simultaneously solvated for the reaction towards the 

metallic center, the S_(6)-purine derivative shows again the major reactivity and stability 

in the metallic interactions. In this type of competitive interactions, allopurinol and hy

poxanthine show similar competitive and reactive capacities. The higher reactivity and 

stability in the S_(6)-purine derivative-Cu(II) interactions, could be associated to the role 

played by the S_(6) exocydic atom, which is the most reactive site of the heterocyde lig

and. In fact, this atom always appear as the metallic bonding si te in the reactions of this 

heterocycle towards metallic centers [5]. 

e) Thermogravimetric results. 

Compound l. The sample analyzed does not show mass loss from room temperature until 

ca. 220°C. From this temperature and above 500°C a noticeable, abrupt and complex 

pathway of mass loss is obtained. The thermal results below 220°C are in agreement with 
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the anhydrous character of the Cu(II) compound, Cu(L1 )2(Cl)2. The limit of thermal 

stability for this anhydrous compound would be ca 220°C. 

Compound 2. The sample shows a first step of mass loss which starts at room temperature 

and ends at 120°C. Upon increasing the temperature and starting at ca. 250°C an abrupt, 

complex and considerablEj step of mass loss above 500°C is observed. The first step is 
i 

assumed as: Cu(Lz)2(Cl)2¡ 0.8H20 ~ Cu(L2)2(Cl)z. The teniperature range for this step 

is suggestive of the non involvement of H20 molecules in the Cu(II) compound coordination 

sphere. The thermal stability limit for the anhydrous compound appears to be ca. 250°C. 

Compound 3. The sample shows a first step of mass loss starting from room tempera-

ture up to ca. l15°C. Upon increasing the temperature, and starting at ca 200°C, an 

abrupt, noticeable and complex mass loss is observed, which continues to a temperature 

above 500°C. The first step is assumed as: Cu(L3 ) 1(Cl)2· 0.5H20 ~ Cu(L3 )I(Cl)2. The 

temperature range for this step is suggestive of the non involvement of H2 0 molecules in 

the Cu(II) compound coordination sphere. The thermal stability limit for the anhydrous 

compound appears to be ca. 200°C. 

Compound 4. The sample analyzed shows a first step of mass loss which starts at room 

temperature and ends at 100°C. Upon increasing the temperature and starting at ca. 

250°C a noticeable, abrupt and complex pathway of mass loss above 500°C is observed. 

The first step is assumed as: Cu(L1 )2(Br)2· H20 ~ Cu(L!)2(Br)2. The temperature range 

for this step is suggestive of the non involvement of H2 O molecules in the Cu(II) compound 

coordination sphere. The thermal stability limit for the anhydrous compound appears to 

be ca. 250°C. 

Compound 5. The sample shows a first step of mass loss which starts at room temper-

ature and ends at l15°C. Upon increasing the temperature and starting at ca. 285°C a 

noticeable, abrupt and complex mass loss step is observed above 500°C. The first step is 

assumed as: Cu(Lzh(Br)2· 0.6H20 ~ Cu(L2)2(Br)2. The temperature range for this step 
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is suggestive of the non involvement of H20 molecules in the Cu(II) compound coordina

tion sphere. The thermal stability limit for the anhydrous compound appears to be ca. 

285°C. 

Compound 6. The sample shows a first step of mass loss which starts at room temperature 

and ends at 130°C. lJpon increasing the temperature and starting at ca. 225°C a notice

able, abrupt and complex pathway of mass loss is detected above 500°C. The first step is 

assumed as: Cu(L3h(Brh· 1/3H20 ~ Cu(L3)2(Brh. The characteristics of this process 

would be in agreement with non participation of H20 molecules in the Cu(II) compound 

coordination sphere. The thermal stability limit for the anhydrous compound appears to 

be ca. 225°C. 

Compound '7. The sample shows a very complex step by step process of mass loss, the 

first of them starting at 45°C and continuing up to ca. 250°C; the second from this last 

temperature to 320°C, and the last step continuing to a temperature above 500°C. When 

heating another sample of this compound in this temperature range, the following colors 

were observed: i) 45°C-+250°C: lilac ( 45°C)~ gray (145°C) --+ green (200°C) ~ green

brown (250°C); ii) 250°C-+320°C: green-brown (250°C) ~ dark brown (320°C). \iVithout 

additional information, it is diffi.cult to point out in detail the nature of these processes. 

Thermochromic processes could be involved in i), including the limit of thermal stability 

of the anhydrous compound, perhaps below 250°C. 

Compound 8. The sample shows a first step of mass loss which starts at room temperature 

and ends at 135°C. 1Jpon increasing the temperature and starting at ca. 265°C a second 

step is observed, ending at 355°C. Finally, from this last temperature, a third step is 

detected, which continues above 500°C. The first step is assumed as: Cu(L2)2(N03)2· 

1.5H20--+ Cu(L2)2(N03)2. The temperature range for this step is suggestive of the non 

involvement of H20 molecules in the Cu(II) compound coordination sphere. The thermal 

stability limit for the anhydrous compound appears to be ca. 265°C. 

Compound 9. The sample shows a first step of mass loss which starts at room temperature 

and ends at 125°C. lJpon increasing the temperature a second complex step is observed, 
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starting at 225°C and ending above 500°C. The first step is associated to the process: 

Cu(L~- )· 0.5H2 0 ----+ Cu(1~- ). The temperature range for this step is suggestive of the 

non involvement of H2 0 molecules in the Cu(II) compound coordination sphere. The 

thermal stability limit for the anhydrous compound appears to be ca. 225°C. 

d) Infrared spectroscopy results. 

The IR bands, the respective assignments for the free heterocyclic ligands allopurinol ( =11 ) 

[7] , hypoxanthine ( =12 ) [8-15] and 6- mercaptopurine ( =13 ) [16-23] , and the spectral 

characterization of their Cu(II) coordination compounds are listed respectively in Tables 

3, 4 y 5. 

Cu(II) coordination con1pounds with allopurinol ( =LI). 

1) Cu(LI)2 (Cl)2·H20. 

The IR characterization (Table 3) for this compound let us consider the non involvement of 

the O( 4) exocyclic atom in the metallic bonding. Also, The IR information let us exclude 

the N ( 5 )-H group in that interaction. The spectral information is in agreement with 

the electronic perturbation of endocyclic regions. The higher perturbation corresponds 

to vibrational modes of N-H and C-H groups. The spectral information for the N(5)-H 

group let us discard C(6)-H as nearest neighbor group in the metallic bonding of allopurinol 

through the N(7) atom of the pyrimidinic ring. The spectral characterization let us suggest 

the participation of the N(2) atom in the pyrazolic moiety as metallic bonding site of the 

heterocycle allopurinol, being this suggested as the N ( 1 )- H tautomer. In the low-energy 

region the IR band appearing at 336 cm-1 is assigned to Vcu-Cl· The complex band with 

a peak at 320 cm-1 anda shoulder at 300 cm-1 is associated to vcu-N· 

2) Cu(Lih(Brh·3H20. 

The IR characterization for this compound let us ex elude the involvement of the O( 4) exo

cyclic atom, the N(5)-H group and the N(7) atom as metallic bonding sites of allopurinol. 

As for the previous compound, the spectral data are in agreement with the perturbation 
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and involvement of the pyrazolic moiety in the metallic bonding. The similarity in the 

IR spectra for the above (X=Cl-) and this (X=Br-) let us suggest for the last one an 

analogue metallic bonding fashion, i. e., through the N ( 2) of the five-membered ring, and 

allopurinol in the N ( 1 )- H tautomeric form. In the low-energy region, the IR bands ap

pearing at 326 cm- 1 and 290 cm- 1 are attributed to vcu-N· The complex band with peaks 
\ 

at 265 cm-1 and 253 cm-1 is attributed to vcu-Br· 

The IR characterization for the heterocyclic ligand is in agreement with the non participa

tion of the O( 4) exocyclic atom as metallic bonding si te. This conclusion is also proposed 

for the N(5)-H group. The general spectral pattern is also (as for X=Cl- or Br-) in 

concordance with the metallic coordination of allopurinol through the N(2) atom of the 

five-membered ring, being allopurinol suggested to be in the N(1)-H tautomeric form. 

N03 IR bands. The IR spectral pattern for the N03 group is in agreement with its 

behavior as monocoordinated group. The (v1 + v4) combined band is suggested to be 

contained in the complex structure of the broad band centered at ca. 1675 cm- 1 , which 

does not appear in the Cu(II) compounds with allopurinol and X=Cl- or Br-. The new 

band centered at 1440, 1290 and 1040 cm-1 are assigned to the v4 , the activated v1 , and 

the v2 vibrational modes respectively. Finally, the new bands centered at 720 and 640 

cm-1 are attributed to the v6, and v3 and vs vibrational modes for the monocoordinated 

N03 group. The low-energy IR spectrum shows an asymmetric band at 310 cm-1 , a 

second band centered at 300 cm-1 anda third and asymmetric band at 285 cm-1 . These 

are suggested to contain both vcu-N and Vcu-oNo- vibrational modes. 
2 

Cu(II) coordination compounds with hypoxanthine (=L2 ). 

The IR characterization (Table 4) is in agreement with the non involvement of the 0(6) 

exocyclic atom in the metallic bonding of hypoxanthine. This same suggestion is for the 

i-J(1)-H group. Again, the higher changes belong to vibrational modes of N-H and C-H 
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groups. The spectral behavior for the ~(1)-H group let us exclude C(2)-H as nearest neigh-

boring group in the meta.llic coorclination through the N ( 3) si te. The spectra.l informa.tion 

is in agreement with the participation of endocyclic groups of the five-memberecl ring as 

nearest neighbor and coordination site, respectively. From these, the C(8)-H group belongs 

to the first type. :The second one is between the N(7) and N(9) atoms. Unfortunately, with 
\ 

this spectral infotmation it is difficult to dilucidate them. In the low-energy IR spectrum, 
\ 

the strong, broad a.nd asymmetric band at 298 cm-1 and with peaks at 340 cm-1 , 325 

cm- 1 , 312 cm-1 and 287 cm-1
, could be assigned to the vcu-Cl and vcu-N vibrational 

modes. 

The spectral pattern for this compound in the 4000- 600 cm-I range is very similar to the 

one shown by Cu(L2 )z(Cl)2. Thus, the same suggestions of the metallic boncling behavior 

for the heterocycle could be made here. In the low-energy IR spectrum, the strong, broad 

and asymmetric band at 280 cm-1 (showing peaks at 315 a.nd 250 cm-1 ) could contain 

the vcu-N and vcu-Br vibrationa.l modes. 

The IR spectral pattern for this compound is different to the two preceding cases of Cu(II) 

compounds with hypoxanthine, in part dueto the presence of bands a.ssociated to the N03 

group. v'lith respect to the metallic bonding behavior of the heterocycle, this appears to be 

analogue to that of X=Cl- or Br-, being the noticeable perturbation the one concerning 

to C-H and N-H vibrational modes of the five-membered ring. 

N03 IR bands. The IR spectral pattern of the N03 bands is in agreement with the 

existence of this group as monocoordinated ligand. The complex structure of the strong 

and broad band at 1690 cm - 1 could be also a.ssociated to the (VI + v 4 ) combined vi bra.tional 

mode. The new band at 1500 cm-1 is a.ssignecl to the v4 vibrationa.l mode. The strong ba.nd 

centered at 1250 cm - 1 is suggested to contain both ring and ve-N vibrational modes of the 

heterocyclic liga.nd, and the VI vibrational mode of the N03 group. The new bands at 995 
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cm-1 and 780 cm-1 are associated to the v2 and v6 vibrational modes, respectively. The 

new band at 720 cm - 1 is at tri bu ted to the v3 / v6 vi brational modes of monocoordinated 

='J03. Finally, in the low-energy IR spectrum two strong, broad and asymmetric bands 

appear at 300 cm- 1 and 280 cm-1
, which are suggested to contain both the vcu-ONo; 

and vcu-N vibrational modes. 

Cu(II) coordination compounds with 6-mercaptopurine ( =L3 ). 

The IR characterization (Table 5) of this compound let us consider a noticeable electronic 

perturbation of the S.(6) exocyclic atom and endocyclic regions. With respect to the first 

one, the bands that appear labeled as I, II and III in the free heterocyclic ligand charac

terization, are almost absent in the spectrum of the coordination compound in discussion 

here. Also, the IR data let us considera noticeable perturbation of C-H vibrational modes. 

vVhen comparing this spectrum with that for 6-mercaptopurine in vV(C0)4 (L3 ) (24] a no

ticeable similarity can be observed. For this last compound, a S.(6)/ N(7) bidentated 

m.etallic bonding has been suggested. In consequence, an analogue metallic coordination 

for 6- mercaptopurine can be proposed for the Cu(II) compound studied here. In the low

energy IR spectrum the broacl band of complex structure, centered at ca. 324 cm-1 , is 

associated both to the heterocyclic ligand and vcu-Cl vibrational modes. The broacl and 

complex band centered at ca. 293 cm- 1 is suggested to contain both heterocyclic ligand 

and vcu-N vibrational modes. Finally, the broad band of complex structure at ca. 230 

cm-1
, could be associated to both heterocycle and vcu-S vibrational modes. 

The IR spectrum of this compound shows a clifferent spectral pattern with respect to the 

previous case. In particular, the band labelecl as I in Table 5, and the band at 1150 

cm-1 in the free heterocyclic ligand, are those that show a noticeable spectral change in 

the spectrum under cliscussion. In addition, the band appearing at 1543 cm-1 could be 

assigned to the ÓN( 1)-H vibrational mode. Also, bands attributed to certain vibrational 
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modes of pyrimidinic-type ring and C-K groups (in the 1600- 1000cm-1 range) show im

portant changes. The spectrum shows a noticeable similarity with the one shown by the 

compound vV(C0) 5 (L3 ), where a .5_(6) metallic bonding has been proposed[24]. vVith this 

information, the suggestion of this type of metallic bonding for the heterocyclic ligand in 

the compound under discussion can be made. In the low-energy IR spectrum the complex 

band at 230 cm - 1 is associated to both heterocyclic ligand and vcu-S vibrational modes. 

Finally, the broad and strong band centered at 115 cm - 1 could be assigned to heterocyclic 

ligand and vcu-Br vibrational modes. 

9) Cu(L;-)-2H20. 

The IR spectrum of this compound shows noticeable differences with respect to the pre

ceding two cases. In particular, a great spectral modification of the bands labeled as I, II 

:and III in Table 5, is found .. Also, a general suppression of the bands due to both sev

eral endocyclic and N-H group vibrational modes is observed, and noticeable changes (in 

imensity and frequency) of bands attributed to several C-H group vibrational modes are 

shown. This spectral information is in agreement with a substantial electronic change in 

the coordinated and deprotonated heterocycle. In the metallic bonding, both the .5_(6) ex

ocyclic atom and endocyclic groups appear to be involvecl. In the low-energy IR spectrum 

the broad and asymmetric band at ca. 270 cm-1 is assignecl to vcu-N; the band appearing 

at 216 cm-1 is attributecl to vcu-S· This compound is also obtainecl in aqueous (variable 

pH values) and DMSO media. A spectral (epr) and exhaustive magnetic characterization 

has been made [25]. Here, only a few data are quotecl. 

Table 3. 

Table 4. 

Table 5. 

e} Electronic spectroscopy results. 
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Cu(II) coordination compounds with allopurinol ( =LI). 

The electronic spectrum shows a broad and asymmetric band centered at ca. 665 nm. A 

second band of higher intensity ancl in the blue region is centerecl at ca. 370 nm. The 

structure of the bancls ancl their positions are suggestive of a clistortecl tetracoorclinatecl 
\ 

geometry for Cu(II), possibly with weak axial interactions. 

The electronic spectrum shows two broacl bancls: one centerecl at ca. 710 nm, ancl the other 

( of higher intensity) centerecl at ca. 425 nm. Again, the spectral pattern is suggestive of a 

distorted tetracoorclinatecl environment for Cu(II), possibly with weak axial interactions. 

The shift to lower energy of these bancls with respect to the previous case (X=Cl-), woulcl 

be in agreement with the coorclination of the halogens (X=Cl- or Br-) in the respective 

Cu(II) compounds. 

The spectrum shows a broacl ancl asymmetric bancl centerecl at ca. 560 nm. A seconcl 

band { of lower intensity) is centerecl at ca. 375 nm. The spectral pattern woulcl be in 

agreement with a roughly square planar geometry for the Cu(II) center. 

Cu(II) coordination compounds with hypoxanthine ( =L2 ). 

4) Cu(L2 ) 2 (Cl)2. 

The spectn1m shows a broacl ancl asymmetric bancl centerecl at ca. 625 nm. A seconcl 

band ( of lower intensity) is centerecl at ca. 380 nm. The spectral pattern appears to be 

.in concordance with a clistortecl tetracoorclinated geometry for Cu(II), and possibly weak 

axial interactions. 

The spectrum shows a broad ancl asymmetric band centerecl at ca. 625 nm. A second 

band ( of lower intensity) is centerecl at ca. 375 nm. Again and for this case, a distortecl 

tetracoordinatecl geometry for Cu(II) and possibly weak axial interactions are suggested. 
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6) Cu(Lz)z(N03h· 

The spectrum shows a very broad and partially resolved band with maxima at ca. 540 

nm and ca. 625 nm. In the blue region, a tail ( of lower intensity) of a band from the 

near U\- is observed. The spectrum would be in concordance with a roughly square planar 

geometry for Cu(II). 

For \the three first cases with allopurinol (1, 2 and 3) the thermal studies do not show 

the presence of H2 0 coordinated to the metallic centers, in agreement with the IR. spec

tral studies. These Cu(II) compounds are proposed to be chromophores of the types 

Cu(II)(K)z(X)z (X=Cl- or Br-) and Cu(II)(N)z(0)2 (X= N03). The same can be pro-

posed for the three compounds with hypoxanthine ( 4, 5 and 6). 

vVhen comparing the electroni~ spectra of the Cu(II) compounds with allopurinol and 

hypoxanthine, analogue ligand :field strengths for these heterocycles are deduced. This 

result could be associated to a same type of N atoms ( of the :five-membered rings) in volved 

in the metallic coordination: the N(2) atom of the pyrazolic ring is suggested to be the 

metallic bonding site for allopurinol in its coordination compound, whereas the pyridine-

type N(7) atom in the imidazolic ring, would be the one proposed for hypoxanthine in its 

coordination compounds studied here. 

Cu(II) coordination compounds with 6-mercaptopurine (=L3 ). 

7) Cu(L3 )(Cl)z. 

The spectrum shows in all the visible region a lower energy tail of a band that arises in the 

near UV region, with shoulders at ca. 430 and 520 nm. This spectral pattern makes the 

assignment of the Cu(II) d-d transitions quite difficult, and therefore the possible suggestion 

of the structural features of this Cu(II) compound. However, this spectral pattern is in 

concordance with the Metal-Ligand charge transfer process, trough the involvement of the 

5.(6) exocyclic atom of the 6-mercaptopurine in the metallic bonding. 

8) Cu(L3 )z(Br)z. 

The spectrum shows a lower enetgy tail of a band that anses m the near UV regmn, 

showing a shoulder at ca. 600 nm. As for the above case, the spectral pattern makes the 
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Cu(II) structural assignment difficult. Hmvever, as for Cu(L3)(Cl)2, the spectral pattern 

is in agreement with the Metal-Ligand charge transfer process, through the participation 

of the .S.( 6) exocyclic atom of 6-mercaptopurine in the metallic bonding. 

The electronic spectrum shows a lower energy tail of a band from the; near UV region, 
' 

associated to the Metal-Ligand charge transfer process by the S.(6) exocyclic atom partic-
1 

ipation in the metallic bonding. The spectrum also shows a weak, broad and asymmetric 

band centered at ca. 715 nm, attributed to Cu(II) d-d transitions. 

From the spectral information for these three last systems, the involvement of the .S.(6) 

exocyclic atom of the heterocyclic ligand in the metallic bonding is supported, in addition 

to the IR spectral information discussed befare. With regard to the dilucidation of the 

structural features of these three Cu(II) compounds, the epr spectral and magnetic results 

are helpful tools. For example, and for the system Cu(II)(L32
-), a bidimensional polynu-

clear framework has been deduced [25], where 6-mercaptopurinolate2 - has been suggested 

to act as bridging ligand to Cu(II) atoms through both the N atoms of the imidazolic 

moieties and the S.( 6) exocyclic atom. 

f) epr spectral results. 

Cu(II) coordination c01npounds with allopurinol ( =L1 ). 

The X-band epr spectrum at room temperature is shown in Figure 2. 

Figure 2. 

From the epr data, an anisotropic g tensor is deduced. The values of the components 

(91 = 2.04, 92 = 2.07 and 93 = 2.24) support the suggestion of a distorted tetracoordinated 

environment for the Cu(II) center. and axial interactions (g3 > > 92 ~ g1 > 2.0). The 

ground electronic state is associated mainly to the Cu(II) dx2_y2 orbital (26,27]. vVhen 

the temperature is decreased (77 K) the epr spectrum does not show changes in the spectral 
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pattern nor in the values of the 9 parameter. Finally, there are no evidences of Cu(II)

Cu(II) magnetic interactions both at room temperature and at 77 K. The epr spectrum 

partially resembles that shown by the compound Cu( 1 1 )( Cl )z ·Hz O, synthesized in aqueous 

medium (pH=1) [28]. 

2) Cu(LI)2 (Br)z·3H2 0. 

The X-band epr spectrum at room temperature is shown in Figure 3. 
\ 

Figure 3. 

The existen ce of an anisotropic 9 tensor (91 = 1.89, 92 = 2.12 and 93 = 2.41) is de

duced from the spectral data. The features of this spectrum let us suggest the existence 

of Cu(II)-Cu(II) magnetic interactions. The value for R = (92 - 9l)j(93 - 92 ) = 0.79 

indicates the existence of a distorted tetracoordinated environment of Cu(II) with weak 

axial interactions. Upon decreasing the temperature (77 K) no changes in the spectrum 

data are observed. 

3) Cu(LI)2(N03)z. 

The X-band epr spectrum at room temperature for this compound is shown in Figure 4. 

Figure 4. 

From the epr spectrum, the components 91 = 2.04, 92 = 2.11 and 93 = 2.17 are obtained. 

From those, the value for R( = 1.058) let us suggest a noticeable isotropic character for the 

9 tensor, i. e., the existen ce of a nearly spherical symmetry for the unpaired electron. U pon 

decreasing the temperature ( =77 K), the components 91 = 2.06, 92 = 2.11 and g3 = 2.15 

are obtained. The correspondent value for R( = 1.16) let us consider the existence of a 

slight lowering of the symmetry for Cu(II). 

Cu(II) coordination compounds with hypoxanthine (=L2 ). 

4) Cu(L2)z(Cl)z. 
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The X-band epr spectrum at room temperature for this compouncl is shown in Figure 5. 

Figure 5. 

The spectrum corresponcls to an almost isotropic 9 tensor (with components 91 = 2.01, 

92 = 2.11 ancl 93 = 2.21; R = 1.006). However, in the low-fielcl rtigion a very weak signal 
1 

partially shown in the spectrum, is cletectecl, which coulcl be associated to a distortion 

of the geometry for Cu(II). U pon clecreasing the temperature ( =77 K) no changes in the 

general features of the spectrum are observecl. The components 91 = 2.04, 92 = 2.10 and 

93 = 2.17, with R = 0.82, let us suggest a higher clistortion for the Cu(II) environment. 

5) Cu(L2 )2(Br)2. 

The X-bancl epr spectrum at room temperature for this compouncl is shown in Figure 6. 

Figure 6. 

The spectrum is in agreement with the existence of an anisotropic 9 tensor ( with com-

ponents 91 = 2.01, 92 = 2.11 and 93 = 2.21; R = 0.88). The value for R is suggestive 

of a low tetragonali ty in the geometry for Cu( II). U pon clecreasing the temperature ( = 77 

K) the general features of the spectrum do not show changes. For this temperature, the 

components 91 = 2.02, 92 = 2.10 and 93 = 2.20, with R = 0.67, let us suggest a small 

increase of the tetragonality for the Cu(II) environment. 

The X-band epr spectrum at room temperature for this compouncl is shown in Figure 7. 

Figure 7. 

The spectrum corresponds toan anisotropic 9 tensor. The components 91 = 2.03, 92 = 2.10 

ancl 93 = 2.18 (R = 0.86) let us suggest a low tetragonality for Cu(II). Upon decreasing 

the temperature (=77 K) changes in the spectrum shape are observed. In particular, a 
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higher anisotropy of the 9 tensor is detected. :YVith components 91 = 2.04, 92 = 2.07 

and 93 = 2.19, and R = 0.13, a noticeable increase of the tetragonality for the Cu(II) 

environment is detected. The spectra for the two temperatures are shown together in 

Figure 8. 

Figure 8. 

Cu(II) coordination compounds with 6-mercaptopurine (=L3 ). 

7) Cu(L3 )(Cl)z. 

The X-band epr spectrum at room temperature for this compound is shown in Figure 9. 

Figure 9. 

The spectrum shows a broad absorption in the middle-field region, and its features are 

suggestive of an anisotropic 9 tensor. The components 91 = 2.02, 92 = 2.13 and 93 = 2.24 

(R = 0.94), are suggestive of a low tetragonality for Cu(II) [26,27,29]. Besicles, the 

spectrum in the low-fielcl region shows an asymmetric character. The spectral pattern 

for all the magnetic fielcl values explorecl appear to suggest the existence of Cu(II)-Cu(II) 

interactions. U pon lowering the temperature ( =77 K) the general spectrum cloes not show 

changes. The components 91 = 2.02. 92 = 2.12 ancl 93 = 2.23, leacl to R = 0.85, which is 

suggestive of a small aclclitional decrease of the symmetry for Cu(II) at these conclitions. 

8) Cu(L3 )z(Br)z. 

The X-bancl epr spectrum at room temperature for this compound is shown in Figure 10. 

Figure 10. 

The spectrum shows an asymmetrical signal in the middle-fielcl region, with components 

91 = 2.04, 92 = 2.10 and 93 = 2.18 (R = 0.85), which indicates a low tetragonality for 

Cu(II). Besides this, the spectrum shape both in the low and high-field regions let us 
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suspect the possibility of Cu(II)-Cu(II) interactions. Upon decreasing the temperature 

( =77 K) the general spectrum pattern does not show changes. However, the components 

91 = 2.04, 92 = 2.09 and 93 = 2.16 (R = 0.76), are suggestive of an additional small 

lowering of the symmetry for Cu(II). 

\ 
The X-band epr spectrum at room temperature for this compound is show1n in Figure 11. 

Figure 11. 

The epr spectrum shows a broad and asymmetrical signal, in concordance with an 

anisotropic 9 tensor. The components 91 = 2.03, 92 = 2.12 and 93 = 2.23, with R = 0.82, 

supports the suggestion of a low tetragonality for Cu(II). Besides this, the spectrum shape 

both in the low and high-field regions is suggestive of the existence of Cu(II)-Cu(II) in-

teractions. U pon decreasing the temperature ( =77 K) the general spectrum pattern does 

not show changes. However, the components 91 = 2.02, 92 = 2.11 and 93 = 2.25, and 

R = 0.59, let us suggest the existence of an additional increase of tetragonality for Cu(II). 

Su1nmary of epr spectral results. 

vVith all the above experimental information for the Cu(II) compounds discussed here, 

structural arrangement suggestions could be given in advance for them: 

Cu(II) coordination compounds with allopurinol (=LI). 

The 1:2 M:Heterocycle stoichiometries together with the existence of monocoordinated 

counterions, lead to the M(N)2 (Xh character for the three compounds. In these, the 

metallic planes containing the four ligands are suggested to present distortions. Also, axial 

interactions are proposed, arising possibly from the neighboring Cu(II) units. For one 

of the three systems (X=Br-), the Cu(II)-Cu(II) interactions are evident even at room 

temperature. 

Cu(II) coordination compounds with hypoxanthine ( =L2 ). 
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The same structural considerations quoted abo ve could be extended for the three Cu( II) 

cornpounds with this heterocyclic ligand. However, the metallic bonding mode suggestecl 

for hypoxanthine, ancl its corresponclent spatial clisposition in the metallic coordination 

spheres, coulcl leacl to modifications in the interactions with the respective neighboring 

metallic units. 
' ' 
Gu(II) coordination compounds with 6-m.ercaptopurine (=L3 ). 

1 

For these Cu(II) compounds, the 1:2 and 1:1 Metal:Heterocycle stoichiometries (both in 

neutral ancl deprotonated forms of the organic ligand) are in concorclance with clifferent 

metallic coorclination mocles of the S( 6)-purine clerivative. For both X=Cl- and Br-, 

the chromophores Cu(II)(N)I(Sh(Xh and Cu(II)(S)2(X)2 could interact with neighboring 

Cu(II) units through bridging halogen atoms, in agreement with the axial interactions 

quoted before. For the unit Cu(II)(6-mercaptopurinolate2-), the previous spectral and 

magnetic characterization(25] suggest a bidimensional polynuclear framework with the 6-

mercaptopurinolate2- ligand bridging Cu(II) atoms in two directions through both the 

two N atoms of the imidazolic moiety ancl the S( 6) exoxyclic atom. 

g) Magnetic Results. 

Cu(II) coordination compounds with allopurinol ( =L1 ). 

The x (emu/mol) versus T (K) experimental elata at H = 10000 G for this compouncl are 

shown ( clotted line) in Figure 12. 

Figure 12. 

Dpon increasing the magnetic field from H = 100 to 10000 G, a small decrease of the 

x values is detected, but without change in the general magnetic response of the sample. 

From the data, a Curie-vVeiss behavior is observed. Employing the correspondent equation 

X= Xo + Cj(T- e), an excellent fitting to the experimental data was obtained, with the 

parameters: e= 0.4294 emu K/mol, e= -0.21 K and Xo = 1.9501 X 10-4 emu/mol. The 
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() value is in agreement with the suggestion of a very weak magnetic coupling ( of antifer-

romagnetic type) between the unpaired electrons of the metallic centers. vVhen plotting 

the experimental data as x_T vs. T, a continue decrease of the xT values with lowering the 

temperature is obtained until above ca. 10 K. Below this temperature, an abrupt increase 

of the slope is observed. This behavior is in agreement with a very weak:. antiferromagnetic 
\ 

coupling in the solid product, also deduced from the Curie-Weiss equati~n. 

Considering all the above discussed experimental information for this Cu(II) com-

pound, a linear chain arrangement and the correspondent magnetic model of S = 1/2 

coupled spins were selected, in an attempt to explore in detail the magnitude of the mag

netic coupling between the unpaired electrons of the Cu(II) units. From this magnetic 

model the correspondent Bonner-Fisher equation was employed: 

-: _ N,B2 g2 
[ 0.025 + 0.14995x + 0.30094x2 

-]
1 

_ N(J2g2 

XBF - kT 1 + 1.9862x + 0.68854x2 + 6.0626x3 + Xo ( p) + 2kT p 
... (1) 

where :r = IJifkT, and the other symbols have their usual meaning. An excellent fit to the 

experimental data was obtained (Figure 12, solid line). For fixed g = 2.07, we obtained 

J = -0.1316 cm-1 , p = 0.073 and Xo = 2.0767 X 10-4 emu/mol. The magnitude of J 

supports the existence of a very weak antiferromagnetic coupling between the Cu(II) units. 

Further on, we used the Bonner-Fisher equation with a Curie-Weiss correction in the hope 

to explore the existence of interchain magnetic interactions. From the excellent fitting 

process to the experimental data, and for g = 2.07 we obtained e = -164.7 ± 21; this 

let us suggest the existence of interchain antiferromagnetic coupling. However, when the 

Bonner-Fisher equation with a mean-field correction was applied, from the excellent fittings 

carried out qualitatively differences in the interchain magnetic coupling parameter (zJ') 

were obtained. For example, and for fixed g = 2.07, we found zJ' = +0.48 cm-1 ; this 

value could be associated to very weak interchain interactions of ferromagnetic type. The 
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intrachain magnetic coupling parameter ( J = -0.21cm -l ), corroborates the intensity and 

character of the intrachain magnetic coupling. 

At this level of study, it s clifficult to cliluciclate the correctness of the physical meaning 

of the respective values for the e ancl zJ' parameters. However, these let us suggest the 

existence of very weak interchain magnetic coupling. From the magnetic study, full con-
\ 

cqrclance in the existence of very weak intrachain antiferromagnetic coupling is obtainecl. 

Attempts to explore other magnetic moclels were also macle. Selecting the clinuclear model 

of S= 1/2 couplecl spins, the Bleaney-Bowers equation was employecl in the fitting process. 

From this, excellent fittings were obtained for fixed g = 2.07, and both magnetic fields, but 

with unrealistic physical meaning of all the parameters involved in this equation. These 

results let us consider the unsuccessful character of the dinuclear model to describe the 

magnetic properties of the Cu(II) compound in study, and to suggest a more extended 

framework for this system. 

From the spectroscopic and magnetic studies carried out for this Cu(II) compouncl, a 

suggestion of the structural features of the Cu(II) units ancl their mutual interactions is 

shown in Figure 13. 

Figure 13. 

In this suggestion, L represents the N-bonded allopurinolligands. The interactions between 

the distorted Cu(II) units occur through the e¡- ligands. These weak interactions would be 

in agreement with the very weak intrachain magnetic coupling found, of antiferromagnetic 

type. In this structural arrangement proposition, interchain magnetic interactions must 

also be considerecl. 

To our knowledge, there are no reports published by other groups about this Cu(II) sys

tem. In previous studies[28], a pale green Cu(II) compound with the same formulation 

Cu(II)(LI)z(C1)2·H2 0 was synthesized ancl characterizecl. However, its spectral (epr) ancl 
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magnetic properties show sorne differences with the characteristics described here: the sys-

tem obtained in aqueous (pH= 1) solution[28] shows no resolution of the epr signal for the 

g¡¡ component. It also shows a X maximum value in the low-temperature region (ca. 10 K), 

with values for the intrachain magnetic coupling parameter (J) ranging from -3.88 cm-1 

to -4.07 cm-1 . At this level of study, it is difficult to discern about the factors influencing 
\ 
\ 

these differences. Nevertheless, the magnetic properties for both Cu(p) systems have been 

successfully analyzed employing the linear chain magnetic model of S= 1/2 coupled spins, 

from which very weak both ínter and intrachain magnetic couplings have been deduced. 

Finally, and as part of our research program, the Cu(II) compound studied here has also 

been previously synthesized in ethanolic medium although only partially characterized[7]. 

The x (emu/mol) versus T (K) experimental data at H = 10000G for this compound 

are shown ( dot ted line) in Figure 14. 

Figure 14. 

1: pon increasing the magnetic field from 100 to 10000 G, no changes in both the x val u es 

and the general magnetic response of the sample were observed. From the experimental 

data a masked shoulder in the low- temperature region is detected, suggesting us the 

e:xlstence of an antiferromagnetic coupling, very weak in intensity. In agreement with this, 

the magnetic coupling was also pointed out in the epr spectral discussion. Employing 

the Curie-Weiss equation, a very good fit to the experimental data was obtained, with 

the parameters: C = 0.07506 emu K/mol, e = -1.15 K and \o = 0.00626 emu/mol. 

The e value indicates a very weak antiferromagnetic coupling in the salid product. vVhen 

plotting the experimental data as xT versus T, a continue decrease of xT with lowering 

the temperature is observed. From ca. 40 K, an abrupt increase in the slope of the line is 

detected. This behavior is also suggestive of a very weak antiferromagnetic coupling. 
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Considering all the above spectroscopic information for this Cu( II) compound, a linear 

chain a.rrangement for the Cu(II) units in the solid was postulated. With this scheme 

and from the correspondent magnetic model, the Bonner-Fisher equation ( Eq. ( 1)) was 

employed to analyze the magnetic interactions. The fitting process gave for fixed g = 2.12, 

the following parameters: J = -11.79 cm-1
, p = 0.060 and "Xo = 0.00188 emu/mol were 

obtained. The theoretical values are shown as a solid line in Figure 14. The magnitude of 

the J parameter supports the existence of a very weak antiferromagnetic coupling in this 

Cu(II) compound. This magnetic coupling appears to be slightly higher in intensity than 

that found in Cu( allopurinol h ( Cl h ·Hz O. 

vVith regard to the same magnetic study, the possibility of interchain magnetic coupling for 

this model of structural arrangement was considered. In this analysis, The Bonner-Fisher 

equation with the Curie-Weiss correction was applied. From the good fitting process 

with g = 2.12, the following values: J = -11.80 cm-1 , e = -0.163 K, p = 0.061 and 

\o = 0.00189 emu/mol were obtained. From these results, confirmation of a very weak 

intrachain antiferromagnetic coupling is deduced ( J < O). vVith respect to the possible 

intercha:in magnetic coupling, the () value is associated to very weak magnetic interactions. 

However, the error for this parameter ( ±3.17) difficults the correct physical meaning. 

Contimring with this analysis, and employing the same magnetic model and equation, 

the correspondent mean-field correction was applied. From the respective excellent fitting 

process, the parameters (for fixed g = 2.12) we obtained are: J = -13.48 cm -l, z J' = 

-4.46 cm-1 , p = 0.074 and Xo = 0.00116 emu/mol. The zJ' value is here associated to 

very weak interchain magnetic coupling of antiferromagnetic type. In this last analysis, 

confirmations of very weak intrachain antiferromagnetic coupling between the unpaired 

electrons ofthe Cu(II) units is found. Continuing with the magnetic analysis, the dinuclear 

magnetic model of S= 1/2 coupled spins was also applied to the treatment of the magnetic 

data. Employing the Bleaney-Bowers equation in the fitting process, unsuccessful results 

were obtained. This let us discard this model in the description of the experimental 



magnetic elata. Also. these results let us suggest the successful character of the linear 

chain magnetic model in the magnetic characterization of the Cu(II) compound in study. 

From all the spectral and magnetic information, a scheme of the structural features of 

the Cu(II) units and their interactions arises. This resembles closely the ones suggested 

for Cu(allopurinol)2(Clh·H20. The distorted Cu(II)(N)z(Br)2 un~ts would be interacting 
\ 

through the halogen atoms, leading to very weak magnetic interacti'ons. In this scheme. in-
' 

terchain magnetic interactions must be also considerecl. The increased intrachain magnetic 

coupling from X=Cl- to X=Br-, would be in part attributed to the higher polarizability 

of the Br- ligands, which could contribute to higher interactions between their orbitals, 

with those of the metallic centers from nearest Cu(II) units. Finally, and to our knowledge, 

there are no studies carried out by other groups ancl reported in relation to this Cu(II) 

compound. As part of our research program, this Cu(II) system was also synthesized 

previously in ethanolic medium although only partially characterized(7]. 

The x (emu/mol) as a function ofT (K) experimental data at H = 100 G for this compound 

are shown ( dotteclline) in Figure 15. 

Figure 15. 

Upon increasing the magnetic field from 100 to 10000 G, no noticeable changes in the 

\ values and in the general magnetic response of the sample are observed. From Figure 

15, a shoulcler in the x values in the low-temperature region is cletected, suggesting us the 

existence of antiferromagnetic coupling in the compouncl. Its position (ca. 8 K) indicates a 

very weak intensity of the correspondent magnetic interactions. From the data for the 12-

95 K range, and employing the Curie-vVeiss equation, values of e = -2.97 K, C = 0.0186 

emu K/mol and Xo = 0.0019 emu/mol were obtained. The e value supports the existence 

of very \veak antiferromagnetic coupling in the Cu(II) compouncl. From the xT- T plot, a 

continue clecrease of the xT values with decreasing the temperature is obtained. Starting 
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from ca. 13 K, a higher slope of the line for lmver temperatures is observecl. This behavior 

also suggests a very weak antiferromagnetic coupling in the solid procluct. 

Consiclering the possibility of a structural arrangement consisting of a linear chain, the 

respective magnetic model and the Bonner-Fisher equation was employed in the magnetic 

analysis. Good fitting process was made for fixed g = 2.11, with the resulting parameters: 

J = -4.46 cm-1
, p = 0.089 and Xo = 0.0815 emu/mol. The theoretical curve (solid line) 

is shown in Figure 15. The J value is in concordance with a very weak antiferromagnetic 

coupling in the compound. Furthermore, the x values in the low-temperature region (and 

which follow a Curie-vVeiss behavior) were discarded. Employing the same magnetic model 

and the Bonner-Fisher equation, very goocl results were obtained in the fitting process for 

100 K as upper limit of temperature. From this and for fixed g = 2.11 and p = O, the 

parameters: J = -3.10 cm-1 and Xo = 0.0747 emu/mol were obtained. In the same form 

and for T = 200 K as upper limit of temperature, very good results (J = -3.09 cm-1 and 

'Xo = 0.0746 emu/mol) were also obtained. These are shown (solid line) in Figure 16. 

Figure 16. 

The two last fitting processes confirm the existence of very weak antiferromagnetic coupling 

in the Cu(II) compound. In order to explore the possibility of interchain magnetic coupling 

for this structural arrangement suggestion, the Bonner-Fisher equation with the Curie

vVeiss correction was employed in the magnetic analysis. From the fitting process, goocl 

results were obtainecl for fixed g = 2.11, being J = -5.72 cm-I, p = 0.104, Xo = 0.0827 

emu/mol m.i.cl e = + 1.28 K the values of the parameters obtained for 100 K as the tem

perature upper limit. In the same way, ancl for 200 K as the temperature upper limit, 

the parameters obtainecl were: J = -5.68 cm-1
, p = 0.102, Xo = 0.0826 emu/mol ancl 

() = + 1.27 K. From these results, confirmation of very weak intrachain antiferromagnetic 

coupling ( J values) is obtainecl. Interestingly, the () values let us suspect the possibility of 

interchain ferromagnetic interactions, very weak in intensity. This same character for () was 
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also obtained when the \ values for the low-temperature region were discarded (p = O)in 

the fitting process. 

Further on in the magnetic analysis, the Bonner-Fisher equation with a mean- field corree-

tion was employed. From the fitting process, good results were obtained for fixed g = 2.11. 

For 100 K as the upper temperature limit, J = -5.21 cm-l,,zJ' = +2.16 cm-I, p = 0.079 
\ 
1 

and Xo = 0.0483 emu/mol were obtained. In the same form, and for 200K as the upper 
1 

temperature limit, J = -5.24 cm-1
, zJ' = +2.16 cm-1

, p = 0.079 and Xo = 0.0484 

emu/mol were obtained. From these last results, confirmation of very weak both intra-

chain ( J) and interchain ( z J') magnetic coupling is deduced, the last one considered as 

ferromagnetic in character. This same character for the z J' parameter was also obtained 

when the x values in the low-temperature region were discarded (p = O) in the fitting 

process. 

In this analysis, the dinuclear magnetic model of S= 1/2 coupled spins was also explored. 

Using the correspondent Bleaney-Bowers equation in the fitting process, non satisfactory 

results were obtained. This fact let us discard this magnetic model in the description of 

the experimental magnetic data. Also, it suggests the successful character of the linear 

chain magnetic model in the magnetic characterization of the Cu( II) system in study. 

vVith all the spectroscopic and magnetic studies carried out for this compound, it is pos-

sible to suggest the essential structural features of the Cu(II) units coordination sphere, 

and their correspondent interunit interactions. In this scheme, a distorted tetracoordi-

nated (roughly square planar) environment for Cu(II) is proposed, through the N-bonded 

allopurinol molecules and the coordinated N03 groups. In this structural arrangement 

suggestion, axial interactions must be considered. These could construct roughly linear 

fragments through the participation of the N03 groups as interacting ligands, in a similar 

way to that suggested for Cu( allopurinol )2 ( Cl )2 · H2 O. 

The magnetic study carried out let us consider the existen ce of very weak intrachain antifer-

romagnetic coupling. In these magnetic interactions between the unpaired electrons of the 
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Cu(II) centers, the N03 groups are invokecl to be involvecl in the respective superexchange 

magnetic coupling pathway. Interestingly, the magnetic results point out the suggestion 

of very \veak ferromagnetic coupling between these chain-type fragments proposecl. Fi

nally, and to our knowleclge, there are no stuclies published about this Cu(II) compouncl. 

Surprisingly, when the same reaction is carriecl out in ethanolic medium, the Cu(II) com

pouncl synthesizecl corresponds to the formulation Cu(II)(L!)(OH-)[7]. This last procluct 

has been also obtainecl in both aqueous (several pH values) and DMSO meclia[4]. 

Consiclering the magnetic stuclies carriecl out for the three Cu(II) compounds with the het

erocyclic ligand allopurinol and the Cl-, Br- ancl N03 coorclinated groups (=Y), common 

structural ancl magnetic features arise. For these three systems the Cu(II)(N)2 (Y)z units 

show both distortecl (Y= Cl- or Br-) ancl roughly square planar (Y =N03) tetracoorcli

natecl environments. In these systems, weak interactions between the nearest neighboring 

Cu(II) units are cleclucecl. These interactions leacl in general to very weak antiferromag

netic coupling between the unpaired electrons of the Cu(II) centers. From the magnetic 

results an influence of the anion nature on the intensity of the intrachain magnetic cou

pling is observecl. This magnetic response coulcl be in part associatecl to the stereochemical 

clisposition of the allopurinol ligancls; the N(2) atom as metallic boncling site woulcl con

tribute to the existence of a less restrictecl axial interaction. Interestingly, in the structural 

arrangement suggestion (linear chain-type) for these three Cu(II) compouncls, interchain 

magnetic coupling was suspectecl, ancl suggestecl from the magnetic stuclies. This magnetic 

coupling is very weak in all the three cases. 

Cu(II) coordination compounds with hypoxanthine ( =L2 ). 

4) Cu(L2 )2(Cl)2. 

The \ (emu/mol) -T (K) experimental elata (H = 100 G) for this compouncl are shown 

( clot tecl line) in Figure 17. 

Figure 17. 
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Cpon increasing the magnetic field from 100 G to 10000 G, a small decrease of the \ values 

-,vith temperature but without changes in the general trend of the magnetic response is 

observed. From Figure 17, a maximum of the X values in the low-temperature region is 

observed, which indicates a very weak antiferromagnetic coupling in the sample. Employing 

the Curie- Weiss equation in a fitting process to the X data fqr temperatures higher than the 
\ 

maximum X value and up to 150 K, very good results were 6btained, with the parameters: 
1 

C = 0.4729 emu K/mol, () = -15.52 K and Xo = 0.02410 emu/mol. The B value supports 

the suggestion of a very weak antiferromagnetic coupling in the product. From the xT- T 

data, a continue decrease of the xT values with lowering the temperature is observed. 

Starting from ca. 15 K a higher slope of the line for the lower temperatures is obtained. 

This behavior is also suggestive of a very weak antiferromagnetic coupling in the solid 

product. 

Assuming a linear chain arrangement for the Cu(II) compound, the correspondent magnetic 

model and Bonner-Fisher equation were employed to explore the intensity of the magnetic 

interactions between the Cu(II) units. From the fitting process (Figure 17, solid line) 

and fixing g = 2.11, the values J = -5.39 cm- 1
, p = 0.0186 and \ 0 = 0.0247 emu/mol 

v.·ere obtained. The J value indicates a very weak antiferromagnetic coupling between 

the unpaired electrons of the Cu(II) units. In arder to explore the possible magnetic 

interactions between the postulated linear chains, the Bonner- Fisher equation with the 

Curie-vVeiss correction was employed. From the very good fitting obtained, and for g = 

2.11, the values J = -5.42 cm-1
, p = 0.017, Xo = 0.0247 emu/mol and () = +0.13 K 

were obtained for 150 K as the temperature upper limit. By changing this limit, very 

similar values of the parameters were found. The average J value in this analysis is in 

concordance with the above result. The () average value is associated to the existence of 

very weak interchain interactions. However, the errors (±1.956) in these values make it 

difficult to assert the correct physical meaning for this parameter. 

Further on with the analysis, the Bonner-Fisher equation with a mean-field correction was 

considered. From this, the excellent fitting process gave (for fixed g = 2.11) the values: 
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.J = -5.39 cm-1
, :::.!' = -0.534 cm- 1

, p = 0.020 and \o = 0.01503 emu/mol. The ;;.]' 

value let us consider the existence of very weak magnetic coupling between the chains 

in this Cu( II) compouncl. However, ancl al so here, the error for the ;; f val u e (±l. 718) 

clifficults to give a correct physical meaning to this parameter. Finally, the .J value here 

obtained is in full agreement with its previous calculations, confirming the existence of 

very weak intrachain antiferromagnetic coupling. 

Attempts to explore the experimental information employing the dinuclear magnetic model 

of S = 1/2 coupled spins (through the Bleaney-Bowers equation), considering also the 

Curie-\Veiss and the mean-field corrections to it, were made. The fitting processes were 

of lmver quality than those for the linear chain magnetic model. However, the results 

obtained for the magnetic parameters let us suggest the existence of very weak both intra 

and interchain antiferromagnetic couplings. 

'vVith all the spectroscopic and magnetic information, a suggestion of the approximate 

structural arrangement for this compound in the solid state can be made. This consists 

of Cu(Il)(N)z(Clh distorted units, axially interacting through halogen atoms with nearest 

neighboring Cu(II) units, in a similar form to that proposed for the precedent Cu(II) com

pounds. Very weak interactions in other directions (interchain interactions) must also be 

considered, although their physical meaning at this level of study is difficult to dilucidate. 

To our knowledge, the only related systems to the Cu(II) compound discussedhere and 

repmted by other research groups, are Cu(II)(L2 )z(Cl)2·1/2 H2 0 [30] and [Cu(II)(p

L2)z(Cl)]2-(Cl)2· 6H2 0 [31]. Unfortunately, no spectral and magnetic characterization 

were rnade Jor the first one. A dinuclear Cu(II) acetate-type structure has been estab

lished for the last one, with a high antiferromagnetic coupling (J = -105.5 cm-1). Fi

nally. the Cu(II) compound discussed here, was also synthesized by us in aqueous solution 

(pH=1)[28], as Cu(L2 )z(Cl)2·2H2 0 and Cu(L2 )2(Cl)2, both showing essentially the same 

spectral and magnetic properties discussed here. 

5) Cu(L2 )2(Br)2. 
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The "'\" (emu/mol) -T (K) experimental data (H = 100 G) for this compouncl are shown 

( dottecl line) in Figure 18. 

Figure 18·. 

Upon increasing the magnetic field from 100 G to 10000\ G, no changes in both the x 
1 

values with temperature ancl in the general magnetic response of the sample are observecl. 

In the low-temperature region a maximum of the x values is observed, which suggests 

the existence of an antiferromagnetic coupling in the solid sample; the position of this is 

associatecl to a very low intensity for this interaction. Employing the Curie-Weiss equation 

in a fitting process to the x elata at higher temperatures than the T for the x maximum, 

and up to 150 K, very good results were obtainecl: C = 0.5688 emu K/mol, () = -16.89 

K and Xo = 2.8746 x 10-4 emu/mol. The 8 value supports the suggestion of a very weak 

antiferromagnetic coupling in the solid procluct. From the xT-T data, a continue decrease 

of the xT values with descending the temperature is observed. Starting from ca. 15 K, a 

. much higher slope of the line for the low-temperature region is obtained. This behavior is 

also su,ggestive of a very weak antiferromagnetic coupling in the solid product. 

VVith the above spectroscopic information for this compound, a linear chain arrangement 

was selected to explore the magnetic interactions between the unpaired electrons of the 

metallic Cu(II) units. From this, the corresponclent magnetic moclel, and the Bonner

Fisher equation were employed. The fitting process to the experimental data, gave excellent 

results for fixed g = 2.11: J =-- 4.98 cm-1
, p = 0.016 ancl Xo = 0.00129 emujmol. The 

theoretical values are also shown in Figure 18 with a solid line. Carrying out the fitting 

process by excluding the experimental data in the low-temperature region ( Curie-vVeiss 

behavior), very goocl results were obtainecl, both for 300 K ancl 150 K as the temperature 

upper limit. For g = 2.11 ancl p = O, the respective J values were -4.38 cm-1 and -

4.32 cm-1 . The magnitude of the J parameter is in full agreement with the existence 

of a very weak antiferromagnetic coupling between the unpairecl electrons of the Cu(II) 

34 



centers. Assuming the possibility of magnetic interactions between the chains, the Bonner-

Fisher equation considering the Curie-vVeiss correction was employed. Excellent fitting 

was obtained for fixed g = 2.11 and 150 K as the temperature upper limit: J = -3.32 

cm-I, p = 0.033, e = -4.75 K and Xo = 0.0142 emu/mol. The magnitude of the e 

parameter suggests the existence of very weak interchain interactions, of antiferromagnetic 

type. In this magnetic analysis, the J value supports the existence of very weak intrachain 

antiferromagnetic coupling. 

Further on, the Bonner-Fisher equation with a mean-field correction was employed, and 
rv--'~ ....... 

an excellent fitting was also obtained for g = 2.11. and Ji50 K as the temperature upper 

limit: J = -4.99 cm-1 , zJ' = -3.97 cm-1 , p = 0.019 and Xo = 7.736 x 10-4 emu/mol. A 

very good fitting was obtained when excluding the low-temperature region ( Curie-Weiss 

behavior ), which gave similar values for J and z J' ( -4.09 and -4.51 cm - 1 , respectively ). 

The z J' values are also in agreement with the existence of very weak antiferromagnetic 

coupling between the chains considered. The J values are also in concordance with the 

previous calculation and physical meaning for this parameter. 

Attempts to explore other magnetic models were made. For the dinuclear magnetic model 

of S = 1/2 coupled spins, the correspondent Bleaney-Bowers equation was employed in 

a fitting process to the experimental data. In this process, non successful results were 

obtained, which suggest the non realistic level of the dinuclear magnetic model for the 

magnetic characterization of the Cu(II) compound in study. 

\Vith all the spectroscopic and magnetic information a suggestion both for the structural 

features of the Cu(II) units and their interactions can be made. This appears also to 

be closely related to that firstly suggested for Cu(II)(allopurinol)2 (Clb·H2 0 and also pro-

posed for the precedent compound Cu(II)(hypoxanthine2 ) 2 ( Cl )z. For the case in cliscussion 

the Cu(II) units connecting mocle woulcl be through the Br- ligancls. In this scheme, in-

terchain magnetic interactions rnust álso be consiclerecl. Comparing the magnetic results 
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for Cu(L2 )z(Cl)z and Cu(Lz)z(Br)z, they suggest an analogous character of both the in-

trachain and interchain antiferromagnetic couplings in those Cu(II) compounds, and thus 

their closely related structural arrangement. 

To our knowledge, the unique related Cu(II) compound reported up to date is the sys-

tem Cu(II)(Lz)z(Br)z·2Hz0, which has been relé).ted toa dinuclear structure of the Cu(II) 
' 

aceta te- type [32) , and which shows a strong ( i' = -142.1 cm - 1
) antiferromagnetic cou

\ 

pling. On the other hand, in previous studies carried out by us in aqueous solution 

(pH=1)[28), the green-yellow Cu(II)(Lz)z(Br)z-2Hz0 was obtained. For this system, a 

very broad and asymmetric absorption band in the epr spectrum was found. The corre-

spondent magnetic studies are in agreement with a higher intramolecular antiferromagnetic 

coupling (J = -82.4 cm-1 ) than that shown by the Cu(II) compound discussed here. For 

this green-yellow compound the dinuclear system of S= 1/2 coupled spins magnetic model 

was successful, not tpt'""'-Ji~ear chain magnetic model. The magnetic characterization of this 

Cu(II) compound points 'ilmt the suggestion of the Cu(II) units magnetically interacting 
,/ 

through the Br- bridging ligands, constructing in this way dinuclear units, and these 

last interacting in the same way, in a reminiscent picture of a cubane-like tetranuclear 

framework. 

6) Cu(Lz)z(N03h· 

The x (emu/mol) -T (K) experimental data (H = 10000 G) for this compound are shown 

(dotted line) in Figure 19. 

Figure 19. 

Upon increasing the magnetic field from 100 G to 10000 G, no changes in both the )( values 

with temperature and in the general magnetic response of the sample were obtained. From 

the data, a maximum of the X values in the low-temperature region is observed, which 

indicates the existence of a very weak antiferromagnetic coupling between the unpaired 

electrons of the Cu(II) units. Using the Curie-Weiss equation in a fitting process to the X 
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data ( H = 100 G) at higher temperatures than the T far the "\ maximum, gaad results were 

abtained. with the parameters: C = 0.460 emu K/mal. e = -12.69 K and \o = 0.00114 

emu/mal. The e value supparts the suggestian af a very weak antiferramagnetic caupling 

in the praduct. Fram the X_T - T data alsa at H = 100 G, a cantinue decrease af the 

'(T values with descending the temperature is abserved. Starting fram ca. 15 K, a much 

higher slape af the line far the law-temperature regian is abtained. This behaviar is alsa 

suggestive af a very weak antiferramagnetic caupling in the salid praduct. 

Cansidering the spectral informatian discussed befare far this campaund, a linear chain 

arrangement af interacting Cu(II) units was pastulated. Fram the respective magnetic 

madel, the Banner-Fisher equatian was emplayed far the magnetic study. Fram the gaad 

fitting pracess a.nd far fixed g = 2.10 and p = O the fallawing parameters were abtained: 

J = -- 3.80 cm-1 and Xo = 4.53 x 10-4 emu/mal. The thearetical values are shawn in 

Figure 19 with a salid line. The J va.lue canfirms the existence af a very weaka.ntiferramag

netic caupling in the campaund ana.lyzed. Very similar values far the J para.meter were 

also abtained when the Curie-vVeiss behaviar af the ma.gnetic data (nat shawn in Figure 

19) in the law-tempera.ture regían was cansidered. The fitting pracess cansidering the full 

temperature range (300 K as upper limit) a.nd far H = 100 and 10000 G respectively, gave 

values ra.nging fram -3.89 ta -3.72 cm-1 far the J parameter. 

Considering the passibility af magnetic interactians between the chains, the Banner-Fisher 

equatian with the Curie-vVeiss carrectian was emplayed. Fram the fitting pracess, very 

gaad results were abta.ined far bath magnetic fields and temperature limits. Far example, 

far H = 100 G and fixed g = 2.10, the parameters J = -3.48 cm-1
, p = 0.024, e= -1.5431 

and Xo = 0.0011 emu/mal were abta.ined far 250 K as the temperature upper limit. Very 

similar values far the para.meters J a.nd e were abtained with this equatian and carrectian, 

far several tempera.ture ra.nges a.nd the twa magnetic fields. The average e value suggests 

very weak interchain intera.ctians af a.ntiferramagnetic type. The averall J va.lue supparts 

the suggestian af very wea.k intra.chain a.ntiferramagnetic caupling. 
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Further on, the Bonner-Fisher equation with a mean-field correction was employed to ex-

plore in detail the interchain interactions, and excellent fittings were obtained for g = 2.10 

and for both magnetic field values and several temperature upper limits: the .] values 

range from -3.69 cm-1 to -4.54 cm-1 , confirming the previous calculations for this pa-

rameter. However, appreciable errors; for the small and positive z.J' values are obtained 
\ 

in this treatment, difficulting the inter~retation of its correct physical meaning ( the inter

chain interaction appears to be very weak although of ferromagnetic type ). This result is 

in apparent disagreement with the physical interpretation made for the e value discussecl 

before. At this level of study it is difficult to diluciclate the physical meaning of the values 

associated to the interchain magnetic coupling parameter. However, the main results at 

this respect, would be the suggestion of the existence of very weak interchain magnetic 

interactions. 

Attempts to explore thé capability of the dinuclear magnetic moclel of S = 1/2 couplecl 

spins to predict the experimental magnetic behavior of the Cu(II) compound in study w~re 

made, in which the Bleaney-Bowers equation (including the Curie-Weiss and the mean-

field corrections) was employed in a fitting process to the experimental data. The results 

were not successful neither in the fitting quality nor in the physical meaning of the values 

obtained of the magnetic parameters. This last result let us consider the suggestion of a 

more complex framework for the Cu(II) system in study. 

vVith all the preceding spectroscopic and magnetic information available for this Cu(Il) 

compouncl, a possibility of the structural features for the Cu(II)(N)z(O)z units and their 

corresponclent magnetic interactions can be made. In this, the roughly square planar 

Cu(II)(N)z{O)z units could be interacting between them through the N03 groups, form

ing linear chains in a similar way as suggested for Cu(II)( allopurinol )z( Cl )z · H2 O. Unfor-

tunately ancl to our knowleclge, there are no studies reportecl for this Cu(II) compouncl. 

At pH=1 we have obtained(28] the compound with the formulation Cu(II)(L2 )z(N03 ) 2 · 

2H2 O, for which the spectral ancl magnetic characterization is in full agreement with a 
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dinuclear structure. Cu(II) acetate-type, with bridging hypoxanthine ligancls and N03 

groups bonclecl in the apical positions of the Cu( II) centers. The .] parameter obtainecl 

for this Cu(II) compouncl is ca. -140 cm- 1 , and is in full agreement with the clinuclear 

magnetic model of S= 1/2 coupled spins. 

Considering the magnetic stuclies carried out for the three Cu(II) compouncls with the 

heterocyclic ligand hypoxanthine and the Cl-, Br- and N03 coordinated groups (=Y), 

common both structural and magnetic features arise, the same as for the analogue Cu(II) 

compounds with allopurinol. For the systems with hypoxanthine, the Cu(II)(N)z(Y)2 units 

showing both distorted (Y=Cl- or Br-) and nearly square planar (Y=N03) tetracoor

dinated geometries are suggested. Also, weak magnetic interactions between the nearest 

neighboring Cu(II) units are proposed. These interactions lead to very weak antiferromag

netic couplings ( of .the same level) between the unpaired electrons of the Cu(II) centers. 

From the magnetic results a non noticeable infiuence of the anion nature on the intensity 

of the intrachain magnetic coupling assumed is observecl. Perhaps this similarity of mag

netic behavior is infiuenced in part by the stereochemical disposition of the hypoxanthine 

ligands. It is possible that the N-bonded hypoxanthine molecules could be in a head-tail 

configuration with respect to the mean plane of the Cu(II)(N)2(Y)z units. In all these 

three compounds and for the common structural arrangement suggestion, the correspon

dent magnetic study is in agreement with the existence of very weak interchain magnetic 

coupling. 

Cu(II) coordination compounds with 6-mercaptopurine ( =L3 ). 

7) Cu(L3 )(Cl)2. 

The x (emu/mol) -T (K) experimental data (H = 100 G) for this compound are shown 

{dotted line) in Figure 20. 

Figure 20. 

\Vhen increasing the magnetic field (100 G to 10000 G), a small decrease in the X values 

'vith temperature is observed, but without a modification of the general magnetic response 
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of the sample. From the experimental curve, a Curie-vVeiss behavior is observed, and so 

the correspondent equation was fitted to the experimental data. with excellent results 

and the parameters: C = 0.2096 emu K/mol, e = -0.49 K and \o = 0.01788 emu/mol. 

The e value, although very small, is in agreement with the existenee of a very weak 

antiferromagnetic coupling in the sol¡d product. From the xT- T data a continue decrease 
' ' 

of the xT values with descending th~ temperature is observed. Starting from ca. 25 K. a 
1 

higher slope of the line for the low-temperature region is obtained. This behavior is also 

suggestive of a very weak antiferromagnetie coupling in th~ sample. 

Assuming the existence of interactions between the Cu(II) units, a linear chain arrangement 

was postulated. From the correspondent magnetic model, the Bonner-Fisher equation was 

employed for the fitting process. From this, very good results were obtained (the theoretical 

values are also shown in Figure 20 with a salid line). For fixed g = 2.13, the following 

parameters were obtained: J = -11.3 cm-1
, p = 0.20 and Xo = 0.0191 emu/mol. The J 

value is in concordance with a very weak antiferromagnetic coupling between the unpaired 

electrons of the Cu(II) units. Fitting processes considering the Bonner-Fisher equation 

with both the Curie-vVeiss and the mean-field eorrections were also exhaustively carried 

out, with excellent results. For example, for the mean-field correctionamd fixed g = 2.13, 

the parameters J = -14.23 cm-1
, zJ' = -0.59 cm- 1

, p = 0.219 and Xo = 0.01163 

emu/mol were obtained. This magnetic rnodel, with any of the two corrections supports 

the existence of very weak both intrachain and interchain antiferromagnetic couplings in 

the salid product. By employing the dinuclear model of S= 1/2 coupled spins (through 

the Bleaney-Bowers equation) attempts of fitting to the :X- T experimental data were 

made, without successful results. This supports the suggestion of a more extended (i.e., 

polynuclear) arrangement in the Cu(II) compound under study. 

\iVith all the spectroscopic and magnetic studies for the compound in discussion, a scheme 

of the possible structural arrangement for the Cu(II) units and their postulated interactions 

can be made, which is shown in Figure 21. 
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Figure 21. 

In this scheme, N-S represents the 6-mercaptopurine ligands bonded through the 5_(6) and 

::.T( 7) atoms. The magnetic interactions between the Cu(II) units would be through the 

el- atoms. In fact. these connecting units have been structurally found in Cu(II)(6-thio-9-

methylpurine)¡(Clh·H20 [33] and Cd(II)(6-thiopurineh(H20)I(Cl)2 [34), and also sug

gested in the anhydrous analogue [35] of the former system. Very weak interchain magnetic 

interactions must be also considered in this structural arrangement proposition. Finally, 

to our knowledge there are no studies reported up to date related to this Cu(II) compound. 

8) Cu(L3 )2(Br)2. 

The X (emu/mol) -T (K) experimental data at H = 100 G for this compound are shown 

( dotted line) in Figure 22. 

Figure 22. 

\Vhen increasing the magnetic field (100 G to 10000 G), no changes both in the x val

ues with temperature and in the general magnetic response of the sample were observed. 

From the experimental curve, a Curie- \Veiss behavior is observed, and so the correspondent 

equation was fitted to the experimental data, with very good results and the parameters: 

C = 0.079 emu K/mol, 8 = -0.10 K and Xo = 0.0020 emu/mol. The 8 value, although 

very small, is in agreement with the existence of a very weak antiferromagnetic coupling 

in the sample. From the xT- T data a continue decrease of the xT values with descend

ing the temperature is observed. Starting from ca. 30K, a higher slope of the line for 

the low-temperature region is obtained. This behavior is also suggestive of a very weak 

antiferromagnetic coupling in the salid product. 

Assuming, as in the previous Cu(II) system, an analogous structural arrangement, the 

linear chain model and the Bonner-Fisher equation were employed in the magnetic analysis. 

Excellent fitting results were obtained (the theoretical valuesare shown in Figure 22 with 
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a solid line) for fixed g = 2.10. being the parameters: J = -46.88 cm - 1 • p = 0.09 

and \o = 7.813 x 10-4 emu/mol. The J value supports the existence of a very weak 

antiferromagnetic coupling in the solid product. Also, interchain magnetic interactions 

were assumed in the analysis, and the Bonner- Fisher equation with both the Curie-

\Veiss and the mean~field corrections were respectively fitted to the experimental data. 
' 

For example, for the 'mean-field correction and with fixed g = 2.10, the parameters J = 
1 

-49.68 cm-I, zJ' = -1.17 cm-1
, p = 0.096 and Xo = 4.691 x 10-4 emu/mol were 

obtained. This magnetic model, with any of the two corrections, supports the existence of 

both very weak intrachain and interchain antiferromagnetic couplings in the solid product. 

Attempts to explore the experimental magnetic information with the dinuclear model of 

S= 1/2 coupled spins (through the Bleaney-Bowers equation) were made. In this process, 

unsuccessful results were obtained, both in the fitting quality and in the physical meaning 

of the magnetic parameters. These results support, as in the previously discussed Cu(II) 

compound, the existence of a more extended framework in the Cu( II) compouncl in study 

here. 

vVith all the spectroscopic and magnetÍc studies macle for this compound, a suggestion 

both for the possible structural features for the Cu(II) units ancl their interactions can 

be made. This resembles the general features as was firstly suggested and schematically 

shown for Cu(II)(allopurinol)z(Cl)z·H20, although in the case discussed here· the chro

mophore is Cu(II)(S)z(Br)2. The magnetic interactions between these Cu(II) units would 

be through the Br- ligands. The higher antiferromagnetic coupling in the compound here 

discussed with respect to that of Cu(L3 )( Cl)z let us consider the existence of a more effi-

cient superexchange magnetic coupling pathway for the former one, in part associated to 

the higher polarizability of the Br- ligands. Other factors (as the stereochemical features 

of the Cu(II) centers and the spatial dispositions of the halogen atoms) can also play a 

critical role in the type and intensity of the magnetic coupling. At this level of study, 

it is difficult to diluciclate both the single and collective contributions of these aspects. 
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Finally. in this linear polynuclear structural arrangement suggestion. very weak interchain 

magnetic interactions must also be considered. To our knowledge, there are no studies 

reported up to date with regard to this Cu(II) compound. 

9) Cu(L~-)·2H2 0. 

The \ (amu/mol) -T (K) experimental data at H = 10000 G for this compound are shown 

( dot ted line) in Figure 23. 

Figure 23. 

vVhen increasing the magnetic field from 100 G to 10000 G, a small decrease in the x 
values with. temperature but without changes in the general magnetic response of the 

sample were observed. From the experimental curve, a Curie-Weiss behavior is observed, 

which indicates a very weak magnetic coupling in the solid. When fitting the Curie

vVeiss equation to the experimental data, e:Kcellent results were obtained, for which the 

parameters: C = 0.3013 emu K/moL e= -0.77 K and Xo = 0.00388 emu/mol were found. 

The e value indicates the existence of a very weak antiferromagnetic coupling in the solid 

product. From the xT- T data a continue increase of the slope of the line with descending 

the temperature is observed. Starting from ca. 5K and lowering T, a much higher slope of 

the line is obtained. This behavior is also in agreement with a very weak antiferromagnetic 

coupling in the solid product. 

Considering the information discussed before for this compound, and in a first step of a 

magnetic analysis, a linear chain magnetic model was selected. The correspondent fitting 

of the Bonner-Fisher equation to the experimental data gave excellent results ( the theo

retical values are shown in Figure 23 with a solid line) for ñxed g = 2.12, resulting the 

following parameters: J = -6.96 cm-1
, p = 0.26 and Xo = 0.00188 emu/mol. The J 

value is in full agreement with the suggestion of a very weak antiferromagnetic coupling 

between the unpaired electrons of the Cu(II) units. Further on in the magnetic analysis, 

and considering the structural suggestion for this compound that implies a bidimensional 
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polynuclear framework (a chain-type arrangement constructed by imidazolate- moieties 

bridging Cu(II) atoms, and other one with the exocyclic S_(6) atoms bridging also Cu(II) 

centers), the Bonner-Fisher equation with the Curie-Weiss correction was employed. Ex-

cellent results were obtained, with the following parameters for fixed g = 2.12: J = -7.07 

cm- 1 , e = +0.08 K p = 0.26 and \o = 0.0019 emu/mol. However, the errors for the J 
1 

and e values obtained difficult the confidence of these parameters. Fina.lly, employing the 
\ 

Bonner-Fisher equation with a mean-field correction, excellent fitting results were obtained. 

For fixed g = 2.12, J = -11.77 cm-1 , zJ' = -0.97 cm-1 , p = 0.30 and Xo = 0.00144 

emu/mol were found. The J value is in agreement with its precedent calculation, and the 

zJ' value let us suggest the existence of a very weak interchain antiferromagnetic coupling. 

Both magnetic parameters would be in concorda.nce with the scheme of a bidimensional 

polynuclear framework suggested for the Cu(II) compound in discussion. 

To our knowledge, there are no studies reported up to date by other research groups about 

this Cu(II) compound. Under our research progra.m, this same Cu(II) system has been 

synthesized both in aqueous (several pH va.lues) and DMSO media[25]. 

vVith all the magnetic studies carried out for these Cu(II) compound containing the S_(6)-

purine derivative ligand, both common and different structural a.nd magnetic features arise. 

vVith respect to the Cu(II) geometries, the spectroscopic and ma.gnetic results support the 

suggestion of distorted tetracoordinated environments for the respective Cu(II) units, be-

ing Cu(II)(N)(S)(X)2 , Cu(II)(S)2 (X)2 and Cu(II)(N)z(S) 2 the correspondent chromophores 

proposed. These characteristics lead to differences in their spectra.l and magnetic proper-

ties. In particular and for the two first systems, the influence of the metallic bonding mode 

of the heterocyclic ligand and of the anion nature on the intensity of the antiferromagnetic 

coupling between the unpairecl electrons of the Cu(II) units is clear. vVith respect to the 

last system, possibly the noticeable structural distortions on Cu(II) appear to play the 

majar role on the very weak antiferromagnetic coupling founcl. For the two first cases, 

a polynuclear linear chain arrangement of interacting Cu(II) units through the halogen 
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atoms is proposed. with differences in the intensity of the intrachain antiferromagnetic 

coupling. Very weak interchain antiferromagnetic interactions are also suspectecl. For the 

last system, a bidimensional polynuclear framework with S. ancl i\,N groups as respective 

directional briclges has be en previously proposed[25). In this structural suggestion ancl for 

the magnetic model employed, both types of magnetic coupling ( of very weak a:n.tiferro-
1 

magnetic character) are suggested. 

IV. Concluding remarks. 

In the present study, both single and competitive heterocyclic ligancl-Cu(II) interactions in 

methanolic medium were carriecl out. All the single reactions performed were successful, 

leading to new Cu(II) compouncls with the respective heterocyclic ligands allopurinol, 

hypoxanthine ancl 6-mercaptopurine. For these compounds M:(L)2 (for allopurinol ancl 

hypoxanthine ), ancl M: (L )1 or M: (L )2 ( for the 6-thiopurine ligan el) stoichiometries were 

obtained. Also and for these systems, Cu(II)(N)2(X)2 units (X=Cl-, Br- and NO~) 

for allopurinol and hypoxanthine were found. For the .S.(6)-purine derivative ligand, the 

Cu(II)(Nh (S)I (X)2, Cu(II)(S)z(X)2 and Cu(II)(Nh(Sh were obtained. Some of those 

single heterocycle-Cu(II) interactions (X=Cl-) were also explored in DMSO solutions, 

leading to the same products as in methanolic medium. 

The spectral and magnetic characterization of the Cu(II) compouncls let us suggest the 

N(2) and N(7) atoms as respective metallic bonding sites for allopurinol and hypoxanthine. 

For the .S.(6)-purine derivative ligand the same characterization point the .S.(6)/N(7), .S.(6), 

and N(7)/N(9)/S.(6) as the respective metallic bonding sites in its Cu(II) compounds. 

From the competitive heterocycle-Cu(II) interactions carried out, several conclusions may 

be clrawn. vVith regard to the reactions of heterocyclic ligancl substitution, and for al-

lopurinol and hypoxanthine, there was not interchange between these two ligands in the 

respective coordination sphere. Also, the 6-mercaptopurine as first bondeclligancl was not 

substituted from the metallic coordination sphere. On the other hancl, the .S.(6)-purine 

derivative as second and potentialligancl is unsuccessful in substitution of allopurinol and 
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hypoxanythine for X=Cl- or Br-, but it is successful for X=N03. Perhaps the lower 

coordination capacity of this last group contributes to its substitution and the same for 

allopurinol and hypoxanythine by the .5_(6)-purine derivative ligand. 

\Vith regard to simultaneously competitive heterocycle-Cu( II) ínteractions. a roughly 

equivaleJ;J-t competitivity between allopurinol and hypoxanthine by the Cu(II) center was 
', 
\ 

found. Interestingly, the .S.(6)-purine derivatíve was the heterocyclic ligand with the higher 
1 

competitive coordination capacity. This behavior could be associated to the noticeable 

reactivity of this heterocycle through its exocyclic .S.(6) atom. In fact, the distinctive fea-

ture of this heterocycle in its coordination chemistry. is the preponderant involvement of 

that atom as metallic bonding site. This behavior has not been found for the 0(4) or 0(6) 

exocyclic atoms of allopurinol and hypoxanthine in their metallic coordination compounds. 

From all the competitive Heterocycle-Metal interactions carried out, no new Cu(II) com-

pounds ( and no mixed heterocyclic ligands Cu(II) compounds either) were obtained besides 

those yielded by the single reactions. 

The spectral and magnetic studies carried out for the respective Cu(II) compounds with 

allopurinol, hypoxanthine and the .S.(6)-purine derivative obtained in this work, support the 

suggestion for almost all the cases of distorted tetracoordinated environments for the Cu(II) 

centers, and weak axial interactions with ligands from the nearest neighboring Cu(II) 

units. The magnetic characterization for the compounds with the neutral heterocyclic 

ligands is in agreement with the proposition of a structurallinear chain-type arrangement 

through the intermolecular interactions quoted before. These intrachain interactions were 

found to be very weak, of antiferromagnetic character. The metallic counterions anionic 

ligands appear to be responsible of this magnetic behavior, through their participation 

in the superexchange magnetic coupling pathway. For some Cu(II) systems, the halogen 

nature influences the intensity of these magnetic interactions. In other cases, the possible 

spatial disposition of the coordinated heterocyclic ligand difficults that influence. For this 

structural arrangement proposition and from the correspondent magnetic model employed, 
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very weak interchain magnetic interactions were also detected. For the Cu(II) system with 

the deprotonated S.(6)-purine derivative ligand, its spectral and magnetic characterization 

is in agreement with the suggestion of a polynuclear bidimensional framework, being the 

S.(6) and the N(7)/N(9) donor atoms the proposed bridging groups of the Cu(II) atoms. 

For this Cu(II) compound the magnetic characterization leads to the suggestion of very 
' 1 

weak antiferromagnetic coupling between the unpaired electrons pf the Ch(II) centers in 
1 

the two directions proposed. 
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Tables. 

Table l. Products obtained from both single and competitive heterocycle-Cu( II) in-

teractions. a, See analytical results; 1, 11-allopurinol; 2, 12=hypoxanthine; 3, 1 3=6-

mercaptopurine. 

, Table 2. Analytical results of the Cu(II) coordination compounds with allopurinol ( =11 ), 
o 

; hypoxanthine ( =12) and 6-mercaptopurine ( =13 ). 

Table 3. IR bands and assignments for the free ligand allopurinol ( =11 ) and its Cu(II) 

coordination compounds. Abbreviations: S, strong; M, medium; W, weak; V'vV, very weak; 

vbr, very broad; br, broad; s, sharp; sh, shoulder; el, doublet. 

Table 4. IR bands and assignments for the free ligan el hypoxanthine ( =12) and its Cu(II) 

coordination compounds. The abbreviations are the same as in Table 3. 

Table 5. IR bands and assignments for the free ligand 6-mercaptopurine ( =13) and its 

Cu(II) coordination compounds. The abbreviations are the same as in Table 3. 

Figure Captions. 

Figure l. Schematic drawing and numbering of allopurinol (I), hypoxanthine (II) and 

6-mercaptopurine (III). 

Figure 2. X-band (v = 9.786 Ghz) epr spectrum at room temperature of powdered 

Cu(II)( allopurinol)2( Cl)2 ·H2 O. 

Figure 3. X-band (v = 9.78 Ghz) epr spectrum at room temperature of powdered 

Cu(II)(allopurinol)2(Br )2 ·3H2 O. 

Figure 4. X-band (v = 9.244 Ghz) epr spectrum at room temperature of powdered 

Cu( II) ( allopurinol )2 ( l'i O 3 )2. 

Figure 5. X-band (v = 9.244 Ghz) epr spectrum at room temperature of powdered 

Cu(II)(hypoxanthine )2(C1)2. 

Figure 6. X-band (v = 9.244 Ghz) epr spectrum at room temperature of powclered 

Cu(II)(hypoxanthine )2 (Br )2. 
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Figure 7 .. X-band (v = 9.244 Ghz) epr spectrum at room temperature of powderecl 

Cu(II)(hypoxanthine h(='i03 )2. 

Figure 8. X-band (v = 9.244 Ghz) epr spectrum at room temperature and 77 K of 

powderecl Cu(II)(hypoxanthine )2(N03)2. 

Figure 9. X-band ( v = 9. 244 G hz) epr spectrum at room tem perat ure of powclered 
\ 

Cu1, II) ( 6-mercaptopurine) 1 ( Cl h. 

Figure 10. X-band (v = 9.244 Ghz) epr spectrum at room temperature of powdered 

Cu{ H)( 6-mercaptopurine )2 (Br h. 

Figure 11. X-band (v = 9.244 Ghz) epr spectrum at room temperature of powdered 

Cu(II) ( 6-mercaptopurinolate2-) · 2H 2 O. 

Figure 12. x (emu/mol)- T (K) values for Cu(II)(allopurinol)2(Cl)2·H20 (H = 10000 

G ). Dotted line: experimental values; salid line: theoretical prediction from a linear chain 

magnetic model. 

Figure 13. Schematic drawing of the structural features suggested for Cu(II)( allopurinol)2 

( Clh ·H20 and its interactians. 

Figure 14. X (emujmal)- T (K) values for Cu(II)(allapurinalh(Br)2·3H20 (H = 10000 

G ). Datted line: experimental values; salid line: thearetical prediction fram a linear chain 

magnetic madel. 

Figure 15. x (emu/mal) - T (K) values far Cu(II)(allapurinal)2(N03)2 (H = 100 G). 

Datted line: experimental values; salid line: theoretical predictian fram a linear chain 

magnetic madel. 

Figure 16. \ (emu/mal) - T (K) values far Cu(II)(allapurinal)2(N03 )2 (H = 100 G). 

Datted line: experimental values, p = O; salid line: thearetical predictian fram a linear 

chain magnetic model. 

Figure 17. X (emu/mal)- T (K) values far Cu(II)(hypaxanthine)2(Clh (H = 100 G). 

Datted line: experimental values; salid line: thearetical predictian from a linear chain 

magnetic madel. 
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Figure 18. \ (emu/mol)- T (I\:) values for Cu(II)(hypoxanthine)z(Brh (H = 100 G). 

Dotted line: experimental values: solid line: theoretical prediction from a linear chain 

magnetic model. 

Figure 19. x (emu/mol) - T (K) values for Cu(II)(hypoxanthine)2(N0 3 )z (H = 10000 

G ). Dotted line: experimental values; solid line: theoretical prediction from a linear chain 

magnetic model. 

Figure 20. x (emu/mol)- T (K) values for Cu(II)(6-mercaptopurine)1 (Cl)2 (H = 100 

G ). Dotted line: experimental values; solid line: theoretical prediction from a linear chain 

magnetic model. 

Figure 21. Schematic drawing of the structural features suggested for Cu(II)(6-

mercaptopurine h ( Cl )2 and its interactions. 

Figure 22. X (emu/mol)- T (K) values for Cu(II)(6-mercaptopurine)2(Br)2 (H = 100 

G). Dotted line: experimental values; solid line: theoretical prediction from a linear chain 

magnetic model. 

Figure 23. X (emujmol)- T (K) values for Cu(II)(6-mercaptopurinolate2-)· 2H20 (H = 

10000 G). Dotteclline: experimental values; soliclline: theoretical precliction from a linear 

chain magnetic moclel. 
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·-~----·-···-··--·· .. -·-·-·-·-··-----
c1- Br- No;-

--

Reaction1 t ( days) Color Prod.(s)a t ( days) Color Prod.(s)a t ( days) Color Prod.( s )a 

M+L1 ;:=::: 5.0 pale green-blue 1 4.0 dark green 4 8.0 lilac 7 

M+Lz ;:=::: 5.0 deep blue 2 7.0 deep blue 5 8.0 deep blu(' 8 
--1-·-------·--

M+L3 ;:=::: 5.0 dark green 3 9.0 o cree 6 8.0 dark green 9 

[M+L1]+Lz ;:=::: 5.0 pale green-blue 1 5.0 dark green 4 10.0 lilac 7 
------1-----·-------'----

[M+L1]+L3 ;:=::: 7.0 pale green-blue 1 9.0 dark green 4 10.0 dad: green 9 

[M+Lz]+LI ;:=::: 5.0 deep blue 2 5.0 deep blue 5 10.0 deep blue 8 

[M+Lz]+Lg ;:=::: 7.0 deep blue 2 9.0 deep blue 5 10.0 drak green 9 

[M+L3j+L1 ;:=::: 8.0 dark green 3 7.0 o cree 6 10.0 dark green g 

[M+L3]+Lz ;:=::: 14.0 dark green 3 7.0 o cree 6 10.0 dark green 9 

(11 +L2 )+M ;:=::: 8.0 deep blue-green 1/2 8.0 deep blue-green 4/5 10.0 deep blue-lilac 7/8 

(L1 +Lg)+M ;:=::: 6.0 dark green 3 7.0 o cree 6 10.0 dark green 9 

(Lz+Lg)+M ;:=::: 9.0 dark green 3 7.0 o cree 6 10.0 dark green 9 

(L1 +Lz+Lg)+M ;:=::: 6.0 dark green 3 7.0 o cree 6 10.0 dark green 9 

Table 1. 



Formulation Compound Expected Found 
¡ 

1 

%C %H %N 1 %C %H %N 1 
1 i ¡ 
1 1 1 

Cu(Lih(Cl)z·HzO 1 28.30 2.40 26.40 28.60 2.00 25.90 
1 

; 
' 

Cu(L2 )z(Cl)z \ i 

2 29.53 1.98 27.55 29.70 1.80 27.10 
1 1 

Cu(L3 h(Cl)z 3 20.95 1.41 19.55 20.42 1.56 19.43 

Cu(L1 )z(Br)z·3Hz0 4 21.80 2.60 20.40 21.80 2.40 19.10 

Cu(L2)z(Br)z 5 24.24 1.63 22.61 25.58 1.44 23.74 

Cu(L3 )z{Br )z 6 22.76 1.53 21.23 23.00 1.53 21.00 

Cu(L1 )z(N03)2 7 26.12 1.75 30.46 26.33 1.67 29.55 

Cu(Lz )2 (N03 )z 8 26.12 1.75 30.46 26.23 1.94 30.59 

C (L2-} 2H O u 3 2 9 24.05 2.42 22.43 23.76 2.71 21.72 
.¡ 

Table 2. 



Allopurir:o: (_ =L:) : Cu(L 1 h!Clh· H20 Cu¡ L, h(Brl2· :3H20 Cu¡ L: bl 'J03b Assignments 

zJ crn - Cha:ac. ¡ ilcm • 1 Charac. · z/ cm- 1 Charac. i/ Clll- ~ Charac .. 

3500 i W,vbr llOHo 

:3240 ' S.s I'N-H/hydrogen bonds 

3170 VvV,br 3160 ! VvV,br 3170 Sh 3170 Sh llC-H arom./llN-H 

:3110 VW,br 
1 

l1C-H arom./VN-H 

30&0 VW,br; 
1 

3070 VW,br 1 3080 Sh 3080 Sh I'C-H a.rom./l1N-H 

2960 S,br 1 2960 Sh 2950 Sh 2960 1 Sh llc-H arom./llN-H 

1700 S,br 1685 S,br 1690 S,br 1675 ' S,br l'C=O/l'C=C/llC=N 

1595 S,br 1603 }lf,s 1600 )lf,br 1600 )¡{ ,s ' f>N,-H/ jring vib. ' 1 

S,s 
1560 W,br 1540 VW,br 1 

1570 ! ring vib. 
1510 W,br 1505 W,br ' i 

1390 S,br , 1403 }lf,s 1400 1410 VW,s 
1 

ring vib. 1 
1 

137ú S,s 1383 )lf,s 1350 1340 VW,br pyrazolic ring vib/l'C-N j 

1290 W,s ring vib.fl'C-N ; 
¡ 

1260 VW,s i 
1240 S,br 1253 )lf,br 1200 }lf,br A" bc-H/l'c-c/l'c-N 

1 

}lf, br 
1 

1240 l 

1230 S,br 1230 Yf,br 1225 Yf,sh A" f>c-H/llc-c/z'c-N 1 

1161) W,br 1143 vV,s 1153 W,br 1165 W,s A" f>c-H/A" DN-H 1 
J 

A" f>c-H/ A" ÓN-H 

1081) :\I,br C-H vib. 

C-H vib. 

960 S.s 975 :'l:f,s 970 VW,s 940 W,br pyrazolic ring vib. 

950 VW,s 

935 VW,br ring vib./C-H vib. 

915 S,s 915 )¡{ ,s 910 W,s 910 VW,br rin vib./A" ÓN-H 

885 S,br 860 W,br 
870 
850 

VW,s 870 W,br ·rc-H/ring vib. 

815 :\I,br 823 W,s /C-H 

785 S.s 790 )lf,s 770 Yf,br 780 W,s ring vib./C-H vib. 

710 S.s 717 W,br 720 VW,br 700 W,s C-H vib. 

690 W,br 
C-H vib. 

680 W,br 

605 S,s 620 :\f,s 595 J<[,s ring vib. 

573 )lf,s 570 \V,s ring vib. 

550 1f,s 550 )lf,s .565 Yf,s 550 )¡{ ,s skelet. vib. 

540 1I,s 525 :\1 ,s skelet. vib. 

455 VW,br skelet. vib. 

326 :\1,s 390 W,s 400 )¡{ ,s 400 .\f ,s skclct. vib. 

220 V\V.br 225 W,br 215 W,br 225 VW,s skelet. vib. 

210 VW,br 210 W,br 210 W,br skelet. vib. 

336 :\f ,br l'c u-liga.nd 

320 YI,br 326 )¡{ ,s 310 :\I,br l'Cu-ligand 

300 :\f,Sh 290 W,s 300 W,s l1Cu-ligand 

265 :\1,br 285 )lf,br llCu-ligand 

253 )lf,br l'Cu-ligand 

'Íablt1_1 



6-oxopurme !=L2l 1 Cu(L )2(Clb ¡ ! 
¡--- - Charac. Charac. vcm - . l 11 cm-· ' 

3540 W,s 

3480 W.s 

;3140 W,s 3140 Sh 

3050 W,br 3060 Sh 

2960 S,br 2960 S,sh 

1670 1 S.br 1690 S,br 

1583 :.Vf,br 1603 W,br 

1516 VW,br 1550 W,br 

1 1424 i - ' i 1415 ! :\1 br - , 
1 

! 1380 
1 

Vi,s 
1 

1390 ! :.vf,br l i 1 

1 

1 :.VI,s ' 1330 1 :.vf,br 
1 

1350 i 
1 1 ! i 

' 
1 1 1 1 1 

- - - -

i 
1276 l :.Vf,s 

1 
1260 

1 
W,br 

1 ! 
1 1215 1 S,s 

1 
1190 1 S,br 1 

1 1 ! 

! l 
:.vis i 1153 :\f S 1170 1 

1140 :.vf,s 1105 :.vf,s 
¡ 

1 1 

! 

1 1 - - -
1 

-

1 
1 VW,br 

1 i 966 ! :.VI,br 970. 
1 

i f i 950 1 VW,s 

1 

1 
910 1 VvV,br 1 1 

¡ ¡ ! 935 1 VW,s 
' 

1 1 

1 

893 S,s 896 ! VW,br 1 
' 1 

1 

1 
800 ! W,s i 

793 :.Vi,s ¡ 
1 ! 1 790 ! :.vf,s 

! 1 726 
1 

W,br i ¡ 
1 

- ' 
- 1 1 i l ! 705 ! W,s 

' l 
1 

646 
1 

:.VI,s 650 :.vf,s 

633 :.vf,s 625 VW,s 

566 :.vf,s 

525 W,s 

W,br 

367 :.vf,s 

345 W,s 

! 243 ! VW,br 
1 

! 250 W,s 

! 223 VW,br j 225 VW,br 

1 
210 VW,br 210 VW,br 

298 S,br 

Cu!L2 h(Br)2 

ü cm- 1 1 

:3520 

3460 

3160 

3120 

3060 

2920 

1670 

1585 

1530 

1400 i 
1370 ! 
1320 1 

1300 1 

1250 1 

1175 1 

1155 1 

1095 ¡· 
- 1 , 

960 ; 

920 1 
l 

885 1 
! 

780 i 
1 
1 

715 
1 
i 690 ! 

635 

540 

445 

400 

- ¡ 

225 

210 

280 

Charac. 

vV,s 

W,s 

Sh 

VW,s 

VW,s 

S,sh 

S,br 

W,br 1 

VW,br 1 

11 br j , 
1 

:.vf,br 
1 

:.vf,br 1 

:.vf,sh 1 
1 

W,br 
1 

S,br 
1 

);f br 
, 
1 

W,br 

-

VW,br 1 

1 
VW,br 1 

1 

VW,br 
1 

' 
VW,br l 
VW,br i 
VW,br 1 

:.Vf,br 

:.vf,br 

W,br 

:.vf,br 

- 1 

VW,br 1 

VW,br \ 

S,br 

Cu(L2)2(:'W3)2 Ass:gnments 

11 cm-1 / Charac. 1 

n.a. 

n.a. 

3460 );f,sh n.a. 

11C-H arom./I"N-H 

3200 W,br IIC-H arom./IIN-H 

3090 W,s Vc-H arom./IJN_ H 

2960 S,sh 

1690 S,br 

1520 

1400 
1 

:.vis , i ring vib jv /b 1 C-N N-H 
- 1 - 1 ring VÍb./IIC-N/ÓN-H j j 
- - ¡ ring vib.Jvc-N/bN-H 

í ring vib./vc-N/DN-H - -
1 

1250 S,br ! ring vib./vc-N/hN-H 

1200 W,s 1 ring vib.j11C- N/ÓN-H 
1 

1135 VWs i rinu vib./11 _ ./{¡ -o , C N, N H 1 

1110 :.vf,br ring vib./IIC-N/DN-H 1 

1 

1 
1085 :.vf,sh ! ring vib.jllC-N/ÓN-H 

945 VW,s 1 ring vib.fbc-H 

920 :.vf,s 
1 

rin vib./C-H vib. 
1 

1 1 
1 870 VW,br ring vib./C-H vib. 

1 1 
1 

1 800 :.vf,sh 1 ring vib./C-H vib. i 

1 

1 

1 
1 

1 J 
- - C-H vib. 

650 W,d C-H v:b./skelet. v:b. 1 

610 S,br C-H vib.jskelet. vib. 

C-H vib.jskelet. vib. 

:\-I.br C-H vib.jskelet. vib. j 

skelet. vib. 

skelet.. vib. 

375 :.vf,br skelet. vib. 

355 VW,sh skelet. vib. 
1 

243 VW,br 1 skelet. vib. 

220 VW,br / skelet. vib. 

210 VW,br \ skelet vib. 
1 

300 :.vf,d llCu-ligand 

280 :.vf,d 11Cu-ligand 



6-rnen:-a;;topurin~ ( =LJ ). Cu(L3)(Clb Cu( L3l2( Brb Cu(q-)-H20 Assignm.onts 

if cn1 - - Charac. ¡1 cm- 1 \ Charac. V cm- 1 : Charac. licm Charac. ¡ i 

;3425 .\f.br lfN-H arom. 

3400 W,sh l'C-H arom 

:3140 W,sh :3130 Sh llC-H arom./VN-H 

:3090 W,sh 3090 Sh 3090 W,br Vc-H arom./l'N-H 

29eo S,sh 2960 S,sh 2940 S,sh l'C-H arom./l'N-H 

l610 S,br 
1625 
1600 

S,d ÓN 1 - H/llC=C /l'C=N 

1610 S,br 1580 S,br l'C=C/l'C=N 

1-57~ S,br 
1580 

1550 
VW,d llR-N-C=S (I) 

1543 S,s ÓN,-H 

1520 W,br l'C=N/ring vib. 

1410 S,s 1410 Sh 1385 S,sh 1400 S,br vc-N/I'c-c/ring vib. 

1345 J¡f ,s 1340 Sh 1335 J,f ,s I'R-N-C=S (Il) 

1300 Sh n.a. 

l'J75 - .\f,s 1250 
1 

Sh 1300 VW,br I'C N/ring vib. -
- - - - ¡ 1250 1 Sh l 1250 ! Sh n.a. 

; 

1 122ú ; S,br 1215 J,I,br 
1 1210 J,f ,s 

1 1220 i J..f,br ÓcNc/óNcN/ring vib. ' 1 
' 1 

' ! sh u- Wsh 1175 ' J..f S i 11 5 1 Sh rina vib. 1 1 11 -W, 8 c_s/ o 

ll15 vV,br 1130 W,sh 1130 vV,s llR-N-C=S ( III) 

1040 VW.br n.a. 

1010 .\1, br 970 W,br 1033 J..f,s 1025 VW,br óc-H/óc-N/ring vib. 

930 J..f,br 900 W,br 970 960 VW,br óc-H/imidazolic ring vib. ! 

870 .\f,br W,br 900 VW,br Óc-H/ring vib. 

780 W,br W,br 770 Óc-H/ring vib. 

720 n.a. 

675 vV,s 675 Sh vc-s/ring vib. 

650 }f,s 643 W,s 640 J,l,br 645 W,d vc-s/ring vib. 

600 :Yf,s 606 VW,br 605 J,f ,br skelet. vib. 

579 ::Vf,s 573 VW,br 570 J..f,br 575 W,br skelet. vib. 

552 W,s 555 VW,br J..f,d skelet. vib. 

518 \V,br 515 VW,s 505 VW,br j 518 W,br skelet. vib. 

425 W,br 440 VW,br 456 J..f,br i 425 VW,s skelet. vib. 1 
1 

324 J..f,br 317 J,I,br skelet. vib. 

296 }f,s 293 :Yf,br 306 :Yf,br 300 J,I,br skelet.. vib. 
' 

270 11,s ¡ 
n.a. 

252 W,br 

237 1f.br 230 J,I,br 230 J,f ,br 240 J,l,s skelet vib. 

170 ::Vf,br 190 J..f,br 200 1f,br skelet. vib. 

108 ::V1,s 147 115 S,br skelet. vib. 

77 S,s skelet. vib. 

324 J..1,br 11Cu-ligand 
' : _¡ 

293 1 J,l, br : ' 270 J,I, br i i - ; - - 1 - 11Cu-ligand ! 
- ! - 230 J,I,br 230 J,I,br 216 J,l,s l1Cu-ligand 

- 1 - - - 115 S,br - - 11Cu-ligand 
¡ ..,... \ fl 
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Abstract. 

Single and competitin' purine derivative and isomer-C'u( II) reactions \Vere carried out in 

methanolic medimn. In these. the polyatomic anions so¡-. ClO¡ and CH:3C'02 as metallic 

counterions \vere employed. )Tew C'u(II) compounds with the respective heterocyclic li-

gands allopurinoL hypoxanthine and 6-mercaptopurine were synthesized ancl characterized. 
' 

In all the cases the spectral and magnetic stuclies are in concorclance \Vith the existence 
1 

of very weak antiferromagnetic coupling in the solicl products. The linear chain magnetic 

model of coupled S=l/2 spins describes successfully the respective magnetic response; the 

magnetic parameters obtained are associated both to intrachain and interchain magnetic 

couplings. In this behavior. the polyatomic anions and heterocycles appear to play the 

critical role in the correspondent superexchange magnetic coupling pathways. 
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I. Introd uction. 

Allopminol ( 1H-pyrazolo[3..±-djpyrimidine-4-one. I). hypoxanthinP (6-oxopnrine. II¡ ancl 

6-mercaptopurine (III) are interesting heterocycles (Figure 1) from diverse points of view. 

Both pharmacological ancl biochemical [1-3] . ancl their metallic boncling behavior [4-6] 

motivations have been detected up to date. In coordination chemístry, for example. theír 
\ 

several metalli
1
c bondin0°' sites, the metal:heterocvcle stoichiometries. the structural charac-' . 

teristics and the spectral ancl physical properties of the respective coordination compouncls 

show a close clepenclence on both the nature and characteristics of the metallic center ancl 

the experimental conditions carriecl out. 

Figure 1 

As part of our research program concernecl to heterocycle-metallic center interactions, we 

have focused our attention on the purine clerivative and isomer - Cu(II) interactions, in 

competitive reactions of these liga.nds towards the meta.llic center a.nd under systema.tica.lly 

modified rea.ction conditions. To our knowleclge, there are no studies of this type reported 

in the litera.ture, a.nd we ha.ve considered that these studies wou~d represent a methodology 

to explore some aspects of the kinetic ancl thermodynamic stabilities of these interactions. 

ancl their correspondent coordination compouncls. and also some of their physical proper-

ties. 

In this theme, we ha ve recently explored certain heterocycle-Cu( II) intera.ctions in 

methanolic meclium, employing the heterocyclic ligands allopurinol. hypoxanthine ancl 

6-mercaptopurine [/] , both in single and competitive l\1-Ligand interactions. ancl also 

changing the nature of the metallic counterions (X=Cl-. Br-. :\O;-). From these studies 

the higher reactivity of 6-mercaptopurine has been clecluced. also clepending on the anion 

employed. Continuing with the exploration of this problem, we report here the second 

part of these heterocycle-Cu(II) interactions, ancl employing SOi-. ClO.J and CH3 C02 as 
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nlf'tallic rounterions. Also. the spectral and magnetic characterization of tl1P correspondPnt 

CU! II 1 compounds is discussed. 

II. Experirnental Section. 

A) Reagents. 

The metallic salts. heterocyclic ligands and soh·ents were analytical grade and comrr¡_ercially 

acquired. :\11 were useci with no further purification. 

B) Single and Competitive Heterocycle - Cu(II) interactions. 

l) Single heterocycle - eu( II) interactions. 

For this type of reactions, the respective heterocyclic ligand was dissolved in 100 mL of 

eH3 OH under stirring and boiling at refluxing ( atmospheric pressure ). To the resulting 

solution. one mmol of the respective metallic salt (previously solvated in ca. 10 mL of 

eH3 0H) was added, and at the same experimental conditions a suspension (except for 

Cu(II), X=CH3 CO;- and hypoxanthine: see below) was formed. With time. and without 

additional changes, the respective suspension was filtered off, and the solid product was 

\vashed >vith boiling CH3 OH. The solid product was kept for 8 hours at 100° e ( except for 

the reactions with X=el04 where 37° C ancl 24 hours were applied). The total reaction 

times ancl colors of the respective proclucts obtainecl in this step, are shown in Table l. 

Table 1 

In a typical reaction 1 mmol of solvated allopurinol ancl1 mmol of solvated eu( ClO 4 b e6H2 O 

were kept uncler the above reaction conclitions. In the reaction initial step. a pale blue 

solution \Yas formecl. >vhich after 12 hours evolvecl to a lilac suspension. 10 clays after ancl 

\Yithout adclitional changes. the hot suspension was filterecl off. ancl the solicl product was 

\Yashed ,,·ith boiling eH3 OH. The procluct (lilac) was kept at 37° e for 24 hours. without 

changes. 

The reaction between hypoxanthine and e u( CH3 e o;- )z eH2 O was performed at the same 

abm·e conditions. and it yields a deep green solution with time (11 days). The resulting 
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solution vvas kept at slow evaporation. resulting in a deep green oil. which was clried. The 

deep green solid was washed !at room temperature) vvith .)0 mL of CH-3C02 (C' 2 H,) and 

in respective (F:1/) ratios of 8:2.6:4.4:6 and 2:8. Finally. the solid was washecl with 50 mL 

of C2H5 0H. The solid was suspended in 50 mL of C2H.5 0H. kept at boiling temperature 
' 

and 'refl.ux. resulting a deep green suspension. 24 hours later and under these conclitions. 

the suspension was filtered off. ancl the deep green solid was isolated ancl washecl \Vith 

hot C2H5 0H. The resulting solicl (deep green) was kept at 100° C for 8 hours. without 

changes. 

Finally, in the hope to explore ather experimental canclitions for some Cu(II)- allapuri-

nol interactions. which caulcl result in other procluct than Cu(II)(allopurinolate-)(OH-) 

campound 1 in Table 1 ), one successful technique was founcl for the Cu(II) (X=So¡- )-

allapurinol interaction. This was as fallows: 1 mmol of allapurinol was clissolved uncler 

heating at boiling temperature in 100 rnL of clriecl CH3 OH. the refl.ux maintained at dryness 

conclitions. At these conditions. 1 rnrnol of CuS04 e5H20 was aclded, forrning a pale green-

blue suspension. At the same canclitians and with no changes in the following 8 hours, 

the hot suspension was filterecl off and the solid obtainecl was washecl with hot CH3 OH. 

hat C'2H5 0H and finally with hot (CH3 )2C'O. The pale blue solid was kept at 100°C for 

8 hours, resulting in a pale green solid ( thís product is labeled as 7 in Table 1 ). No com-

petitive heterocyclic reactíons (see below) with this Cu(II) campauncl were explored. The 

rorresponclent characterization af this product appears in Results and Discussion. 

2) Successively competitive heteracycle - C'u( II) ínteractíons. 

Far this type of reactians. a C'u( II) carnpaund was first synthesízed wíth a specífic hetera-

cyclic ligand (reactian types in part 1 ). The purifiecl compound obtained was microana-

litically stuclied to abtain its empilical forrnulation. Considering a manonuclear character 

far this, a seconcl interaction ( caardinatian compound-secancl heterocyclic ligand) in a 1:1 

molar ratio was explared at the same conditions as in 1 ). The correspondent salid obtainecl 
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\Yas also treated as before (except for the reactions with X=ClO;¡. for which T = 37°C 

ancl 2--l: hours v>ere appliecl ). The total rPactíon times for the second step ancl the colors of 

the respecti...-e proclucts obtainecl are shown in Table l. 

In a typical reaction. 1 mmol of the product ( 2) ( Table 1) was suspended in 100 rnL 

of boiling CH3 OH under refl.uxing. To the pale blue suspension 1 mmol of the second 

heterocyclic ligancl ( 6-mercaptupurine) was addecl. forming at these conditions a pale green 
1 

suspension. which after 2 hours changecl to green-yellow. Maintaining the reaction mixture 

for 10 clays without changes at the same conclitions, the hot suspension was filterecl off, 

and the solid isolatecl was washed with several portions of boiling CH3 OH. The solicl (dar k 

green) was kept at 100° e for 8 hours. without changes. 

3) Simultaneously competitive heterocycle- Cu(II) interactions. 

For this type of competitive reactions, the respective heterocyclic ligands were previously 

solvatecl in boiling CH3 OH uncler refl.uxing. To the respective solution obtainecl, the cor-

respondent metallic salt was addecl. The stable reaction mixture with time, was filtered in 

hot. and the solid product was washed with boiling CH3 OH. The solid procluct was kept 

at 100°C for 8 hours. The total reaction times ancl colors of the products obtained are 

shown in Table l. 

In a typical reaction, 1 mmol of hypoxanthine and 1 mmol of 6-mercaptopurine were 

solvatecl in 100 mL of CH3 OH under refl.uxing. To the solution obtainecl, 1 mmol of 

CuS04 e 5H2 O was aclcled, forming a green suspension. 4 clays after the suspension acquired 

a green-yellmv color:2 clays after the color changed to ocree. ancl 5 clays after it turnecl to 

brown- orange. without changes for 4 aclditional clays. The hot suspension was filtered off, 

and the solid product isolated was washed with boiling CH3 OH. The solicl (dar k green) 

was kept at 100°C for 8 hours without changes. 

C) Physical measurements. 

-:..licroanalytical results ( C.H.N) were obtained by the Chemistry Department at the "Cni-

versity College of London. Analytical confirmation was performed by the Department of 

Chemistry, University of Sheffield (microanalysis service ). 
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-Infrarecl (IR) spPct ra in the 4000-200 cm -l rangP were obt ainecl as -:\ ujol mulls usmg 

Csi plates ancl employiEg a 399-B PPrkin Elmer spertrometer. Confirmation of the luw-

energy IR data was carried out employing a 1-±0 FT IR :\icolet spectrometer (hig;h clensity 

polyethylene pellets in the 600-70 cm -l range ). 

-Electronic spectra (200-1100 nm) of the powclered samples were measured by the specular 

' 
reflectan~e method in a 160-A Shimadzu spectrometer. using quartz windows and BaS04 

as reference. 

-Thermogravimetric results were obtained employing both a DT-30 Shimadzu balance. ancl 

a 2100 Dupont equipment (N2(g) as ca.rrier fluid, 5 °C/min as heating rate). 

-EPR spectra (X-ba.nd) ofpowderecl samples were performed in a 200-D Bruker spectrome-

ter, both at room a.nclliquicl nitro gen temperatures. The g values were stanclarclizecl against 

the absorption of cliphenylpicrylhyclrazine (DPPH). 

-Magnetic susceptibilities of samples at room temperature were measurecl using a Johnson 

Matthey balance ancl employing Hg[Co(SCN)4 ] as ca.librating agent. 

-The temperature variable magnetic susceptibility measurements were carriecl out using a 

SQUID MPMS-5 Quantum Design Magnetometer. from 2- 300 K. ancl several magnetic 

fi.elcls ( 100 to 10000 G ). The magnetic susceptibilities were correctecl for the cell ancl sample 

cliamagnetic contributions. The mean standard cleYiations of the magnetic measurements 

were three orders of magnitucle lower than the elata stucliecl. 

III Results and Discussion. 

a) Analytical Results. 

The analytical elata ancl formulations of the respective coorclination compouncls obtainecl 

in this stucly, are listecl in Table 2. \Vith regracl to these, the compouncls ( 1) ancl ( 3) have 

been also preYÍously obtainecl and characterized in relatecl studies (4.7 .8] and are only 

quoted here. 

Table 2 
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b) Compounds Obtained. 

1; Sin2;le heterocycle - Cu( Il) interactions. 

For all the reactions explored here ancl also for those of the precedent study[l]. Cu(Il) 

compouncls with the respective heterocyclic ligands v\·ere synthesized. Also. ancl except for 

two cases. the starting rnetallic counterions exist in the corresponclent rnetallic q:nnpouncls. 
' 

The t\VO cases where this behav-ior is not founcl. corresponcl to the polynucle~r systems 

Cu( L;- )(OH-) ancl Cu(L~- )e2H2 O. for which the deprotonation of the heterocyclic ligancls 

occur. The synthesis of the last polynuclear compound is noticeable. independently of the 

polyatornic metallic counterions employed. A dependence of the anion nature was also 

founcl in the previous study[7]. The formation of the first polynuclear compound quotecl 

abo·ve. could be also related to the experimental conditions ancl the basic properties of 

the rnetallic eounterions employed; those with higher basic character (so¡- or CH3 C02) 

appear to be in part associatecl to the cleprotonation of the heterocyclic ligancl. The 

influence of H2 0 in the solvent CH3 OH is also decisive; the absence of the former avoids the 

deprotonation of allopurinol. favoring product (7). Analogous attempts for the homologue 

reaction with the CH3 C02 anion in anhydrous conclitions were not tried. \Vith regarcl 

to the Metal:Heterocycle stoichiometry. the most frequent is the 1:1 ratio. This ratio 

is in agreement with the polynuclear character of the cornpounds. both the previously 

stucliecl[4,7 ,8] and the ones discussed in the present stucly ( see below ). 

2) Successively competitive heterocycle- Cu(II) interactions. 

In these reactions both allopurinol and hypoxanthine do not show capability of hetero-

cyclic ligan el substitution. The heterocycle that shows this property is the S_( 6 )-purine 

deri,·ati,·e. forming the Cu(L~-) system. This product does not shmv reactivity towards 

other heterocyclic substitution reactions. As it was cliscussed in the pre>:ious stucly[8]. 

the deprotonation of the S_( 6 )-derimti,·e and its metallic coordination through both the 

exocyclic S.( 6) atom and the N atoms of the five-mernbered ring. leacls to noticeable kinetic 

and therrnoclynamic stabilities of this Cu( II) compound. 
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3 J Simultaneously competitive heterocycle- Cu( Il) interactions. 

For this type of reactions tlw S_( 6J-deriYati\·e is the heterocyclic ligand \vith the higher 

mPtallic bonding capacity. forming the Cuí q-) system quoted before. On the other 

hancl. allopurinol and hypoxanthine show alternate metallic boncling capabilities. being the 

nature. of the metallic counterion employed and the cleprotonation state of the heterocyclic 

ligands sorne of the main factors that play a critical role in the formation of the specific 
1 

Cu(II) compound. For X=ClOi. where the respective Cu(II) compouncls with allopurinol 

and hypoxanthine contain the neutral heterocyclic ligands. the favorecl system ( compouncl 

(4)) is the one that corresponcls to the Cu(II)(N)4 type (see below). 

e) Thern1ogravimetric Results. 

Cu(II) coordination compounds with allopurinol. 

Cu(II)( allopurinol)( so¡- )(H2 O). 

This compound shows a first mass loss step at ca. 167 °C. Continuing with the increase of 

temperature a seconcl, noticeable and very complex path of mass loss starts at ca. 276°C 

and finishes at ca. 570°C. The first step is in good agreement with the process: 

Cu(II)( allopurinol)( so¡- )(H2 O)~ Cu(II)( allopurinol)(So¡-) 

The temperature for this step would be in full agreement with the participation of the 

H2 0 molecule in the coordination sphere of the Cu(II) compouncl. The limit of thermal 

stability for the resulting Cu(II) system appears to be ca. 276°C. 

Cu(II) coordination compounds with hypoxanthine. 

Cu( II)(hypoxanthine )(so¡-)( H2 O). 

The compound shows a step of constant mass from room temperature until /5°C. From 

this temperature and until ca. 205°C a mass loss step is observecl. Upon increasing the 

temperature and starting from ca. 265°C an abrupt. complex ancl noticeable mass loss 

step is observecl until ca. 530°C. The first step of mass loss lies upon the 75-205°C range, 

and the average temperature (ca. 140°C) coulcl be interpretecl as that. involving the loss 

of a H2 O molecule from the metallic coordination sphere in t.he original compound. The 

limit of thermal st.ability for the resulting system would be ca. 265°C. 
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Cn( II)( hypoxanthinate- )( CH3 C02 ). 

The thermogra,-imetric data of this compounds are very complex. showing a continue 

mass loss with temperature. This very complex process noticeably starts above 1Q0°e. 

ancl continues above 600° e. The shape of the mass-temperature ancl first clerivati,-e curves 

clifficult a clear assignment of the steps there observecl. 

d) Infrared Spectral Results. 

The IR elata ancl bancls assigmnents of both the free allopurinol [9] ancl hypoxanthine 

[1 0-17] and their Cu( II) compounds here reportecl, are listed respectively in Tables 3 and 

4. 

Table 3 

Table 4 

Cu(II) coordination compounds with allopurinol. 

Cu(II)( allopurinol)4( elOi h. 

The IR spectrum shows noticeable differences with respect to the one shown by the free 

heterocyclic ligand. However. the spectral behavior of the bancls associatecl to vibrational 

mocles of the C( 4)=0 ancl N( 5 )- H groups let us suggest the non involvement of these in the 

metallic boncling. The spectral changes quotecl before are relatecl to several vibrational 

mocles of enclocyclic groups, suggesting us the participation of enclocyclic atoms in the 

metallic coorclination of the heterocycle. The remarkable perturbation of the ~e-H group 

,-ibrational mocles coulcl be relatecl to its involvement as a nearest neighboring group to 

the metallic boncling site. Relatecl to this. the spectral behavior of the ::\(5)-H group let 

us suggest the non participation of the :-J(/) atom of the pyrimiclinic ring in the metallic 

boncling. This coulcl leacl to suggest the involvement of ~ atoms of the pyrazolic ring in 

this process. Of these. the spectral information allow us to propase the :-J(2) atom as the 

possible metallic bonding site of allopurinol. 
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ClO~ IR bands. 

1n the IR spectrum bands attributed to vibrational mocles of the ClO; group also appear. 

The spectral information for this group let us suggest its existence as ionic ClO;. The 

strong and broad bancl centerecl at ca. 1095 cm-1 is assignecl to (V3) of ClO; in a Td sym

.metrv. Also, the weak bancl centerecl at ca. 645 cm -l is attributecl to the ( v,¡j vibrational 

~1ocle of ClO; in the same symmetry [18-28]. 

In the low-energy region the spectrum shows a broacl bancl with peaks at 285. 275 ancl 265 

cm -l. This bancl is associated to ve u-:-:. 

\Yith this spectral information, the metallic bonding of the allopurinol molecules through 

the N(2) atonls ancl the existence of ClO; as ionic groups are suggested. In this proposition, 

the Cu(II) compouncl has a Cu(II )(X )4 character. 

C'u(II)(a1lopurinol)(SO~- )(H2 O). 

The IR spectrum shows noticeable clifferences \vith respect to the correspondent spectrum 

of the free heterocycle. Differences are also clue to the bands of the so¡- group. Regarcling 

to the coordinated heterocyclic ligand. the bands appearing at 1698 and 1606 cm-1 let us 

d.iscard the involvement of the exocyclic 0(4) atom and the ~(5)-H group as coordinating 

sites. Several modifications of the bancls associated to vibrational mocles of ring and 

endocyclic groups (N-H and C-H) in the 1600-600 cm-1 range are evident. This spectral 

information would be in agreement with the metallic bonding of the heterocycle through 

::\ atoms. From these, those corresponding to the pyrazolic moiet:y appear to be the most 

probable ones, in particular the ~(2) atom. 

so¡- IR bands. 

In the 1200-500 cm -l range, the bands assigned to vibrational mocles of the coorclinatecl 

so¡- group appear. The three strong bands at 1196, 1115 and 1071 cm -l are attributed to 

(113 ) ofthe so¡- group in a C2 t' symmetry. The bancl appearing at 991 cm-1 is assigned to 

1 ~,1 ) for so~- in the same symmetry. The bands at 669. 587 and 560 cm-1 are attributed to 

( v4 ). Finally, the bancl at 4 75 cm - 1 is assigned to ( v2 ). The spectral pattern of these bancls 
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c:.nd their characterization are in full agreement with the spectral stnclif's of coorclination 

compounds vvith the bridging bidentate so¡- ligand in a c2l" symmetry [28.29]. 

\Yith regard to the vcu-Ligand vibrational mocles, the broad bancl centered at ca. 385 cm- 1 

is assignecl to vcu-OH
2

• in agreement with the thermogra\·imetric results. The band with 

peaks at 304, 296 ancl 286 cm- 1 is suggested to contain the vcu-}; vibrational mode. 

Cu(II) coordination compounds with hypoxanthine. 

Cu(II.l(hypoxanthine )(So¡- )(H2 O). 

The IR spectrum shmvs noticeable clifferences with respect to the one shown by the free 

heterocyclic ligand. These correspond both to the electronic perturbation of the same 

heterocycle coordinatecl ancl the bancls attributed to vibrational mocles of the so¡- group. 

The strong and broad band appearing at ca. 1120 cm - 1 , which can be assigned to vc=O as 

the major contribution, is shifted to higher frequency than the corresponclent to the free 

heterocycle. The shift to higher frequencies is inclicative of heterocyclic metallic bonding 

through the N(3) atom of the pyrimidinic ring. Also, this let us discard the participation 

of the exocyclic O( 6) ato m as a metallic bonding si te. The spectral information al so 

let us discard the role of the N(l)-H group as coordination site. In the 4000-600 cm-1 

range several spectral changes occur. The spectral characterization is inclicative of the 

participation of endocyclic atoms in the metallic bonding. The noticeable changes in 

several bands associatecl to C-H group vibrational modes let us consider its participation 

as nearest neighboring to the metallic bonding si te( s). 

so¡- IR bands. 

In the 1300-900 cm-1 range. characteristic bancls attributecl to (u3 ) and (z;r) ~.-ibrational 

modes of the bridging bidentate so¡- group appear[28.29}. The strong bancls appearing 

at 1180, 1160 and 1053 cm - 1 are attributed to ( V3) for so~- in the c2t• symmetry. The 

band appearing at 920 cm - 1 is assignecl to ( v1 ). The bands appearing at 640, 620 and 600 

cm-1 are attributed to (z;4 ). Finally, the bancl at 485 cm- 1 is associatecl to (1.12 ). 
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\Vith regard to the z;cu-Ligand \·ibrational rnocles. the band at 428 cm- 1 in tbe lmv-energy 

spectrum is attributed to the ve u -OH
2 

vibrational mocle. in concorclance with the thermo-

gravimetric studies. The band of complcx structure with peaks at 285 ancl 215 cm -l is 

suggested to contain the vcu-:-: vibratioúal mode. 

vYith the above SI)ectral information. the metallic coordination of hvi)OXanthine throuo·h 
" e 

enclocyclic sites ( e.g .. the N(3) atom) and the participation of the so¡- group as briclg-

ing ligan el is proposed. The metallic bonding of the H2 O molecule suggested from the 

low-energy IR spectrum. is in concordance with the thermogravimetric results for this 

compound. 

Comparing the IR spectrum of this compound vvith that of the previously reported[14] 

system Cu(II)(hypoxanthine)(SO¡-)(H2 0) (and for which the structural characterization 

as a bidimensional polynuclear network has been made) these appear to be the same. The 

structural characterization consiclers the metallic bonding of hypoxanthine as bridging 

ligand through the N(3) ancl I\(7) atoms and the same bonding behavior for the so¡-

group. Coordination of the H2 O molecule is also established in that study. 

The IR spectral information quoted and discussed befare is in full agreement with the 

structural characterization. Also, it represents a complete spectral characterization of 

the bands both of the heterocyclic ligand and the so¡- group as bridging ligands. The 

spectral information in the low-energy region also represents the IR characterization of 

this compound. 

Cu(Il)(hypoxanthine )2( ClO~ b. 

The IR bands of hypoxanthine coordinatecl show remarkable changes in the patterns of 

frequency ancl intensity, related to the bancls shown by the free ligand hypoxanthine. Also. 

noticeable changes in the IR spectrum are due to the C'lO; bands. \:Vith respect to the 

coorclinated heterocycle. the characteristics of the bancls at 1680 ancl 1600 cm -l let us 

cliscard the involvement of the exocyclic 0( 6) and )í( 1) atoms as coorclinating si tes. The 

spectral behavior of these bands also let us exclude the role of the :N"(3) as the metallic 
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honrling atom. The remarkable moclifications of bands associatecl to ring and C-H e;roup 

vibrational rnodes let us suggest the ;\ atorns of the five-memberecl ring as the metallic 

bonding sites. 

ClOi IR bands. 

The spectral beha.Yior of the ClO i bancls is in full agreen;ent with its character as monoco-
1 

ordinated ligand[18-28l. The stron0o·. broacl ancl asvmmehic bancl with peaks at 1085 ancl 
.._.. =- J .., \ 

1050 cm-1 is assignecl to (v3 ). The bancl at 925 cm-1 is attributecl to (v1 ). The meclimn 

bands at 640 ancl620 crn- 1 are attributecl to (v4 ). Finally. the weak bancl at 465 cm- 1 is 

assigned to ( v2 ). All this IR information for these Cl04 bancls is in agreement with a C3 v 

symmetry for this monoanionic ligancl. 

The vcu-Ligand vibrationa.l mocles are founcl in the 400-200 cm-1 range. The bancl at 300 

cm-1 is attributed to the vcu-OClOa vibrational mode. The broacl bancl at 286 cm-1 is 

assigned to the vcu-N vibrational mode. 

Cu(II)(hypoxanthinate- )( CH3 COz). 

The IR spectrum of this Cu( II) compound is very different from the free heterocyclic 

ligancl one. Differences in the spectral pattern are also due to the CH3 COz bands. vVith 

regarcl to the coorclinated heterocycle. clrastic spectral changes are shown. For example, 

the strong and broacl bancl at 1670 cm- 1 in free hypoxanthine. it is not clearly detectecl in 

the IR spectrum uncler cliscussion. This same behavior is founcl for the band at 1583 cm-1 

in the IR spectrum of free hypoxanthine. Noticeable suppression of bancls attributed to 

several enclocyclic groups vibrational modes is also found in the spectrum here cliscussecl. 

The spectral pattern is in concorclance vvith a clrastic moclification of all the heterocycle. 

relatecl both to its deprotonation and metallic boncling. 

The presence of the CH3 C02 group is cleducecl from the broad ancl strong bancls with 

positions estimated at ca. 1625 and 1335 cm-1 . Theü frequency would be in a.greement 

with the spectral behavior of coorclinated CH3 C02 ligand[28]. The respective assignrnents 
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for these bands are V-\( coo-) and vs( cocr ). The spectral charactPristics of the first 

band clifficults the clear observation of the bands a.ttributed respectively to the 1/C(tiJ=O 

and 6~< 1 l-H vibrationa.l rnodes quoted a.bove, a.ncl also its exact frequency. 

In the low-energy IR spectrum. a broad band with peaks at 303. 290 ancl280 cm- 1 appear. 

This bancl coulcl he assigned to the 1/cu _ 0 ( CH:3 C02) ancl 1/cu -::--: vibrational mocles. 

e) Electronic Spectroscopy Results. 

Cu(II) coordination compounds with allopurinol. 

Cu(Il)( allopurinol)4J Cl04 )z. 

The spectrum shows in the blue region a low-energy tail of a bancl from the near UV 

region. Its mínimum absorbance lies upon ca. 430 nm. The spectrum also shows a broacl 

band of complex structure, with components partially resolved at ca. 530 ancl ca. 600 nm. 

The position ancl structure of this bancl woulcl be associatecl to the existence of a clistortecl 

tetracoorclinatecl geometry for Cu( II). 

Cu(II )( allopurinol)( so¡-)( H2 O). 

The spectrum shows a bancl in the blue region with a maximum of absorbance at ca. 350 

nm. It also shows a broad and asymmetric bancl centerecl at ca. 690 nm. The spectral 

pattern could be related to the suggestion of a clistortecl tetraccorclinated geometry for the 

Cu(II) metallic center. 

Cu(II) coordination compounds with hypoxanthine. 

Cu( II)(hypoxanthine )(so¡- )(H2 O). 

The spectrum shows in the blue region a low-energy tail of a bancl emerging from the near 

CV. with a mínimum of absorbance at ca. 4 72 nm. The spectrum also shows an intense. 

broad ancl asymmetric bancl with a maximum of absorbance at ca. 684 nm. The charac

teristics of this band woulcl be in full agreement with the suggestion of a pentaccordina.tecl 

geometr:r for Cu(II). Csing the structura.l cha.ra.cterizabon previously reportecl[14] of this 

compouncl, a square pyramiclal environment for the Cu( II) e en ter m·ises. 

Cu( II)( hypoxanthine )2 ( Cl04 )2. 
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The spenrum sho\YS in the blue region a low-energy tail of a bancl from the near C\' region. 

\Yith a mínimum of absorbance that lies upon ca. 440 nm. It also shows a broacl bancl 

centered at 585 nm. The <":haracteristics of this last band would be in concordance \vith 

the suggestion of a roughly square geometry for Cu(II). The lower energy tail of this band. 

compared to the one shown by the related: Cu(II) compound wit.h allopurinol tX=ClO~ ). 

confirms the higher ligand field intensity of the interactions for t.his last compouncl. and 

thus its Cu(II)();)4 character. comparecl to the Cu(II)(Nh(Oh character for the system 

here cliscussecl. 

Cu(Il)(hypoxanthinate- )(CHaCO._;- l. 

The spectrum shows an intense ancl broad bancl in the blue region. at ca. 390 nm. From the 

low-energy tail of this bancl other component centerecl at ca. 620 nm appears. The spectral 

pattern in full is very clifferent from those shown by the Cu(II) compouncls cliscussecl before, 

illustrating the influence of the cleprotonatecl heterocyclic ligancl in the spectrum. From 

the elata the suggestion of a clistortecl tetracoorclinatecl geometry for the Cu(II) metallic 

center is macle. 

f) EPR Spectral Results. 

Cu(II) coordination compounds with allopurinol. 

Cu(II)( allopurinol)4( Clü; h. 

The EPR spectrum at room tempera.ture of this Cu(II) compouncl is shown in Figure 2. 

Figure 2 

The spectrum shows an asymmetrical absorption, with g1 ~ 2.06. g2 ~ 2.10 and g3 ~ 2.16. 

From these va.lues. R ~ 0.66 ((g2 - g1 )j(g3- g2ll is obtainecl. This value let us suggest a. 

tetragonal cha.racter for the Cu( II) metallic center. possibly due to weak axial interactions. 

The spectral pattern in the low ancl high-fielcl regions ( a.t these conclitions) let us cliscard 

the existence of noticeable Cu(II)-Cu(II) magnetic interactions. 
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Con,;ider~ng all tlw ex¡:wrimental information for this compound. a suggestion of the struc

:nral arrangement can be macle. which consists of a distortecl tetracoorclinatecl env-iron

:.-rwnt of Cu(II). of the C'u(II)f.:\)1 type. The :'\-hondecl allopurinol rnolecules form the 

coordination sphere of the rnetallic center. vVeak axial interactions. both frorn the nearest 

neighboring Cu( II) units or the ClO~ groups rnust be also considerecl in this proposition. 

This structural suggestion is in partial forrn schernatically shown in Figure 3. 

Figure 3 

Cu( II)( allopurinol)( SO~-)( H2 O). 

The EPR spectn1n1 at room ternperature of this Cu(II) cornpound (Figure 4) shows an 

absorption suggestive of an anisotropic g tensor. The components g1 = 2.08, g2 = 2.12 

and g3 = 2.32 lead to R = (g2- g1)j(g3- g2) ;:::;j 0.2. The spectra.l pattern let us suspect 

the existence of a noticeable distortecl tetracoorclinatecl environment for Cu(II), without 

cliscarding weak axial interactions. At these conclitions. there are no eviclences of Cu( II)

Cu(II) magnetic interactions. 

Figure 4 

t-pon decreasing the temperature (77 K. v = 9.25 GHz) there is no resolution of the 

absorption for the g3 cornponent. Also. ancl under these conclitions there are no eviclences 

of Cu(II)-Cu(II) magnetic interactions. 

\\-ith all the experimental inforrnation related to this Cu(II) compouncl. a suggestion of 

the stn:.ctural arrangement arises. consisting of a polynuclear system with briclging so¡
ligancls. In adclition to these groups. H2 O and allopurinol molecules would show a distortecl 

tetraccorclinated disposition around the Cu(II) center. possibly with -vveak axial interactions 

of nearest neighboring units, as is schematically shown in Figure 5. 

Figure 5 
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This Cu( II) compound would be. to our knowlf'dge. the first f'Xarnple of a polynudPar 

roordination compound with allopurinol and anionie polyatomie bridging ligancls. Tlw 

corresponclent magnetic studies ( see belmv) would play a relevant role in the analysis of 

the e:ffectiveness of the magnetic coupling pathway produced by these so~- groups. 

Cu(II) coordination compou;nds with hypoxanthine. 

Cu( II)(hypoxanthine )(So¡- )(H 29 ). 
The EPR spectrum at room temperature of this eompound is shown in Figure 6. 

Figure 6 

The spectrum corresponds to an anisotropic g tensor and is in agreement with the exis-

tence of a pentacoordinated geometry for Cu(II), in particular square-pyramidal. The 

components for this spectrum are g1 = 2.07, g2 = 2.12, g3 = 2.19 and g4 = 2.32. At 

these conditions and from the spectrum, there are no evidences of Cu(II)-Cu(II) mag-

netic interactions. vVith all the above experimental information for this compound, strong 

support exists for a structural arrangement proposition consisting of a square-pyramiclal 

environment for the metallic center. The coordination sphere would be constitutecl by 

the H20, hypoxanthine and so¡- ligancls, the two last as bridging groups. connecting the 

nearest neighboring metallic units. as has been previously- established[14J in the struetural 

characterization of this eompouncl. The structural arrangement is schematically shown in 

Figure 7. 

Figure 7 

\Vith respect to this complex polynuelear structural arrangement. this Cu(II) eompouncl is 

the first example where the metallic boncling of hypoxanthine is macle through the N ( 3) ancl 

N( 7) atoms. The existence of two types of bridging ligands across two different directions 

in the bidimensional network. and the non existenee of Cu(II)-Cu(II) magnetic interactions 
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from tlw EPR data at n)(m1 temperature. let us suppose the clifficulty of these hridging 

brand~ i~1 the establishment of an efficient magnetic coupling patlnYay for the unpaired 

dectrons of the metallic centers. At this respect. the magnetic stuclies ( see below) woulcl 

contribute to dilucidate this aspect. 

Cu(II)ihypm::anthineh(ClO¡ h· 

The EPR spectrum at room temperature of this compouncl is shmvn in Figure 8. 

Figure 8 

This shmvs an asymmetric absorption. with approximate values of 91 = 2.05. g2 = 2.11 

ancl 9 3 = 2.21. Frmn these the R value is ca. 0.6. suggesting us a tetragonal character for 

the Cu(II) environment. possibly clue to weak axial interactions. The spectral pattern in 

the low ancl high-fielcl regions at these conclitions, let us cliscarcl the existence of noticeable 

Cu(II)- Cu(II) magnetic interactions. 

Consiclering all the available information for this compouncl. a suggestion of the corre

spondent structural arrangement can be macle, which consists of a roughly planar tetra

coordinatecl environment for the Cu(II) center, of the Cu(II)(N)2 (0h type. vVeak axial 

interactions from both the O( 6) exoxyclic atoms ( of the hypoxanthine ligancls) or the 

nearest Cu(II) units must be consiclered in this proposition. This structural suggestion 

is roughly relatecl to that shown in Figure 3. for the system Cu(II)(allopurinol)4 (ClO¡)z, 

although in the Cu(II) system here cliscussed the cromophore is clifferent. 

Cu(II)(hypoxanthinate- )( CH3 C'02 ). 

The X-bancl (7/ = 9.51953 GHz) EPR spectrum of this Cu{II) compound at room tempera

ture is absent of signals in the 1000-5000 G range. This spectral information is suggestiYe of 

Cu( II l-Cu( II) magnetic interactions in the so lid procluct at these con di tions. \Yi th all the 

above information for this compouncl a Yery complex structural arrangernent is suspected. 

which woulcl be of polynuclear nature. 

19 



g) Y1agnetic Results. 

Cu(II) coordination compounds with allopurinol. 

Cui II) ( allopurinol )4 ( ClO 4 l2. 

The \ (emu/mol) vs. T (I\.) experimental elata (H 

shmvn in Figure 9. 

Figure 9 

10000G) for this compouncl are 

From this. an antiferromagnetic coupling in the salid procluct is inferrecl. The Curie-vVeiss 

behavior of the \ elata in the low-temperature region is suggestive of the existence of non 

couplecl S = 1/2 spins. possibly as magnetic impurity. The antiferromagnetic coupling is 

also inferrecl from the \T- T curve. vvhere a continue increase in the slope of the curve 

is observed with the temperature decrease. Consiclering the spectral information for this 

compound, two magnetic models were employed in the analysis of the magnetic response 

of the product. The first one was a linear chain magnetic moclel of S = 1/2 couplecl 

spins. From this, the corresponclent Bonner-Fisher equation was usecl for the fitting step. 

For fixed g = 2.10, a goocl fit was obtainecl, with .] = -64.20 cm -l, p = 0.011 ancl 

\o = 9.58 x 10-4 emu/mol. The .] value confirms the antiferromagnetic coupling quotecl 

befare. vVith this magnetic model the possibility of interchain magnetic interactions was 

also explored, through a Curie- vVeiss correction. \Yith g = 2.10. the parameters obtainecl 

in the fitting process were .] = -61.02 cm- 1 . e = -4.69 K. p = 0.013 and \o = 9.71 X 

10-4 emu/mol. The .J value corroborates the antiferromagnetic coupling, of intrachain: 

character. The e value let us suspect the existence of very weak antiferromagnetic coupling. 

of interchain type. The theoretical curve for this last treatment is also shown in Figure 

9. Also and for the same ma.gnetic model. a mean-field correction was employed; for 

g = 2.10. a goocl fit was obta.inecl. which gave .] = -63.75 cm- 1 . ::J' = --i-8.22 cm- 1 . 

p = 0.010 and \o = 5.85 x 10-4 emu/mol. From these results. confirmation of intrachain 

antiferromagnetic coupling is obtained. Also. very weak interchain magnetic coupling is 
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deduced. although of ferromagnetic type in this case. At this level of stucly. it is clifficult 

to discern ahout the correctness of the physical meaning for the fJ and :: .J' parameters. 

In the magnetic study. a second model was explorecl. Th.Ís >vas the clinuclear system of S = 

1/2 couplecl spins. From this. the respective Bleaney-Bowers equation was employecl. In 

the fitting process, both the Curie-vYeiss and the mean-fielcl corrections were also explorecl. 

The fits vvere poor in quality: these results let us cliscarcl the clinuclear system as a structural 

arrangement of the Cu(II) compouncl in stucly. and let us suggest a linear chain character 

for this compound. \Vith respect to the nature of the ligands connecting the Cu(II) units. 

at this level of spectral information, it is difficult to make a clear statement; both the Cl04 

groups ancl the N( 7) or the 0( 4) clonor atoms ( of the pyrimidinic ring in the coorclinated 

allopurinol) could play the critical role as the corresponclent intrachain magnetic coupling 

pathway between the unpairecl electrons of the Cu(II) units. 

Cu(II)( allopurinol)( So~- )(H2 O). 

The \ (emu/mol) ·us. T (K) experimental data (H = 100G) for this compouncl are shown 

in Figure 1 O. 

Figure 10 

From this, a shot:tlcler of the \ data below ca. 25 K is observecl. This is associatecl to a 

partially masked maximum of the \ values, for an antiferromagnetic coupling in the sample. 

In the low-temperature region a Curie-vVeiss behaYior is observecL and is associated to the 

presence of non couplecl S = 1/2 spins, possibly as magnetic impmity. The position of 

this shoulcler inclicates a low intensity in the magnetic coupling. smaller that the one for 

the precedent Cu(II) compouncl. The antiferromagnetic coupling suggestecl aboYe is a.lso 

clecluced from the \_T - T elata. From this. a continue decrease of the \_T elata with the 

clecrease of temperature for the 300-100 K range is observecl. l"pon a further decrease in 

temperature and from ca. 50 K, an abrupt increase of the slope is observecl. This pattern 

indicates an antiferromagnetic coupling in the solicl product. 
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Selecting the \ data for the 30-300 K rang;P. and Pmploying the Curie- \Veiss equation for 

a fittin,e; process to tlw experimental data. g:oocl results vvere ohse1Ted. wit h the following: 

paramf'ters: e = 0.39.f emu K/mol. e = -3:2.00 K and \o = 4.905 X 10--! emu/mol. The 

f1 \·alue supports the existence of antiferrornagnetic coupling in the solid procluct. In the 

magnetic characterization of the Cu(II) compouncl, two models were selectecl. The first 

one was a linear chain magnetic moclel of S = 1/2 coupled spins. Ernploying then the 
\ 

Bonner-Fisher equation vvi th fixecl g = 2.12. frorn the good fit the follmving pararneters 

\Vere obtained: .J = -16.98 cm- 1
, p = 0.055 and \o= 1.461 X 10--! ernu/rnol. The.] value 

is in agreement with the antiferromagnetic coupling quotecl before, of intrachain type. This 

value is also in concorclance with a lower intensity in the magnetic coupling compared \Vith 

the one shown by the prececling Cu(II) compound. Further on in the rna.gnetic ana.lysis. 

the Bonner-Fisher equation with the Curie-\Yeiss correction wa.s employed. Frorn the goocl 

results in the fitting process a.nd with g = 2.12, the following pa.rameters were obtainecl: 

J = -7.92 cm-1
, () = -24.65 K, p = 0.0639 a.nd \ 0 = 2.799 X 10-4 ernu/mol. The J value 

confirrns the intracha.in a.ntiferrorna.gnetic coupling. The () va.lue let us suggest the existence 

of very wea.k interchain a.ntiferrornagnetic coupling. The correspondent theoretical curve 

is a.lso shown in Figure 10. 

Ernploying the Bonner-Fisher equation with a. rnean-field correction. goocl results in the 

fitting process for fixecl g were obtained, a.nd the resulting pa.ra.meters were: J = -16.18 

cm-1
• z.J' = +2.86 cm-1

, p = 0.051 ancl \o= 8.118 x 10-5 ernu/rnol. The.] value 

is in a.greernent with the precedent results for the intra.chain antiferromagnetic coupling 

parameter. In this case. very wea.k interchain rnagnetic coupling (:; .]') is declucecl. although 

of ferrorna.gnetic type. At this level of study. it is difficult to dilucida.te the correctness of 

the physical meaning for the interchain rnagnetic coupling para.meter. Nevertheless, the 

qualitative importance of this magnetic modellies in the suggestion of v-ery weak interchain 

magnetic coupling. 

· In the magnetic stucly a second model wa.s explorecl. which was the clinuclea.r system of 

S= 1/2 coupled spins. From this, the Bleaney-Bowers equation was employed, both with 



tllf' Curie- \Veiss ancl the mean-fielcl corrections. The fitting process hacl such a bacl quality 

rhat it let us cliscarcl the clinuclear arrangement for the Cu(Il) compouncl here discnssed. 

The magnetic stucly carriecl out. supports the structura.l a.rrangement suggestion madP 

before for this Cu( II) compouncL ancl shown in Figure 5. In this. the so¡- briclging 

ligands \Vould play the critical role as the intrachain magnetic coupling pathway betvveen 

the unpairecl electrons of the Cu(II) units. 

Cu(II) coordination compounds with hypoxanthine. 

Cu( II)(hypoxanthine )(so¡-)( H2 O). 

The magnetic measurements were carriecl out for this Cu(II) compouncl at 100, 1000 and 

10000 G. From the \{_T data at these magnetic fields, a non dependence of the x values on 

the intensity of the magnetic field is observed. Figure 11 shows the \( emu/mol) - T (K) 

experimental data at 10000 G. 

Figure 11 

From this Figure, the maximum of the \' values in the low-temperature region is observed, 

suggesting us the existence of an antiferromagnetic coupling in the salid powder. The 

position of the maximum is associatecl to a very low intensity of this magnetic coupling. 

Interestingly, at temperatures below this maximum, the X values do not increase when 

the temperature is clecreasecl, suggesting us the absence of non coupled S = 1/2 spins, 

assumecl as magnetic impurit};· The '\_T- T data at H = lOOOOG show a smooth clecrease 

of the '\_T values with the clecrease of temperature in the 300-50 K range. l-pon further 

temperature decrease, an abrupt clecrease of '\_T is observecl. This behavior of '\_T with the 

tempera.ture clecrease is tha.racteristic of an antiferromagnetic coupling in the sample. 

The magnetic coupling quotecl befare is supported by the fitting of the Curie- v\-eiss equa.

tion to the \- T experimental elata (H = 10000G. 15- 300 K). From this. the pararneters 

e= 0.4151 emu K/mol, e= -14.39 K ancl \o = 4.8355 X 10-.s emu/mol \Vere obtained. 

The e value inclicates the magnetic coupling type quotecl above. 
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b otdPr to study thís magnetíc coupling. and considering the correspondent structural 

:nformation a\·ailahle[14J. a linPar chain mae;ncric model of S = 1/:2 conplecl spins \\-af' 

s<:>lected. From this. the Bonner-Fisher equation for the fitting process \\·as employecL The 

':er·y goof fit obtaínecl for H = 10000 G is also shown in Figure 11. vVith p = O. the 

parameters g = :2.00/, .J = -4.69 cm- 1 and \o = 4.8355 x 10-5 emu/mol were obtaínecl. 

An approximate agreement between the g value here obtainecl ancl the one from the EPR 

data (g = 2.12) is observecl. Besicles. the J value is in goocl agreernent with the suggestion 

of a \·ery weak antiferromagnetic coupling in the procluct. Fixing g = 2.12. a goocl fit \Vas 

obtainecL with .J = -5.64 cm -l as the pa.rameter of Íntrachain superexcha.nge magnetic 

coupling. 

Consiclering the structura.l information previously reportecl[14) for this polynuclea.r Cu(II) 

compouncl (in which crosslinkecl Cu(II) chains with both briclging hypoxanthine and so~

groups exist), the possibility of two types of magnetic coupling in the network was esta.

blished (one intra.cha.in ancl other interchain). To explore this, the Bonner-Fisher equation 

with the Curie- vVeiss correction wa.s employed in the fitting process. A very good fit was 

made for p = O a.ncl \o = 1 x 10-4 emu/mol fixecl, \vith the resulting pa.ra.rneters: g = 2.01. 

J = -5.03 cm- 1 ancle= +0.34 K. These results are shown in Figure 12. 

Figure 12 

}rom these. approximate concorclance between the spectral and the magnetic g values 

is observed. The .] mlue ( assumed as the intrachain magnetic coupling parameter) is in 

agreement with its previous calculation. The e va.lue let us suspect the existence of another 

type of magnetic interaction, infered as very weak ferromagnetic coupling. This woulcl be 

for the unpaired electrons of the Cu(II) atoms between the nearest neighboring chains 

considered. These results coulcl be associated to the crosslinked Cu( II) chains network. 

and to the possibility of magnetic coupling of Cu(II) a.torns through the two types of 

bridging ligands. In arder to stucly another approximation, the Bonner-Fisher equation 
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,-...-ith a mean-fielcl correction wati selected. From the excellent fitting process ;,vith p = O. 

and >Yhich is shmvn in Figure 13. the following parameters g = 2.05 . .] = -5.28 cm - 1 and 

:; .]' = +2GA5 cm - 1 \\·ere obtained. 

Figure 13 

The results for J ancl ::P supports the above .] and B values, 'i. e .. the suggestion of t;,vo 

rypes of ,-ery weak magnetic coupling. Assuming as reference a linear chain \\'ith the 

bridging hypoxanthine molecules and consiclering the respective crystalline packing[14]. 

the number of nearest neighboring chains (::) is six. For this z value, J' = +4.4 cm - 1 . 

The same consideration can be applied to the Cu(II) chains constructed by the bridging 

so¡- groups. 

Finally, assuming p = O and Xo = O emu/mol, a good fit was made. From this, the 

parameters g = 2.08, J = -5.04 cm- 1 and z.J' == +5.15 cm-1 were obtained. For z = 6, 

.]' = +0.86 cm- 1 . The J and .J' values are in qualitative agreement with the previous 

calculations. However and at this level of study. it is difficult to dilucidate about the 

contribution of each type of Cu( II) chain to the ma.gnetic coupling of the unpaired spins. 

Cu(II)(hypoxanthineb(ClOi )2. 

The \ (emu/mol of tetranuclear Cu(II) unit) vs. T (K) experimental data (H = 10000 G) 

for this Cu(II) compound are shown in Figure 14. 

Figure 14 

From the \- T data a continue increase of the \ values with the temperature decrease 

is ohserTed. Plotting \T - T a continue decr·ease of yT with the temperature decrease 

is obseP:ed in the 300-25 I\ range. rpon further lowering of the temperature. an abrupt 

decrease of the xT values is observed. which indicates a very wea.k antiferromagnetic 

coupling in the Cu(II) compound. Fitting the Curie- vVeiss equation to the x- T data, 



gond fPC'tdts \VE'rt' oh~ained. \\"ith tlw following parauwters: e = 0.09SO f'Illll K imol of 

Cn· II: u.nir. H = -/ .. )G E awl \ 0 = 0.00108 enm/mol of Cu! n-~ nnit. Tlw H ,-aluf' :-;npports 

t he antiferromagnPtic eoupling quotecl before. 

Con;-;idPrine: the spectral information and the preliminary mae:11etic stn(:ies. nvo mae:netic 
. -

models ,,·ere explorecl in the magnetic characterization of this C'u( II l compouncl. The 

firsr one was the linear chain magnetic moclel of S = 1/:2 couplecl spins. From this. the 

Bonner-Fisher equation was used for the fitting process. \Yith fixed g = 2.11. the follow

ing parameters were obtained: J = -5.:2:2 cm- 1
. p = 0.101 ancl \o = 0.00-10 emu/mol of 

tetranuclear Cu( II) unit. The J value supports the suggestion of very weak antiferromag-

netic coupling. of intrachain character. Consiclering the possibility of interchain magnetic 

coupling. the Bonner-Fisher equation \vith the Curie- vVeiss correction was employed in the 

fitting process to the experimental data. vVith fixecl g = 2.11 ancl p = 0.101. the follO\ving 

parameters \Vere obtained: J = -1.88 cm-1
• e= -9.16 K and \o = 0.004:29 emu/mol of 

tetranuclear Cu(II) unit. The J value is in agreement with the suggestion of very \Veak 

intrachain magnetic coupling. The e value let us suspect the existence of very \veak in-

terchain magnetic coupling. assumed as antiferromagnetic in character. The theoretical 

curve is also shown in Figure 14. Finally. and employing the Bonner-Fisher equation with 

a mean-field correction. the following parameters (\\·ith fixecl g = 2.11 and p = 0.101) were 

obtained: J = -5.41 cm- 1
. :J' = +2.45 cm- 1 ancl \o = 0.00:2-1 emu/mol of tetranuclear 

C'u( II) unit. Here. the J ,-alue supports the existellce of nry weak intrachain antiferro-

rnagnetic coupling. The :::.!' Yahlf' let us suspect the possibility of Yery weak interchain 

magnetic coupling. although in this case of ferromag,11etic chétracter. A t this le,· el of stucly. 

it is difficult to discern the correctness of the physical meaning for the e and ::: .!' \·alues. 

Xevertheless. both point out to the suggestion of Yery weak interchain magnetic coupling. 

The second moclel selected was the dinuclear system of S = 1 í2 couplecl spins. From this. 

the Bleaney-Bowers equation \\·as employecl. L sing bot h the Curie- \Yeiss ancl the mean

fielcl corrections. good fits \vere obtained, but with unrealistic physical mea.ning of the 
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~lwf.'.netic parameters. or apprPciable error;-; in the \·alues of t he S311lP paramf'ters. These 

~a~t rP:-;ults lPt us cliscard the diuuclcar system as tlw possible strunnral ar-raugemem 

uf tl::.e ma~netica.lly C"oupled Cu( II l units. and let us propose tht> po:-::--ibility of mag;rlPtlc 

c:oupling bet\veen the unpaired elPctrons of Cu(II) units through a linear chain structural 

ar:·angement. In this. the coorclina.ted ClO¡ ligands \Voulcl play the critica} role as ma!Snetic 

coupling pathway bet\veen the unpairecl electrons of
1 
the Cu(II) units. In this structural 

suggpstion of interacting Cu(II) units. very weak interchain magnetic coupling appears also 

as feasible. 

Cu(II)(hypoxanthinate- )( CH 3 C02 ). 

The \ (emu/mol of tetranuclear Cu(II) unit) vs. T (K) experimental data (H = 10000 G) 

for this Cu(II) compound are shmvn in Figure 15. 

Figure 15 

From this an increase of the "\ values with a temperature decrease is observed. Plotting 

\_T-T a continue decrease of the \_ values u pon a decrease in temperature is obtainecl in the 

300-50 K range. l:pon further temperature clecrease. an abrupt decrease of the \T ·mlues 

is observecl. vvhich inclicates a \·ery \Yeak antiferromagnetic coupling in the solid product. 

Fittii:g the Curie-v\.eiss equation to the experimental data. very goocl results were obtained, 

\Yith the follmving parameters: C = 0.:?-±5 ernu EJrnol. e= -11.14 E ancl \_0 = 6.568x 10-4 

emu/ mol. The e value supports the existence of ,·ery -vveak a.ntiferromagnetic coupling in 

the sample. 

Consicleri.ng the precedent spectral inforrnation and the preliminary magnetic results. se\'e-

ral magnetic models were explored in the magnetic characterization of this Cu( II i com-

pouncl. The first magnetic moclel was the linear chain of S = 1/2 couplecl spins. Frorn 

this. the Bonner-Fisher equation \\·as used in the fitting process. Very goocl results were 

obtainecl, being the parameters: g = :2.85. J = -4.32 cm- 1
• p = 0.094 ancl \o = 0.00382 



f'l1~t~íiT10l of tetrnnaclear Cn( II l nnit. The .J \·alue supports the sn~gestiou nf ··ery ¡¡·eak 

iutradmiu antiferrnmagnetic roupliug. Tlw theoretical ClHYe is also shmn1 in Fi2:'1H' l.). 

Con:::idering rhe possibility of iuterchain magnetíc coupling. the sanw Pquation '.Yith the 

Curie- \Yeiss correction \Vas employecl. From the Yery goocl fir. the following pé!Fllllf'ters 

were f)btained: g = :?.89 . .J = -3.:?8 cm-1
. e = -3.:?3 K. p = 0.101 and \o = 0.00365 

emu/ mol of tetranudear Cu( II) uni t. The .] Yalue is in agreement wi th i ts prececlenr caku

lation. The e ¡·alue let us suspect die existence of very weak interchain magnetic coupling. 

of antiferromagnetic type. Employing the same equation \vith a mean-fielcl correction. a. 

wry good fit was obtainecL vvith the following paramet.ers: g = 2.68 . .] = -5 .. 53 cm - 1 . 

:::.]' = -8.65 cm-1 . p = 0.24 ancl \o = 0.00166 emu/mol of tetranuclear Cu(II) unit. The.] 

and ::: J' va.lues are in agreement v\·ith the above calcula.tion for .] ancl e. In sunm1ary, this 

ma.gnetic moclel let us consicler the existence of both very weak intrachain and interchain 

antiferroma.gnetic coupling in the solicl product. 

The second model selected was the clinuclear system of S = 1/:? coupled spms. From 

this, the Bleaney-Bowers equation was employed in the fitting process. Using both the 

Curie-vVeiss a.nd the mean-field correction, very good results were obtained, but t.he g 

val u es calculatecl were very low ( g < :? ). These last results, let us consider the non rea.listic 

character of the clinuclear magnetic moclel in clescribing the magnetic beha,·ior of the Cu( II) 

compound in stucly. 

The third type of magnetic model explorecl was the tetranuclear one. For this. several 

symmetries were considered. For the tet1·anuclear model with a Td symmetry. very goocl 

results in the fitting process \Yere obtainPcl. with the following parameters: .] = -/.04 

cm- 1
. p = 0.206 ancl \o = 0.0041 emu/mol of tetranuclear Cu(II) unit. Cnfortunately. 

the g Yalue was very low (=1.60). For lom'r symmetries. both unsuccessful fits anc unrea

listic physical meaning of the magnetic parameters. or noticeable errors in their ,-alues. 

were ohtained. As befare. these results let us consicler the unsuccessful character of the 

tetranuclear magnetic moclels in the clescription of the magnetic behaYior of the solid 
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procluct ia ::-.tudy. At thís rf'spt'ct. tlw linear ch;:tÜl magnetic nwclel 1 cor>idenng: hoth 

intrachain ancl int•·rchain magnetic coupling) arise:::; as the best in the magnetir description 

of t hi::; compouncL 

\\~ith the spectral and mag;:wtic stuclies for this compound, a suggestion of ir.:. structt;ral 

arrangement can be macle. This consists of Cu( II) atoms bridged by CH~ CO;- g:·oups. 

forming chains. The connection betweet1 the chains woulcl be macle throue:h the lxicle:es 
·-- -.._; 

\ 

hypoxanthinat.e- ligands. bonded to Cu(II) atoms of different chains. This structural 

arrangement proposition is schematically shown in Figure 16. 

Figure 16 

At this level of study. it is difficult to diluciclate about the origin (nature) of the two types 

of magnetic coupling, i. e., intrachain and interchain. discussed befare in the correspondent 

magnetic model. 

IV. Concluding Remarks. 

In this study, new C'u(II) coordination compounds with the respective heterocycles al-

lopurinol and hypoxanthine ;vere obtained and characterized. Also. alternatiYe synthetic 

techniques for the polynuclear compounds Cu( II)( allopurinolate- )(OH-) and Cu( II)( 6-

m.ercaptopurinolate2-) were founcl. For the new C'u( II) compouncls with allopminol and 

hypoxanthine. the correspondent starting metallic counterions form part of their formula-

tion. almost all as groups bondecl to the metallic centers. 

}ro m the studies of competí t iw Cu( II)-heterocycle interactions. the S_( 6 )-purine cleriYatiYe 

:::ho\vecl the higher capabilities both of heterocydic substitutim1 ancl metRllic bonding. 

These properties appear to be strongly related to its deprotonation and the partícipation 

f , ' . ' '1" l" . 11 el . , . . f-1 o severa1 ctonor aton1s 111 t11e meta11c coorcmatwn .. ~.so. an as m tne pre·nous stucly~tJ. 

Cu( II) compouncls with mixecl heterocydic ligands were not synthesized. 

\Vith respect to the nature of the metallic bonding sires ilrmlvecl in the coordinatecl hete-

rocydes. ~(2) is the atom suggested for allopurinol. For hypoxanthine. the \"¡ 1) or \"(9) 
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r.rou¡-. ;nf· thP sng.Q:t'Stf'cl for X=ClO~: -:\(3) and -:\(1) are declnced for X=SO~-. For 

X=CH 3 CO¡. a detailerl :-;ug;gec.;tioL r·armot lw nwde. Finally. and for G-uwrraptopnrinc. a 

pre,·imls stucly[S] points out tlw .S.\61. :'\(/) ancl :'\(9) atoms as tlw coorcliuation :-;ites of 

:-he aniouic heterocyclic ligan d. 

The magnetic characterization reported here of the nevv Cu( II 1 coordination componnds 

,,·ith allopurinol and hypoxanthine. is in agreement \YÍth the existence of very weak an

liÍerromagnetic coupling in the solid proclucts. In this magnetic stucly. the linear chain 

magnetic model is the best in clescribing the magnetic beha'¡;Íor of the systems. In the 

physical meaning about the origin of the respective intrachain ancl interchain magnetic 

coupling. the polyatomic ancl anionic ligancls so~-. ClO~ ancl CH3 co;- ancl also the 

neutral ancl monoanionic hypoxanthine. contribute to the respective ma.gnetic beha.vior 

explorecl. However, and at this level of study, it is diffi.cult to discern about the type 

of contribution of each one of these ligancls to the respective intrachain ancl interchain 

magnetic coupling, clcduced from the corresponclent magnetic analysis. 
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Tables. 

Table l. Products obtained fn>I;., bot :1 :-ingle ancl rompPtitive lwtercwycle-C'u( II) 

reactions. o. see Analytical Re:-:ults: b. see Experimental Section: 1 1 =alloptu·inol. 

l 2 =hypoxanthine. 13=6-mercaptopm·ine. 

Table 2. Analytical results of the Cu( II: compouncls obtainPcl. AbbrP\·iarions are the 

same as in Table l. 

Table 3. IR elata and ba~cls characterization of both free ancl coordinatecl ligancl allop

urinol ( =11 ) in its Cu(II) coordination compounds. Abbreviations: S. strong: :VI. meclium: 

\Y. weak: V\Y. very weak: vbr. very broad: br. broad: s. sharp: Sh. shoulcler: el. cloublet. 

Table 4. IR elata ancl bancls characterization of both free and coordinatecl ligand hy

poxanthine ( =12 ) in its Cu(II) coordination compounds. Same abbreviations as in Table 

3. 
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Figure Captions. 

Figure l. Schenl<ttir drmving of tlw lwterocyclcs allopurinol (I). hypoxanthine (II) ancl 

6-rnercaptopurine 1 III). 

Figure 2. X-bancl (u= 9.5203 GHz) EPR spectrmn at room temperature of pmnlerecl 

C11• II i ( allopurinoll.t( ClO~ l2. 

Figure 3. Se hematíe dra'<v·ing of the structural arrangement suggestecl for Cni II )( allopurí

nol :.ti ClO¡ l2. 

Figure 4. X-band (u = 9.25 GHz) EPR spectrum at room temperature of pmvdered 

Cu( II)( allopur:inol)( so~- )(H2 O). 

Figure 5. Schematic drawing of the structural arrangement suggested for Cu(II)( allopu

rinol)(SO¡- )(H20 ). 

Figure 6. X-band (u = 9.78 GHz) EPR spectrum at room temperature of pmvdered 

Cu( II)(hypoxanthine )(so~- )(H2 O). 

Figure 7. Schematic drawing of the structural arrangement suggested for Cu( II )(hypoxan

thine) (So¡- )(H20 ). 

Figure 8. X-band (v = 9.5196 GHz) EPR spectrum at room tempera.ture of powdered 

Cu( II) ( hypoxanthine b ( ClO ¡h. 

Figure 9. \ (emu/mol)-T (K) experimental data (clottecl line) at H = 10000 G of 

powderecl Cu( II)( allopurinol )4 ( ClO ¡h. Solicl line. theoretical \ val u es from the Bonner

Fisher equation vvith the Curie-vYeiss correction. 

Figure 10. \ ( emujmol )-T (I\.) experimental elata ( clotted line) at H = 100 G of powderecl 

Cu(II)(allopurinol)(SO~- )(H20). Solid line. theorPtical \ values from the Bonner-Fisher 

equation with the Curie-\YPiss correction. 

Figure 11. \ (emu/moll-T (K) experimental elata !clotted line) at H = 10000 G of 

powclered Cu(II)(hypoxanthine)(SOi-)(H2 0). Solid line. theoretical \ values from the 

Bonner-Fisher equation. 
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Figure 12. \ (f•mu/mol;-T d\:¡ <-'xperimPuttil daté\ ldonecl lüw¡ at H = l()()(l() G of 

Bonner-Fisher Pqnation \\·ith the Curie- vYPiss correction. 

Figure 13. \ (emn/mol)-T (1\:J experimental elata (clotted line) at H = 10000 G of 

povnlerecl Cu(II)(hypoxanthinc:(SOi-HH 2 0). Solicl line. theoretical \ va.lues from the 

Bonner-Fisher equation with the mean-fielcl conectíon. 
1 

Figure 14. \ ( emu/mol of tetranuclear Cu(II) unit )-T ( I\:) experimental data ( dotted 

line) at H = 10000 G of powdered Cu(II)(hypoxanthineh(Cl04b Soliclline. theoretical 

\ values from the Bonner-Fisher equation with the Curie- \Yeiss correction. 

Figure 15. \ ( emu/mol of tetranuclear unit )-T ( I\:) experimental elata ( clottecl line) at 

H = 10000 G of pmvclerecl Cu(II)(hypoxanthinate- )(CH3 CO.;- ). Solid line. theoretical \ 
' -

values from the Bonner-Fisher equation. 

Figure 16. Schematic clrawing of the structural arrangement suggested for Cu(II)( hypoxan-

thinate- )( CH3 CO;- ). 

35 



.----------------·--.. 

--,~~~~if=~-~~;~~---:l¡;;::~i1-(days JI c~~?~~~od~(~i,~-¡-¡;¡:;;1 ~~~.:~~, Reactiou Prod.(s )" 

f--- M +:r~~--;~:------ -r -----i 1-------r-~h·~~~-i~i~~(~---r----;_- 1 1 o --r---Iila.c 1 4 1 1 o -------r~{~,~-;-¡;1~-lf' 
1-------.. -------- .. - -····. -j·--------- _____ j ____ -----.. -- ------ ____________ ,__ --- ------------ ------------·-- ------

l'v'l+L:.z ,7-: 13 pale hlne 2 10 ckq> bln(' 5 11 d<'q> p;r<'('lJ 
--·-------- ------" ---- --·------~--~---- --- -----------·· --- -------------- ···-----·- -------·· --------------···--·--··..¡... . ·-- .... -···-··--· 

l'vl + 1:1 ;:..= 8 dar k greeu 3 8 dar k green 3 9 dar k green 
)-------------------·------- ------------ --· -------- ----- ------------------------·--·-·+····· ----·-·----·-· 

G 

3 

[lv1 + L ¡] -1- L2 ~-= 10 deep hlue 1 8 lilac 4 10 dcep bine 1 
---------------·- ---------.. -- --------------·-- -·-------- -·--- ·-------------------------·-+ 

[M-1-LJ]-1- L:¡ :;:== lG dark gn·eu 3 15 clark green 3 lG dark p;n'('!l :3 
r---··· ----- ··----------··-··-··-·-··-------·------ ------- --------------- ---·---·---------· ----·······-··- .. ·- ··-----------~-- ..• 

[M-1-L:.z]-1 L1 .;::..-:: 10 p;tle l>lue 2 10 de<'p hhw 5 1 d<'<']l p;n'('Jl (j 
f- -------·--- -·- ------- ·-· - ----- ... ----------·---- ... - ------- ·------------------------·· ----------------· ___ .. --·-···-·· .. ·--··--·-······--

[M+L:.z] r L:¡ ,.: lO dark gn·<'ll :3 10 dark gr<'<'ll 3 15 dark p;r<'<'IJ :~ 

:~::::~-~~-~-F~::~= ~:::~~::::l ____ : ~-T~---::~ ::~:r ~-=r-~~::= ~~:~ ::::~:: 
--·-·---- ----·------------+---

8 deep hlne 
................ -----·-- f ------io ------~<~1~~-¡~lue ~ -+-·-( L 1 -1-12 ) + Iv1 ;::.:.: lilac 2 7 4 

3 

:3 

·'----·------------~-------------~--- -+ .. ___ -+----------·- -·--- -- :-- ~~~--- -r------·---· r-: 
(1 1-t-L:¡)+l\J,- Jd ][) 

--------------·-·j--··.···---------· ----¡---···· .. ------·--··--·j 
dmk gn'('!l 1 ;) 

r(¡,(1~I~~ ~~:~¡~·¡;~-~ --}~~-1~~~:~:-R~~-::--t:::::--= : --;~:~-lJ~¡~-~~;~¡---0----15 dark [!:i'e<'u 1 3 

----·-- ·-------- ...... ________ . ··--·-----------·-- ------- --f---------- --·- --+- ---+------ ·---·- -+-- ----- -···---·---·--+ 

Tl.ii+L 1 ,:=:: 0.3 ¡>ale greer1 ¡b 
--~----"-·---.. -·--~-.o..--4·-·--~-----~-····-·---··------·--..t__ __ , ____ --..J. _ __.t____ _______ .J..~------··_.1._ ___________ ..._~ 

Table l. 



F( >rnntlat ion emnpound Expected Found 

<;( e íJr H rx \¡" <;( e 'lr H 'Ir \¡" 

Ca¡ L~ 1( OH- l 1 :21.80 1.90 :2.3.90 :21.30 l.!)() 26.00 

e L ·S0 2 -'rH O' U( 2 h -1 l. 2 1 
•) 19.14 1.93 11.:36 1!). 08 1.93 18.08 

e e-· u( :3 }* 2H20 3 24.05 2.42 22..±3 2-1.1/ :?.36 22.59 

eu(Ll \~c(ClO~ h 4 29.77 2.00 ')- ---1.1/ 31.70 2.31 29.25 

Cull2)2(ClO~h 5 22.46 1.51 20.96 22.56 1.40 20.69 

eu( L;- )( CH3 CO;-) 6 32.63 2.35 21.74 32.71 2.44 22.20 

Cu(L1 )(so¡-)(H20) 7 19.14 1.93 11.86 19.02 1.87 1/.62 

Table 2. 



Aliopurinol ( =L¡) 

D· cm-· 
1 

Charac. ií crn- 1 i Charac. j 

3420 W,Sh 
-------i------,.-------i----,----+-----;--

n.a. ¡ 
--------j 

3170 

:3080 

1700 

1.595 

1390 

1370 

1240 

1230 

1160 

1080 
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1 
¡ 

915 ! 
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815 

1 
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1 

605 i 
1 

550 
1 

540 
1 

326 
1 

220 
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210 
1 

1 

-
1 

- 1 

VW,br 1 3170 VW,br 

VW.br • 3080 VW.br 

S,br 1685 S,br 

S,br 1600 .\1 ,br 

1500 W,br 
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Density Functional Study of Purine-type Heterocycles: 
Allopurinol and Hypoxanthine 
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Density Functional Study or' Purine-type 
Heterocycles: Hypoxanthine and 

Allopurinol. 

By María Eugenia Costas1 , Estrella Ramos1 and Rodolfo 
Acevedo-Chávez2 

1 Facultad de Química, Universidad Nacional Autónoma de México, México 04510, D.F., 
México. 

2 Centro de Química, Instituto de Ciencias, B. Universidad Autónoma de Puebla, Apartado 
Postal 1613, Puebla, Puebla, México. 

vVe present the calculation of the electronic properties of the purine-type heterocycles hypox
anthine and allopurinol, which show differences both in the N atoms positions in their structures 
and in their metallic coordination behavior. We used the Density Functional Theory with the 
Becke-Perdew functional to calculate the electronic properties for all the ketonic tautomers of 
both heterocycles, and discuss the differences, which can be useful in chemical reactivity studies. 

l. Introduction 

Hypoxanthine (I) and allopurinol (II) are heterocycles (Figure 1) of interest from 
both phannacological and biochemical points of view (1-3). Having severa! electron 
donor atoms in their structures, these heterocycles are interesting ligands in coordina
tion chemistry, due to the diversity in metallic bonding sites, Metal-Ligand stoichiome
tries, and structural arrangements and physical properties of the respective coordination 
compounds. 

Only a few tautomeric forms for both neutral molecules are known ( 4). For these, 
diverse metallic bonding patterns have been found (1,5), the N atoms being the coor
dination sites. The nature of the N sites involved in the metallic bonding are strongly 
related to the reaction conditions (1,5). On the other hand, the N atoms in both heterocy
cles show different thermodynamic stabilities towards their interaction with protons (6), 
and there is no correlation between the stability towards a proton and the one towards 
a transition metallic center for the respective N donar sites (6e,7). 

In an attempt to understand these problems, a preliminary theoretical study of the 
energetic stability of all the different ketonic tautomers for both neutral heterocycles has 
been carried out. In this, the molecular and electronic structures have also been calcu
lated, in the hope of rationalizing sorne aspects of both their physical chemistry prop
erties, and their potential behavior towards Lewis acids (e.g., transition metal centers, 
or protons). In this communication, the theoretical study of the two most energetically 
stable ketonic tautomers for both neutral heterocycles is presented. 

2. Methodology 
Geometry optimizations and electronic structures calculations were made with the 

Dgauss program (8) (implemented in the YMP4/464 Cray Supercomputer), which is 
based on the Density Functional Theory using Gaussian-type orbitals to build the wave 
function. Self-consistent field calculations were performed at the Generalized Gradient 
Approximation level. The DZVP (Double-zeta for the valence region, plus polarization) 
(9) orbital basis set was used together with the auxiliary Al basis set. Corrections for 

1 



2 Costas M.E. et al: 

o o 

HN: 
6 :i ~ HN5 

ls ~N?-~t ~7 
N 

H 
1 11 

FIGURE l. Schematic clrawing of the two neutral heterocycles studied. The clrawing belongs to 
the respective N(l)-H/N(9)-H and N(l)-H/N(5)-H ketonic tautomers. 

exchange and correlation were made with the Becke-Perdew (10) functional included 
self-consistently. 

The crystalline structures of the N(1)-H/N(9)-H hypoxanthine tautomer (11) and N(l)
H/N(5)-H allopurinol tautomer (12) were used as the initial geometry for the optimization 
process of these two tautomers. Their optimized structures were modified to get the 
initial geometry guess for the other ketonic tautomers. Total energy, bond orders, electric 
dipole moment, atomic charges, total electronic charge density, molecular electrostatic 
potential and occupied (35) and unoccupiecl (5) molecular orbitals (MO) wave function 
were calculated for all the possible tautomers of these two heterocycles in their neutral 
ketonic fonns. 

3. Results and Discussion. 
I. Energetic Stability. 

Table 1 shows the total molecular energy values calculated for all the possible hypox
anthine ancl allopurinol tautomers in their neutral ketonic forms. As can be seen from 
this Table, the energetically most stable hypoxanthine tautomers are those showing the 
prototropic protons in the 1,7 ancl1,9 positions. The former is slightly higher in stability 
(J.6.EJ=0.9191 kcal/mol). For allopurinol, the most energetically favorable tautomers are 
the 1,5 and 2,5. The former is also slightly higher in stability (J.6.EJ=3.54 kcal/mol). 
For each heterocycle, the corresponding two ketonic tautomers quoted above as the most 
relatively stable ones have been found to exist in equilibrium in solution (4). In the 
Metallic Center-Heterocycle interactions, the same two tautomers for both neutral hete
rocycles have been observecl as the ligands bondecl to transitional metallic centers (1,5). 
Finally, the crystalline structures (1,9c and 1,5c) happen to be the least stable ones. As 
the calculations were done for the free molecules, it can be suggested that the different 
packing forces present in the two crystalline lattices make the structures stable in the 
solicl state. 
II. Structural Properties. 

For the 1,7 (H17) ancl 1,9 (H19) tautomers of hypoxanthine, ancl the 1,5 (A15) ancl 
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2,5 (A25) tautomers of allopurinol, the internuclear distances and internal bond angles 
involved in the protonation or deprotonation of the N atoms show changes: for example, 
the protonation of N atoms is associated with bigger internuclear distances between 
nearest neighbors and interna! bond angles in all cases. For the two pairs of tautomers 
the internuclear distances indicate the existence of a double bond character of both 
endocyclic and exocyclic types. The positions of the double bonds in the five and six-. 
membered rings, are associated with the deprotonation of the corresponding N atoms. 
The four tautomers are pseudoaromatic. The Mayer valence indices are in agreement with 
the pseudoaromatic character (and the existence of the double bond character quoted 
above) for the two pairs of energetically most favorable tautomers. 

HYPOXANTHINE ALLOPURINOL 

Tautomer Energy (Hartrees) Tautomer Energy (Hartrees) 

1,7 -487.32412783 1,5 -487.308112834 

1,9 -487.32286213 2,5 -487.302452147 

3,7 -487.31266464 2,7 -487.287526930 

1,3 -487.29328519 1,7 -487.278857888 

3,9 -487.29000603 7,5 -487.266311176 

7,9 -487.28779244 1,2 -487.256374692 

1,9c -487.22073676 1,5c -487.254300673 

Table l. Total energy (Hartrees) for all the ketonic tautomers of hypoxanthine and 
allopurinol. e: crystalline structure. 

This dependence of the internuclear distances and the internal bond angles on the 
protonation has been observed also when the same N sites for both heterocycles are 
involved in metallic bonding (1,5). The behavior of the internal bond angles is a general 
experimental pattern in pyrimidines, purines and their derivatives (1). Also, the most 
stable tautomers show in their optimized structures lower deviations from planarity that 
the corresponding ones in the solid state, suggesting that crystal packing forces induce 
these structural distortions. 
III. Electric Dipole Moment. 

The properties of the electric dipole moment vector are strongly correlated with the 
positions of the protonated N atoms: these regions are associated both with lower atomic 
charge values and to lower electronic charge density in the corresponding tautomer. Fig
ure 2 shows the electric dipole moment for the most stable neutral and ketonic tautomers 
of both heterocycles. 

The experimental electric dipole moment value for hypoxanthine (3.16D) has been 
reported (13). The 1,7/1,9 tautomeric equilibrium of hypoxanthine in solution is sup
ported when this experimental value is compared with the mean theoretical value for 
the two tautomeric forms. Unfortunately, to our knowledge, there is no report of the 
corresponding experimental data for allopurinol. 
IV. Electrostatic Potential. 

Figure 3 shows the molecular electrostatic potential (-20 kcalfmol) for the two most 
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FIGURE 2. Electric dipole moment vector together with the total electronic charge density 
con tour map on the molecular plane for the two most stable tautomers of both heterocycles. 

stable tautomers of both heterocycles. This property is also strongly related to the 
deprotonation sites in the tautomers: those deprotonated N regions (and the exocyclic 
O atoms) show an attractive potential with respect to a positive charge; the N-H and 
Q-H regions are associated with repulsive potentials. 

The electric dipole moment is strongly related to the molecular electrostatic potential: 
those deprotonated regions are associated with bigger negative atomic charges and they 
are located opposite to the positive end ofthe electric dipole moment vector. In summary, 
these deprotonated regions would be potential sites for electrostatic interactions with 
cations. For the two respective tautomers of each heterocycle, those deprotonated regions 
(N atoms) have almost all been involved in chemical bonds with transition metal centers. 
V. Total Electronic Charge Density. 

Figure 3 shows the total electronic charge density contour maps on the molecular plane 
for the two most stable tautomers of both heterocycles. This property indicates the exis
tence of atomic regions with a double bond character in the tautomers. Their molecular 
distribution is strongly associated with the positions of the deprotonated N atoms. In 
agreement with the bonding parameters, this property confirms the pseudoaromaticity 
of the tautomers. For these four tautomers, this property also shows the double bond 
character in the .Q-0 group, supporting the experimental evidence of the predominance 
of the ketonic form in these type of heterocycles, both in solid state and in solution 
(11,12,14,15). 
VI. Frontier Molecular Orbitals Wave Function. 

The HOMO wave function shows (Figure 4) the same atomic contribution and molecu
lar distribution for the two pairs of most stable tautomers. The wave function is II-type·. 
Interestingly, the HOMO symmetry properties do not correlate with the prototropic tau
tomerism in hypoxanthine or in allopurinol. From this, the syrnmetry properties of the 
molecular orbitals associated to the II-type electron donor properties for the two pairs of 
tautomers are the sarne; the deprotonatecl N atoms would be favorable potential sites for 
II-bonding with d-orbitals of transition metal centers, which is in general in agreement 
with the experimental information obtained for the interactions of both tautorners of 
hypoxanthine and allopurinol with these type of centers (1,5). In this respect, the ex-
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FIGURE 3. Molecular electrostatic potencial surfaces (-20 kcal/mol) for the two most stable 
tautomers for both heterocycles. 

FIGURE 4. ROMO wave function (±0.25 leve!) for the two most stable tautomers of both 
heterocyles. 

5 

perimental existence of cationic hypoxanthine and allopurinol, let us suggest that other 
MO's of lower energy (u-type) are involved in the construction of the respective N-H 
bonds. The MO analysis (vide infra) supports this suggestion. 

The LUMO wave functions for the same tautomers is shown in Figure 5. They are 
II-type in all the cases, showing differences in the atomic contribution and molecular 
distribution for each pair of tautomers. By exploring the LUMO symmetry properties 
(atomic contributions of certain neighbors to the deprotonated N atoms) ancl those of 
transition metal centers d-orbitals, it is possible to suspect the potential involvement of 
the deprotonated N atoms in II-backbonding processes. 
VII . Molecular Orbitals Properties. 

An analysis of the symmetry properties for the 35 occupied and 5 unoccupied molecular 
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FIGURE 5. LUMO wave function (±0.25 level) for the two most stable tautomers of both 
heterocyles. 

orbitals of lower energy for the four tautomers was made. The first 10 occupied MO's 
are CORE, non bonding-type. The MO No. 11 is 0'-bonding. The MO's No. 12 to No. 
23 are 0'-type. The MO No. 24 is II-bonding. From the MO No. 25 to No. 35 (HOMO) 
the character is II or 0'-type, and the MO No. 36 (LUMO) is II-type. All the tautomers 
here discussed show analogous symmetry properties for these MO's. 

4. Conclusions 
The theoretical study carried out indicates the existence of two energetically most 

favorable neutral ketonic tautomers for hypoxanthine and allopurinol. This result is in 
full agreement with the experimental spectral information in solution. For those tau
tomers, the molecular structures, bonding parameters ancl the majority of the molecular 
ancl atomic properties are closely relatecl to the positions of the H atoms involved in 
the respective prototropic tautomeric forms. This relationship is not observed in the 
symmetry properties of the O' (MO No 11) and II-type (MO No 24) molecular bonding 
occupiecl MO's, and those of the HOMO (II-type). This last result let us propose that 
the MO's associatecl to the II-type electron donor properties in each tautomer are incle
pendent of the ketonic tautomeric form for both hypoxanthine ancl allopurinol. In other 
worcls, those N atoms that are potential II-type electron clonor sites woulcl not require its 
existence in cleprotonatecl form. Finally, this stucly let us rationalize certain aspects of 
the experimental behavior of these tautomers in their interactions with protons or with 
transition metal centers. 

Acknowledgments. We thank DGSCA-UNAM for the facilities in the use ofthe CRAY 
YMP4/464 supercomputer for the calculations. 
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Abstract. 

The theoretical stucly at the level of Density Functional Theory of the energetic stability, 

ancl the structural ancl electronic properties of all the isolatecl ketonic ancl enolic tautomers 

of neutral hypoxanthine is presentecl. VVe also stucly both the influence of temperature on 

the tautomeric equilibria ancl the IR vibrational spectrum_ of hypoxanthine in the gas 

phase in terms of the contribution of several tautomers of this heterocycle. We founcl 

that the two N(1)-H ketonic tautomers of hypoxanthine are the energetically most stable 

ones ancl they represent the main contribution to the experimental IR spectrum. The 

calculatecl properties ancl the potential chemical behavior suggestecl for hypoxanthine from 

the theoretical stucly are in reasonable agreement with the experimental elata reportecl up 

to date. 
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I. INTRODUCTION. 

Heterocycles that show in their structure the pirimiclinic ring fusecl to azolic moieties 

(Figure 1) are interesting systems from the Biochemical, Pharmacological, Chemical ancl 

Physicochemical points of view (1). 

Figure l. 

Among these heterocycles, hypoxanthine (Figure 2) is founcl as a minar purine base in 

transfer RNA (lb). In the purine catabolism, it is a substrate of the metalloenzime Xan

thine Oxidase in the procluction of uric acicl (lb). Several stuclies have been carriecl out 

about its interactions with Lewis acicls (lcl,2). From these, the N atoms are the favora

ble metallic coorclination sites, the nature clepencling on the experimental conclitions. For 

the neutral coorclinatecl hypoxanthine, two ketonic tautorn_eric forms have been cletectecl 

(3), the N(l)-H/N(9)-H ancl the N(l)-H/N(7)-H, which also have been experimentally 

suggested as the predominant tautomers in aqueous and DMSO solutions ( 4). 

Figure 2. 

vVith regarcl to the hypoxanthine tautomerism in solution, the influence of the solvent 

dielectric constant in the equilibrium shift between the N(l)-H/N(7)-H ancl N(l)-H/N(9)

H ketonic forms (N(l)-H/N(9)-H as the predonlinant tautomer in aqueous solutions; N(l)

H/N(7)-H as the slightly predominant form in DMSO medium), has been inferred from 

experimental and theoretical stuclies (5). From these, the shift of the tautomeric equili

brium in a polar media favoring that tautomer which has the highest electric dipole moment 

in the gas phase is deduced. 

To our lmowledge, there are no detailed experimental studies about the exploration ancl de

tection of hypoxanthine enolic tautomers in solution, although it is clifficult to discarcl both 

its existence in solution with solvents of different dielectric constants, and the influence 
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which they could have in the kinetic and thermodynamic stabilities of the hypoxanthine 

physicochemical processes carried out in those media. 

Although the two N(l)-H ketonic tautomers with prototropic tautomerism in the imicla

zolic ring appear to be the preponclerant species in solution, the tautomeric equilibria 

are more com.plicated in the gas phase because they are remarkably depenclent on the 

tem.perature conclitions. At this respect, the majority of the previous reportecl theoretical 

stuclies ha ve been focusecl on some electronic properties of the two energetically most stable 

N(l)-H/N(7)-H ancl N(l)-H/N(9)-H ketonic tautomeric forms of hypoxanthine (4a,6-12). 

Theoretical studies consiclering some enolic tautomer of hypoxanthine in the calculation 

of a specific property are very scarce (13,14), ancl only at the semiempiricallevel. A theo

retical stucly employing several levels of theory has been very recently reportecl (15), in 

which the energetic stability of the tautomers both in the gas phase ancl in the presence of 

a solvent has been stuclied, but without exploring the electronic properties of each one of 

the tauton1.eric forms ancl without comparing them with the experimental elata available. 

Here, we present the cletailecl theoretical stucly of the energetic stability, ancl the structural 

ancl electronic properties of several ketonic ancl enolic tautomers of hypoxanthine. We also 

analyze the influence of temperature on the tautomeric equilibria, ancl the IR vibrational 

spectrum of hypoxanthine in the gas phase is stucliecl in terms of the contribution of several 

tautomers of hypoxanthine. 

II. METHODS. 

Geometry optimizations, molecular ancl electronic properties of the fourteen possible tau

tomers of neutral hypoxanthine were performecl at the level of Density Functional Theory 

with the Becke-Perclew functional (16,17), and the DZVP basis set (18) using the standard 

procedure in Gaussian 94 (19). 

Crystalline structure (20) of hypoxanthine in its N(1)-H/N(9)-H ketonic tautomeric form 

was used as starting data for geometry optimization. Its optimized structure was usecl 

to construct the initial geometry for other tautomers, by simply moving the hyclrogen to 
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the new possible position on the molecular plane. For the enolic tautomers, a number of 

initial configurations for the OH group were usecl, ancl the cis ancl trans forms were always 

converged to the same structure. Criteria for geometry optimization ancl SCF convergence 

were 10-7 Hartree/bohr ancl 10-9 Hartrees, respectively. 

For som_e tautomers, previous calculations were clone with IVINDO ancl DFT methocls with 

the Dgauss program (21) with the DZVP basis ancl A2 auxiliary basis set ancl the same 

functional mentionecl before, to get an approximate structure as starting elata for the full 

geometry optimization performecl afterwarcls with Gaussian-94. Frequency calculations 

were clone to determine the nature of the stationary points founcl by geometry optimiza

tions. All the tautomers were stationary points in the geometry optimization proceclure, 

anclnone showecl imaginary frequencies in the vibrational analysis. 

The optimized geometries were usecl to perform single point calculations with Gaussian-92 

(22) with the same functional ancl basis set, in order to visualize the molecular properties 

as the electrostatic potential, the total electronic density ancl the molecular orbitals wave 

functions. The clifference in the SCF energy in cloing this calculation with respect to the 

value obtained with Gaussian-94 was of 10-8 Hartrees in all the cases. Visualization of 

these properties were clone with Unichem program (23). Single point calculations with 

Dgauss program for the Gaussia.n-94 optimized geometries were also clone to obtain the 

lVIayer valence indices. 

The calculated frequencies of the IR vibrational spectra were correctecl with a scaling 

factor of 0.9938. This factor was obtainecl comparing the theoretical IR frequency for the 

formalclehycle vC=O vibrational mocle (1756.8469 cm-1 ) in gas phase ( calculatecl with 

the same functional, basis set anclmethoclology as the one usecl for hypoxanthine) with its 

experimental frequency (17 46 cm - 1 ). Assignments to the vibrationalnormalmocles for the 

clifferent tautomers were clone by visualizing them at each frequency value with the XIVIol 

1.3.1 program. Frequency calculations were also clone at 11 K, 298.15 K ancl 480.15 K to 

obtain the Gibbs free energy thermal correction, which was usecl to calculate the tautomeric 
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equilibrium constants at these temperature values. Vertical first ionization potentials and 

first electron affinities were obtained by calculating the SCF energy of the monocationic 

and nwnoanionic radicals restricted to t.he opt.imized structure of the respective neutral 

taut01ners. 

Calculations were done on a CRAY YMP4/464 supercomputer, a SGI Power Challenge 

computer (R8000-18) anda SGI workstation (R4400). 

III. RESULTS AND DISCUSSION. 

A. Energetic Stability. 

Table 1 shows the total energy (Hartrees) for each one of the ketonic and enolic tautomers 

of neutral hypoxanthine, and their relative energetic stability (kcal/mol) with respect to 

the most stable tautomer. We also include the energy of the N(l)-H/N(9)-H ketonic form 

in its crystalline structure (a single point ). 

Table l. 

From_ these results, the N(l)-H/N(7)-H ancl N(l)-H/N(9)-H ketonic tautomers are the 

most stable ones, being the last slightly (0.84 kcal/Inol) less favorable. The higher energetic 

stability of the N(1 )-H ketonic forms of hypoxanthine arise, being the same pattern cleclucecl 

for this heterocycle in solution, as has been pointed out befare. The two N(9)-H enolic 

forms ( cis and trans) follow in descending stability. Of these, the isomer with the H atom 

( of the OH enolic group) in cis-configmation to the N(l) atom is relatively more stable; 

this allows us to suspect the possible higher basicity of N(1) with respect to N(7). From 

the stability of these four tautomers, the major role played by the basicity of the N(1) 

and 0(10) atoms may be suggested. The ketonic form N(3)-H/N(7)-H and the cis-N(7)-H 

enolic tautom_er follow in energetic stability. For the first one, the lower basicity of N(3) 

with respect to N(1) can be inferred. For the second one, it is possible to suggest the 

infiuence that the deprotonation of the N(9) atom has on the energetic stability. 
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vVith respect to the other eight tautomers, the remarkable increasing energetic instability 

can be associated both to the presence of two interchangeable H atOIIlS in the san1.e hetero

cyclic fragment (pirimidinic or imidazolic ring), or in different rings but with a disposition 

that produces considerable repulsive interatomic interactions. Finally, the N(l)-H/N(9)-H 

ketonic tautomer in its crystalline structure is the most unstable one; this let us suggest 

the great infiuence that the interactions in the crystalline lattice play in the stabilization 

of that structure. These interactions in the gas phase are suppressed. 

In the study reported by other authors (15) for the energetic stability of the hypoxanthine 

tautomers, the stability sequence is slightly different as the one we get. In there, sorne 

tautomers were eliminated from the final analysis by doing previous semiempirical calcula

tions. Here, we made the complete analysis using the same method for all the tautomers, 

and the sequence was determined in the same level of theory. Nevertheless, the four most 

stable tautomers are the same as the ones they report. In what follows, only the first six 

most st.ahle tautomeric forms are considered in the study of their structural and electronic 

properties. 

B. Structural Param_eters. 

Table 2a shows the internuclear distances (Á) and Table 2b shows the angles (Degrees) for 

each one of the six most stable tautomeric forms of hypoxanthine. 

Table 2a. 

Table 2b. 

For the two most stable N(l)-H ketonic tautomers, a double bond character for sorne 

regions can be inferred. For N(l )-H/N(7)-H these are C(2)-N(3), C(8)-N(9), C( 4)-C(5) 

and C(6)-0(10). For N(l)-H/N(9)-H, they are C(2)-N(3), N(7)-C(8), C(4)-C(5) and C(6)-

0(10). Noticeable differences arise for the N(9)-H enolic forms. For the cis-isomer the 

internuclear distances let us suggest a higher delocalization of the electronic density in 
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the pirimiclinic ring. A clouble bond character is associatecl to N(7)-C(8), ancl C(6)-0(10) 

shows a lower character of that type with respect to the. two ketonic forms mentionecl 

above. An analogous behavior for the 5- ancl 6-memberecl rings, ancl for the C(6)-0(10) is 

observecl for the trans-isomer. 

The N(3)-H/N(7)-H tautomer shows clouble bond character associatecl to N(1)-C(2), C(4)

C(5), C(8)-N(9) ancl C(6)- 0(10). Finally, the cis-N(7)-H enolic form shows a relative 

clouble bond character for C(2)-N(3), C(5)-C(6), C(6)-N(1) ancl C(8)- N(9). From the elata, 

the association between the positions of the interchangeable H atoms ancl the internuclear 

clistances is observecl. This is also reflectecl in the values of the respective angles. 

With regarcl to the internal angles of the CNC groups in the imiclazolic ring ancl for the 

six tautomers, those protonatecl CNC groups always show higher internal angles than 

those cleprotonatecl. This coulcl be associatecl to a higher sp2 -character of the atomic 

orbitals of the N atoms involvecl in the protonation, ancl a higher p-contribution in the 

corresponcling atomic orbitals of the cleprotonatecl N atoms. For the pirimiclinic ring, 

this same structural pattern is observecl in the N(1)-H/N(7)-H ancl N(1)-H/N(9)-H tau

tomers; the N(3)- H/N(7)-H tautomer shows a clifferent behavior. However, in analyzing 

the behavior of the CNC group which involves the N(3) atom, it systematically shows 

lower internal angles than those of the CNC group that contains the N(1) atom when 

both groups are cleprotonatecl; the former shows an increase of the internal angle uncler 

protonation. The same assumption about the N atoms p-type atomic orbitals contribution 

in the protonation/ cleprotonation processes carriecl out ancl involving the pirimiclinic ring 

is also consiclerecl here. 

The internal angle of the N(1)-C(6)-C(5) group, systematically shows higher values when 

the tautomers are in enolic form. In these, the C(6)-0(10)-H angles (104.99°- 106.90°) let 

us suggest a noticeable sp3-character for the O atom.ic orbitals. 

Finally, ancl with respect to the planarity of the structures for these tautomers, the cli

heclral angles are almost all lower than 0.01°, reflecting the essentially planar nature of 
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the heterocyclic networks. The analysis let us consider the existence of very small out of 

plane-character of the H atoms in som_e cases. 

C. Total Electronic Charge Density. 

Figure 3 shows the total electronic charge density contour maps (0.15-0.50 e/ Á 3 range, 

changes in 0.05 units) in the molecular plane and for the six tautomers here studied. 

Figure 3. 

For each tautomer and for the 0.15 level, electronic communication in all the molecule is 

observed. However, for higher values of the electronic density, noticeable differences arise. 

The N(1)-H/N(7)-H and N(1)-H/N(9)-H tautomers show electronic communication in the 

following groups: C(2)-N(3), C(4)-C(5), C(8)-N(9) and C(6)-0(10) (for the first one) and 

C(2)-N(3), C( 4)-C(5), N(7)-C(8) and C(6)-0(10) (for the second one). This supports the 

suggestion made befare about the existence of double bond character in these groups. 

For the N(9)-H enolic tautomers, the same analysis let us considera higher delocalization 

of the electronic density in the 6-membered ring. The C(6)-0(10) group is associated to a 

lower double bond character. In the imidazolic n1.oiety, the N(7)-C(8) group is supposed to 

contain in both cases a double bond character. For these two tautomers, the contour maps 

are in agreement with the results discussed befare related to the internuclear distances. 

A clouble bond character for the N(1)-C(2), C(4)-C(5), C(8)-N(9) ancl C(6)-0(10) groups 

is also supported for the N(3)-H/N(7)-H tautomer. Finally, for the cis-N(7)-H enolic 

tautomer the same character is supported for the C(2)- N(3), C(5)-C(6), C(6)-N(1) ancl 

C(8)-N(9) groups; the C(6)- 0(10) group shows a lower level of double bond character. 

Considering both the internuclear distances and the contour maps, ancl comparing them to 

the values of the Mayer valence índices for each atom of the tautomers, noticeable agree

ment both for the structural and potential physicochemical meaning is obtained, support

ing again the structural properties and electronic distribution made befare. As an exam

ple, for the N(1)-H/N(7)-H tautomer, the lVIayer valence indices (N(1): 3.28; C(2):3.97; 
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N(3):3.21; C(4):4.00; C(5):3.83; C(6):4.23; N(7):3.36; C(8):3.95; N(9):3.14; 0(10):2.21) 

are in agreement with the double character for the C(2)-N(3), C(4)-C(5), C(8)-N(9) and 

C(6)-0(10) groups. 

D. Molecular Electrostatic Potential and Electric Dipole Moment. 

Figure 4a shows the contour maps of the molecular electrostatic potential in the molecular 

plane (Oto -50 kcal/mol range, with changes in 10 units, and considering a positive charge 

as probe), together with the electric dipole moment vector (the head of the arrow pointing 

to the positive end) for each one of the six nwst stable tautomers. Figme 4b shows the 

respective isopotential surfaces ( -20 kcal/mol). 

Figure 4a. 

Figure 4b. 

For the N(1)-H ketonic tautomeric forms the higher attractive (negative) electrostatic 

potentiallevel líes upon two regions near the 0(10) atom, and a regían near each of the 

deprotonated N atoms. The highest level of attractive potential is distributed in a more 

located way around the O and N deprotonated atoms of the N(1)-H/N(7)-H tautomer. 

The interchangeable H atom in the imidazolic ring appears to influence this characteristic. 

In both tautom.ers the protonated regions are associated to repulsive (positive) electros

tatic potential. For these two tautomers the value and direction of the electric dipole 

moment into de plane (1.80 D for N(1)-H/N(7)-H ancl 5.19 D for N(1)-H/N(9)- H) are 

in full agreement with the spatial distribution of the attractive ancl repulsive electrostatic 

potential arouncl the heterocycles. 

For the N(9)-H enolic tautomeric forms a simila;r pattern for the attractive electrostatic 

potential around the C(2)-N(3)-C(4) fragment is observed. In contrast, the N(1) deproto

nated atom in the cis-isomer is associatecl to a more localizecllevel of the highest attractive 

potential. The configuration of the H atom boncled to 0(10), influences in a great manner 
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the characteristics of both the attractive ancl repulsive electrostatic potentials pathways: 

the 2-D maps dearly show differences in the "channel" of the repulsive potential that con

siders the OH group. As for the above two ketonic tautomers, the protonatecl regions are 

associatecl to repulsive electrostatic potential. Finally, the properties of the into the plane

electric clipole moment (2.52D for the cis-isomer; 4. 77 D for the trans-isomer), these are 

also in full agreement with the clistribution of the attractive ancl repulsive electrostatic 

potential arouncl the respective heterocycles. 

With respect to the last N(7)-H tautomers of the series of six, the pattern ofthe attractive 

electrostatic potential for the N(3)- H/N(7)-H shows noticeable differences with respect to 

the N(1)-H/N(7)-H tautomer. For the former, the 0(10) and the N(1) atoms are associated 

to very localized attractive electrostatic interactions; for the N(9) atom the highest level of 

attractive potential is more localized than the one for the same atom in the N(1)-H/N(7)-H 

tautomer, which suggests the influence that the protonated N(3) atom plays. As in the 

preceding cases, the protonated atoms are associated to repulsive electrostatic interactions. 

For the cis-N(7)-H enolic form, the pattern ofthe clistribution of the attractive electrostatic 

potential around the N(3) ancl N(9) atoms resembles the one shown for the same atoms 

in the energetically most stable tautomer. The pattern of the attractive potential around 

the N(1) atom resembles that shown for the same site in the cis- N(9)-H enolic tautomer. 

However, the attractive potential for the OH group in the tautomer here discussed, shows 

noticeable differences with respect to the same cis-N(9)-H enolic tautomer, reflecting the 

great influence that the protonated N(7) atom plays in this case. As for all the above 

cases, the protonated atoms are associated to repulsive potentials. For these two last 

cases under discussion and considering the properties of the into the plane- electric clipole 

moment ( 4.92 D for the N(3)-H/N(7)-H; 5.16 D for the cis-N(7)-H enolic tautomer), there 

is an agreement between its properties ancl the clistribution of the attractive ancl repulsive 

electrostatic potentials around these heterocydes. 

Finally, for the six tautomers here stucliecl, the respective cleprotonatecl atoms could be only 

suggestecl as potential sites in physicochemical processes mecliated mainly by electrostatic 
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interactions ( or at least in the initial steps ). Nevertheless, to postulate the same si tes as 

chemically reactive toward an electrophilic attack (processes in which the covalent contri

butions coulcl be important), appears very clifficult to us ancl related to the global chemical 

reactivity problem_. For example, and considering the two nwst stable tautomeric forms, 

the 0(10) atom could be postulated in principie, as a site of electrophilic attack; how

ever, there are no studies reported up to date that show categorically the existence of a 

direct 0(10)-transitional metal chemical bond. The same is applied for the 0(10)-N(7) 

fragment in the N(3)-R/N(9)-R tautomer, for which there are no reports that show cate

gorically a simultaneous 0(10)-transition metal-N(7) chemical bond for this tautom_eric 

form of hypoxanthine. As can be deduced from these examples, many other factors must 

be considered in the chemical reactivity problem, particularly in condensed phase. 

E. Energy and Symm_etry Properties of the Wave Function Associated to the 

HOMO and the LUMO. 

Table 3 shows the ROMO and the LUMO energies for the six tautomers here studied, 

and Figure 5 shows the respective 3D-wave function (±0.025 level) associated to the same 

molecular orbitals. 

Table 3. 

Figure 5. 

As can be observecl in Figure 5, noticeable trencls in the symm_etry for the ROMO and 

LUMO wave functions arise. For the two N(1)-R ketonic ancl the two N(9)-R enolic 

tautomers, the symmetry ancl spatial distribution of the ROMO wave functions are of the 

same type. From the analysis, a II-type character for the ROMO is deduced, independently 

of the position of the interchangeable R atom.s. It could be suggested that the potential 

electron donor properties of these four tautomers are non dependent on the positions of 

the R atoms, and that they are of the II-type character. 
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For the two less energetically favorable N(7)-H tautomers here studied, the symmetry ancl 

spatial clistribution properties of their ROMO wave functions are clifferent between them 

ancl also with respect to the four above cases: they are of cr-typc. Here, the cr-type potential 

electron clonar regions are strongly clependent of the interchangeable H atoms positions. 

On the other hand ancl for the LUMO wave function, this is II-type in all the cases. 

Interestingly, the wave function spatial clistribution shows a relative depenclence of the H 

atoms positions, particularly for the case of the N(1)-H ketonic tautomers. For all the 

tautomers, the potential electron acceptor properties lies upon II-type molecular orbitals. 

The energies ancl properties of the 35 occupiecl MO and the first 5 unoccupiecl MO were 

obtainecl. For the two most stable tautomers (N(1)-H ketonic form.s) the first 10 occupiecl 

MO are core-type; MO number 11 is cr-boncling; from MO number 12 to 23 they show 

cr-character (with specific atomic regions showing bonding properties); the MO num.ber 24 

is II-bonding; frmn MO 25 to 34 they are cr- or II-character (with the same characteristics 

as the MO 12 to 23), ancl the HOMO (number 35) is II- type with atomic regions showing 

boncling properties. The LUMO (number 36) is II-type. 

F. Ionization Potential (I.P.) and Electron Affinity (E.A.). 

Table 4 shows the first vertical I.P. ancl the first vertical E. A. calculated for each one of the 

six nwst stable tautomers of hypoxanthine here stucliecl. These values belong to the pro

cesses neutral species -----t monocationic radical species, ancl neutral species -----t monoanionic 

radical species, respectively. 

Table 4. 

a) I.P. The I.P. values follow (with the exception of the N(3)-H/N(7)-H ketonic tautomer) 

the same trencl shown by the ROMO energy values. A gross increasing trencl of the I.P. 

values with clescending the tautomer energetic stability is inferred. The energetically most 

stable tautomers are associatecl to relatively lmver I.P. values, i. e., they woulcl be the 

relatively stronger reductor agents. On the other hancl, the experimental spectroscopic 
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vertical I.P. values for hypoxanthine, to our lmowleclge ancl reportecl up to date, ranges 

between 8.87 ancl 8.89 eV (7,24,25). vVith respect to the temperature experimental condi

tions carriecl out in these experiments, unfortunately only one study (7) makes a cletailecl 

clescription about the tem.perature at which hypoxanthine in the gas phase was analyzed 

(T = 257°C). This aspect coulcl be important, because as we will show in the next section, 

the gas-phase temperature influences changes in the relative population of the tautomers. 

In principie, we think that the experimental signals corresponding to the first I.P. of hypo

xanthine, coulcl be weighted by the ionization from the relative tautom.eric contribution in 

the gas phase stucliecl at a specific temperature. In fact, in one of the stuclies, the signal at 

8.87 e V, ancl reportecl as the first I.P. is overlapped with a signal at 8.70 e V, this last being 

interpretecl (25) as the starting of the photoionization. In this way, one can suspect that 

the experim.ental signals may be only "Iceberg peaks" of very complex processes occurring 

simultaneously. 

vVith respect to the MO levels associated to the first I.P., we propose that the ionization 

( oxiclation) process involves mainly the ROMO of each tautomer, of II-character for the 

N(1)-R ketonic ancl the N(9)-R enolic forms, ancl of o--type for the N(7)-R tautomers. We 

have analizecl the possible involvement of other occupiecl MO in the first ionization process, 

by looking at the their energies for each tautomer: for all the tautomeric forms the MO 

number 34lies (o--type for the N(1)- R ancl the N(9)-R forms; II-type for the N(7)-R forms) 

arouncl 0.01 e V below the ROMO energy. This energetic clifference let us suspect that this 

MO coulcl be in some measure involvecl in the photoionization process of each tautomer, 

but having this possibility important experimental implications as a consequence of the 

higher relative population of the tautomers energetically most stable. 

E.A. The theoretical values for this property do not show a clear trencl with respect 

to LUMO energies for the six most stable tautomers stucliecl. Rowever, if we take two 

groups of three tautomers each, one can observe some gross concorclance between the E.A. 

values ancl the LUMO energies. The theoretical value of E.A. is associatecl to the relative 
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stability of the tautomer upon a reduction process. In general, the most energetically 

stable tautmners show higher E. A. values than the less stable ones, i. e., the more stable 

ones wo1.:tlcl be relatively poorer oxiclant agents than the less stable ones. Unfortunately 

ancl to our knowleclge, experimental E.A. elata are not reportecl up to date. 

vVith respect to the MO associatecl to the first E.A., we think that the ionization (re-

cluction) process woulcl involve mainly the LUMO of each tautomer, of II-type in all the 

cases. Analyzing the energy of the nearest unoccupiecl MO (number 37), only the energy 

clifference between this ancl the LUMO energy for N(1)-H/N(7)-H is clase to 0.01 eV; for 

the other tautomers, this clifference increases as the tautomer becomes energetically more 

unstable. In this way, and for the most stable tautomer, the possible involvement of the 

unoccupied MO number 37 (II-type) in its reduction process arise. 

G. Tautomeric Equilibria in Gas Phase as a Function of Temperature. 

At this point, the energetic stability and the structural and electronic properties of the six 

most stable tautomers ha ve been explorecl for each case. However, an interesting aspect of 

the problem about the hypoxanthine tautomers in gas phase, lies on the evaluation of the 

tautomeric equilibrimn constants, and their behavior with temperature. 

vVe calculated the tautomeric constants corresponcling to the equilibrium: 

Tautomer N(1)-H/N(7)-H~ Tautomer i 

for which 

[Tautomer i] = e-!'::.Go jRT 
}( eq = ----=-----'---

[N(1)- H/N(7)- H] 

where 6G0 is the standard Gibbs free energy clifference between tautomer i ancl N(1)-

H/N(7)-H. Table 5 shows the equilibrium constants for all the tautomeric equilibria in-

volving the six tautomers here stucliecl, at three clifferent values of temperature. 

Table 5. 

14 



As can be seen, the tautomeric constant values at a certain T for the process inclicatecl 

above, follows a trencl of clescencling values, in agreement with the clescencling energetic 

stability of tautomer i with respect to the N(1)-H/N(7)-H form. On the other hancl, for 

a specific tautomeric equilibrimn, the equilibrium constant shows an increasing behavior 

with temperature. This means that the hypoxanthine gas phase in thermal equilibrium at 

a higher tem.perature woulcl have a tautomeric population remarkably clifferent than the 

one at low ten1perature. This also can be seen consiclering the respective K values. For 

example, at 298.15 K, the relatively most important tautomeric forms of hypoxanthine in 

the gas phase woulcl be the two N(1)-H ketonic forms. However, at 480.15 K, the relative 

contribution of initially unfavorable tautomeric forms shows a significant increase. These 

results coulcl have important consequences in the process of analyzing physicochemical 

properties experimentally obtainecl ancl corresponcling to the gas phase of hypoxanthine 

at clifferent temperatures. 

H. IR spectroscopy. 

As part of the theoretical properties stucly of the six tautomers, the calculation of the 

respective IR vibrational spectrum was carefully clone, ancl the coresponclent assignment 

of the absorptions was carriecl out. Table 6 shows the correctecl theoretical frequencies, the 

intensities ancl assignments for each one of the absorptions of the IR vibrational spectrum 

of the six tautomers here stucliecl. 

Table 6. 

As can be cleclucecl from this table, each one of the tautomers (both ketonic ancl enolic) 

shows characteristic absorptions that can leacl to make a cletailed comparison of the experi

mental vibrational spectrum of hypoxanthine in gas phase at any temperature below its 

thermal clecomposition. In a previous study (26) the experimental IR vibrational spectrum 

of hypoxanthine in an Ar matrix measmed by the low-temperature method at 11 K and in 

the 4000-500 cm -l range was reported. In this, the experimental spectrum was assumecl 
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to be mainly a result of the N(1)-H/N(7)-H ancl N(1)-H/N(9)-H tautomeric contributions. 

In aclclition, a estim_atecl small contribution of a enolic tautomer was establishecl. This 

was cleclucecl frorn the pionecring work by Pullman et al ( 4a) on semiempirical calculations 

for the N(1)-H ketonic tauton1ers, sorne other semiem.pirical calculations carriecl out (26) 

for two enolic forms (N(9)-H ancl N(7)-H but without cletailecl infonnation about the OH

group configuration), ancl from the analysis of the experimental IR elata in the 4000-3400 

cm_-l range of sorne moclel heterocycles. 

For our theoretical stucly of the IR vibrational spectrum ancl its comparison with the ex

perimental one, several assumptions were macle: a) although the experimental IR spectrum 

was measurecl at 11 K in an Ar tnatrix, we consiclerecl that at this temperature there are no 

tautomeric transformations in the salid sample (in fact, the gas mixture freezes at a higher 

temperature ); b) although the relative population of the hypoxanthine tautomers in the 

gas phase appears to be clepenclent on temperature, we assumecl that the abrupt clecrease 

of T overcomes the clynan:Ücs of the tautomeric equilibria shift; e) as a consequence of a) 

ancl b ), we consiclerecl the experimental sublimation temperature of hypoxanthine (26), 

i. e., 207°C, as a more realistic value for which the analysis of the relative population of 

the hypoxanthine tautomers in the gas phase should be done. 

From these considerations, the relative population of the hypoxanthine tautomers usecl to 

analyze the experimental IR spectrum was the one that corresponds to the tautomeric 

equilibria at 480.15 K (207°C), and for which the equilibrimn tautomeric constants have 

been previously cliscussed (Section G, Table 5). The respective mole fraction (xi) of each 

tautomer was obtainecl from_ the Keq values. The theoretical intensities of the absorptions 

in each spectrum were weighted by the correspondent mole fraction. After this, all the 

intensities were scalecl relative to the signal of highest intensity value. As a result, a theo

retical IR spectrum consiclering the relative contributions of the six most stable tautomers 

at 480.15 K was obtained. The experimental spectrum was carefully scannecl and cligitized 
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upon a meticulous con1.parison with the elata in atable reportecl in reference 26, ancl the ex

perimental absorptions were also scalecl with respect to the highest intensity experimental 

value. Both spectra, the experimental ancl theoretical ones are shown in Figure 6. 

Figure 6. 

From their companson, a reasonable concorclance in both the frequency ancl intensity 

patterns between several groups of highest absorptions in the two spectra is founcl. These 

groups belong to the 3510-3300 cm-1 , 1800-1200 cm-1 , 1100-1000 cm-1 ancl 1000-500 

c1n-1 ranges. 

In orcler to carry out the spectral characterization of the experimental IR spectrum from 

a theoretical point of view, we first constructecl the theoretical spectrum by successive 

incorporation of each tautomer in orcler of clescencling energetic stability, ancl macle a 

cletailecl comparison of the possible changes observecl. From this proceclure, a essential 

contribution of the N(1)- H/N(7)-H ancl N(1)-H/N(9)-H tautomers was founcl. This is, the 

resultant theoretical IR spectrum (Figure 6b) ancl its observable absoq)tions corresponcl 

to the two N(1)-H ketonic tautomers contributions. The energetically less stable ones do 

not have any significative spectral contributions to the theoretical IR spectrum shown in 

Figure 6b. 

Characterization of the experimental IR spectrum of hypoxanthine from_ the 

theoretical study. 

a) 3510-3300 cm-1 range. 

The experimental IR bancls with maximum absorptions at 3464 cm-1 (bancl 1) ancl 3428 

cm-1 (bancl 2) coulcl be assignecl to the VN-H (imiclazolic ring) ancl VN-H (pirimiclinic 

ring) vibrational mocles respectively. Although the theoretical frequencies for these two 

vibrational mocles in the N (1 )-H ketonic tautomers líes u pon slightly higher values than 

the experimental ones, their relative intensities are very similar. When analyzing in more 

cletail the two experimental bancls, a shoulcler in both is observecl. For the bancl at 3464 
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cm-1 , a shoulder at 3478 cm-1 is detected; for the band at 3428 cm-1 a shoulder in the 

low-energy side is suggested. From the comparison between these two experimental bands 

and their correspondent theoretical ones, the maxima absorptions at 3464 ancl 3428 cm - 1 

are attributed respectively to V.tf(7)-H and v!i(1)-H of the N(1)-H/N(7)-H tautomer. The 

two shoulders of the experimental bancls are attributed respectively to V.tf(g)-H (the one at 

higher frequency) and v!i( 1)-H (the one at lower energy) of the N(1)-H/N(9)-H tautomer. 

b) 1800-1200 cm-1 range. 

The experimental bands at 1753 cm-1 (band 3) and 1735 cm-1 (band 4) are very similar in 

frequency and relative intensity to two theoretical absorptions of the two N (1 )-H ketonic 

tautomers. Considering the previous assignm_ents of the theoretical absorptions of the 

N(1)-H ketonic tautomers, it can be proposed that the band at 1753 cm-1 is due to 

the v C=0/N(1)-H vib./rings vib. modes of the N(1)-H/N(9)-H tautomer. The band 

at 1735 cm - 1 is attributed to contain the v C=O /rings vib./N(1 )-H vib. modes of the 

N(1)-H/N(7)-H tautmner. 

In this sam_e range, there are three bands at 1595 cm-1 (band 5), 1555 cn1-1 (bancl 6) 

and 1534 cm-1 (band 7). Comparing these with the absorptions of the theoretical IR 

spectrum, the band at 1595 cm-1 is associatecl to the modes ring vib./C(2)-H vib./N(1)-H 

vib./v C=O of the N(1)-H/N(7)-H form. The bancl at 1555 cm-1 is attributed to the 

modes rings vib./C(2)-H/v C=O, and the one at 1534 cm-1 is associated to the modes 

rings vib./N(9)-H vib./C(8)-H vib. of the N(1)- H/N(9)-H tautomer. 

Finally, there are bands in this ra.nge appearing at 1433 cm-1 (band 8), 1384 and 1381 

cm-1 (ba.nd 9), 1371 cm-1 (band 10) ancl 1324 cm-1 (band 11). When comparing them 

with the theoretical a.bsorptions, we suggest for the first the contribution of the modes 

rings vib./C(8)-H/v C=O of the N(1)-H/N(7)-H tautomer; the second one (cloublet) is 

suggestecl to contain mainly both the rings vib./N-H vib./v C=O and the rings vib./C(2)

H vib./C(8)-H vib. modes of the N(1)-H/N(7)-H form. The band at 1371 cm-1 coulcl 

be associated ma.inly to the rings vib./N-H vib./v C=O modes of the same tautomer. 
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The band at 1324 cm-1 is proposed to contain both the rings vib./C(2)-H vib./N(1)-H 

vib. modes of the N(1)-H/N(9)-H tautomer, and the rings vib./C(2)-H vib./N(7)-H vib./v 

C=O modes of the N(1)-H/N(7)-H tautomer. 

e) 1100-1000 cm-1 range. 

In this range, the experimental IR spectrum show bands at 1100 cm-1 N(9)-H (band 12), 

1084 cm-1 (band 13) and 1062 ancl 1054 cm-1 (band 14). Again, comparing them with 

the theoretical spectrum, the following assigmnents can be suggestecl: the bancl at 1100 

cm-1 corresponcls to the rings vib./N(1)-H vib mocles of the N(1)-H/N(9)-H tautomer; the 

band at 1084 cm-1 is attributecl to rings vib./N(1)-H vib./ mocles of the N(1 )-H/N(7)-H 

form_, and the bancl of con1.plex structure with absorptions at 1062 ancl 1055 cm-1 can 

be assignecl, the first frequency to rings vib./N(7)-H vib. mocles of the N(1)-H/N(7)-H 

tautomer, ancl the second frequency to the rings vib./N(imiclazolic)-H vib. mocles of both 

N(1)-H ketonnic tautomers, without cliscarcling some contribution of the mocles C(2)-H 

vib.fC=O vib. of the N(1 )-H/N(9)-H tautomer. 

el) 1000-500 cm-1 range. 

Several bancl of low-intensity appear in this range. Comparing carefully the frequency ancl 

intensity patterns with the theoretical ones, assignments for those were possible. These are 

as follows (o.m.p. means out ofthe molecular plane): 891 cm-1 (bancl15): rings vib./N(9)

H vib./C(8)-H vib. of N(1 )-H/N(9)-H; 860 cm-1 (band 16): C(2)-H vib./pirimiclinic 

ring vib. (o.m.p.) of both N(1)-H ketonic tautomers; ca. 775 cm-1 (bancl 17): C(8)-H 

vib./rings vib. (o.m.p.) of the N(1)-H ketonic tautomers; 725 cm-1 (bancl 18): N(1)-H 

vib./rings vib. (o.m.p.) of the N(1)- H ketonic tautomers; 691 cm-1 (bancl19): rings vib. 

of the N(1)- H ketonic tautomers; 657 cm-1 (band 20): rings vib./N-H vib. (o.m.p.) of 

the N(1)-H/N(7)-H tautomer; 640 cm-1 (bancl21): N(1)-H vib./rings vib. (o.m.p.) of the 

N(1)- H/N(9)-H tautomer; 626 ancl 622 cm-1 (bancl 22): rings vib./N-H vib. (o.m.p.) of 

the N(1)-H ketonic tautomers; 602 ancl 598 cm-1 (bancl 23): essentially rings vib. of the 

N(1)-H ketonic tautomers; 558 ancl 553 cm- 1 (bancl 24): N(9)-H vib./rings vib. (o.m.p.) 
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ofthe N(1)-H/N(9)-H tautomer and rings vib./N(1)-H vib. (o.m.p.) ofthe N(1)-H/N(7)-H 

tautomer respectively; 542 and 534 cm-1 (band 25): rings vib. of both N(1)-H ketonic 

tautomers; 524 cm-1 (band 26): imidazolic ring vib./N(7)-H vib. (o.m.p.) of the N(1)

H/N(7)-H. Finally, the band at 508 cm-1 (band 27), is attributed to N(9)-H vib./rings 

vib. (o.m.p.) of the N(1)-H/N(9)-H tautom_er. 

On the other hand, and fron1 the same analysis, our theoretical spectral results let us 

propose the existence of absorptions in the experimental IR spectrum for the ranges: ca. 

3300-3000 cm-1 (for the v C(8)-H and v C(2)-H modes ofboth N(1)-H ketonic tautomers); 

ca. 1520-1450 cm-1 (for the rings vib./N(7)-H vib./C(2)-H vib.jv C=O modes ofthe N(1)

H/N(7)-H form); ancl ca. 1200-1100 cm-1 (for the rings vib./C(8)-H vib./N-H vib. of both 

N(1)-H ketonic tautomers). Other theoretical absorptions (their characterization appears 

in Table 6), are al so predicted below 500 cm - 1 . 

From the above analysis, only the vibrational modes of the two N(1)-H ketonic tautomers 

have shown to have significative contributions. At this respect, it is important to arise 

that in the experimental study (26), the spectral contribution of an enolic tautomer was 

established after the increase of the total intensity of the spectrum; from this, a band 

of extremely low-intensity was shown in the original spectrum at 3578 cm-1 (band a in 

the experimental spectrum of Figure 6a). The authors used some semiempirical results 

( that predict the existen ce of this band) ancl the IR elata ( 4000-3400 cm-1 ) of so me m o del 

heterocycles to conclude that tautomeric contribution. 

vVe attempted to make observable the theoretical absorptions associated to the V OH 

mode for the cis- ancl trans-N(9)-H enolic tautomers in the spectrum of Figure 6b, ancl 

only when multiplying by a factor of 100, they were cletectecl. The complexity of the 

resulting theoretical spectrum macle it very clifficult to consicler that in the experimental 

one, bands associatecl clearly to vibrationalmocles of the OH group coulcl be cletectecl. It 

is then very clifficult for us to consicler a significative contribution of an enolic tautomer 

(i.e., the cis- or trans-N(9)-H, or both) in the experimental IR spectrum of hypoxanthine. 
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These consiclerations coulcl be in agreement with a mass spectra stucly (T = 252°C) of 

hypoxanthine (27), from_ which the existence of only the N(l)-H ketonic forms was deducecl. 

IV. CONCLUDING REMARKS. 

In the theoretical study carried out, the total energy, the structural properties, the elec

tronic structures, some properties associated with electrostatic interactions ancl Redox 

processes, and the IR vibrational spectra of all the ketonic and enolic tautomeric forms of 

neutral hypoxanthine were calculated. Here, those corresponding to the six energetically 

m_ost stable tautomers have been shown and discussed. 

From this study, the following conclusions can be drawn: 

l. The total energy values let us consider the highest relative energetic stability for the 

two N(l)-H ketonic tautomers, followed by the two enolic N(9)-H, the N(3)-H/N(7)-H ancl 

the cis-N(7)-H enolic forms. For the N(l)-H ketonic tautomers, and at this level of study, 

the N(l)-H/N(7)-H form is slightly more stable than the N(l)-H/N(9)-H one. 

2. The values of the structural parameters are noticeably sensitive to the tautomeric 

form. The experimental trend found about the increase of the internal angle of a specific 

region in the heterocycles upon a protonation or a metallic coordination here has been also 

obtained. All the tautomeric forms here studied are remarkably planar in isolated form. 

Interestingly ancl for the enolic forms, the OH group is also found to be locatecl into the 

corresponclent molecular plane. The theoretical values of the san1.e structural parameters, 

let us consider the existence of regions with clouble bond character. Endocyclically these 

are remarkably clependent on the position of the interchangeable H atoms involved in the 

prototropic tautomerism. For the ketonic forms this same character is attributed to the 

C(6)-0(10) group. 

3. The total electronic clensity clistribution is also noticeably sensitive to the tautomeric 

form, accordingly with the values of the structural parameters and the Mayer valence 

índices values. 

4. In agreement with the structural parameters, the total electronic density ancl Mayer 

valence índices, the attractive electrostatic potential distribution is also strongly dependent 
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on the tautomeric form: those endocyclic atomic regions involved in double bonds are also 

associated to high attractive potentials. In contrast, all the protonated regions (N-H or C

H) are associated to the repulsive ones. For the exocyclic O atom, the spatial distribution 

of the attractive electrostatic potential is dependent on both the tautomeric form (ketonic 

or enolic) and for the last one, on its configuration. We also found concordance of the 

electric dipole n1.oment behavior with the above properties. 

Considering all these properties, possible favorable sites for interactions with electrophilic 

agents and directed in the first steps ( or essentially) by electrostatic contributions can 

be suggested, being in principie those associated to a higher total electronic density, a 

higher attractive electrostatic potential and the negative end of the electric dipole moment 

vector. Interestingly and for the N(l)-H ketonic tautomers, the most stable in solution, 

the metallic coordination behavior found up to date involves mainly those atomic regions 

with the properties rationalized befare: the N(3) and N(9) atoms for the N(l)-H/N(7)

H form, and the N(7) (or the N(3) and N(7) atoms) for the N(l)-H/N(9)-H have been 

involved. Unfortunately, there are no reports on theoretical and experimental studies 

were the reactivity of other less stable tautomers here studied are considered. In spite 

of the above considerations and experimental evidences, one has to be cautious about the 

reactivity sites studies in these heterocycles. Many other factors, as for example the kinetic 

one, can play a critical role. 

5. The properties of the wave function associated to the molecular orbitals would appear to 

have significative contributions and implications in the reactivity of the tautomers (mainly 

the most stable ones) towards Lewis acids, particularly those having II- type frontier M O 

energetically accessible for electron density transfer processes. In particular, these results 

for the most stable tautomers of hypoxanthine, let us propase that in their respective 

interaction with a transitional metallic center through a specific potential coordination 

site ( e.g., the N(7) atom), the initial step of the chemical bond formation in that site could 

be feasible although the same N atom shows a O"-bond with an H atom. This would mean 
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that the protonated N atom has not necessarily filled its bonding capacity, and thus it can 

react with other electrophilic agent. 

This let us suspect that the initial step of the protonated N atom_-transition metal chemical 

bond formation does not necessarily requires the respective N atom protonic dissociation. 

In other words, the potential reactivity of an specific N atom towards a transitional metallic 

center does not require its existence in deprotonated form. 

6. From the first I.P. and E.A. theoretical values, an approximated both increasing trend 

for the first one and decreasing for the second one, with descending energetic stability 

of the tautomers is found. These properties could have significative repercussions in the 

reactivity of the N(l)-H ketonic forms, because they would be the strongest reductors 

( i. e., weakest oxidants) tautomers. For these two tautomers, the electron donor-acceptor 

properties are associated to the II-type frontier IVIO, but without excluding the possible 

contribution of the respective energetically nearest IVIO for each one of those. 

7. The theoretical tautomeric equilibrimn constant calculated for the whole set of tau

tmners at different tem.peratures show a decreasing tendency for the relative contribution 

of the energetically less stable tautom_eric forms with the temperature decrease. The equi

librium constants at the sublimation temperature (T = 207°C) were used to obtain the 

relative contribution of the tautomers to the IR vibrational spectrum theoretical analy

sis. The theoretical spectral analysis carefully carried out has lead to the absorptions 

characterization of the experin1ental IR elata, being the N(l)-H ketonic tautomers the 

spectroscopically observable ones. In our opinion, the enolic tautomers ( e.g., the N(9)-H 

forms) have not significative contributions at this spectroscopic level, ancl for the thermal 

conditions established. 

Finally, the highest energetic stability of the N(l )-H ketonic tautomeric forms here found 

would appear to be in correspondence with their clear spectroscopic preponderance in solu

tion studies. Comparing the relative population of the N(l)-H/N(7)-H ancl N(l)-H/N(9)-H 

tautomers, both in solution and in gas phase, the environment dielectric properties influen

ce is clear: the tautom_eric form with higher electric dipole moment shows an increasing 
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contribution in the relative population as the environment clielectric constant increases, as 

in the case of the N(l )-H/N(9)-H ketonic tautomer. 
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Tables. 

Table l. DFT energy for all the tautomers ancl energy cli:fference with respect to tautomer 

K17. K=ketonic; E=enolic; c=cis with respect to N(l); t=trans with respect to N(l); 

cr=crystalline structure. 

Table 2. a) Internuclear clistances (Á) for the six most stable tautomers. b) Internal 

angles ( clegrees) for the six most stable tautomers. 

Table 3. HOMO ancl LUMO energy for the six most stable tautomers. 

Table 4. First vertical ionization potentials ancl first vertical electronic affinities for the 

six most stable tautomers. 

Table 5. Tautomeric equilibrium constants at three cli:fferent temperatures for all the 

tautomers in the gas phase. 

Table 6. Frequency (D, cm-1 
), intensity (I,KM/mol) ancl vibrational mocles assignm_ents 

for the theoretical IR spectrum of the six most stable tautomers: a) N(l)-H/N(7)-H ancl 

N(1)-H/N(9)-H ketonic forms; b) cis-N(9) and trans-N(9) enolic forms; e) N(3)-H/N(7)-H 

ketonic ancl cis-N(7) enolic forms. a: all the vibrational mocles at the inclicatecl frequency 

are out of molecular plane ( o.n1.p. ). ó COH* m_eans v ancl ó combinecl m_ocles for this 

group. 

Figure Captions. 

Figure 1. Schematic clrawing of heterocycles showing pirimiclinic ancl azolic rings fusecl 

in their structure. X,Y=H, NH2, O, S, ... ; A,B,C=C, N; Ri=possible H atoms or other 

substituents depencling on each case and tautomeric form. 

Figure 2. Schematic drawing and numbering sequence of hypoxanthine m its N(1)

H/N(9)-H ketonic tautomeric form. 

Figure 3. Total electronic charge clensity con tour maps (0.15 to 0.50 ej Á 3 range, changes 

in 0.05 units) for the six most stable tautomers. 

Figure 4. a) Attractive electrostatic potential contour maps (Oto -50 kcaljmol range, with 

changes in 10 units, considering a positive charge as pro be), together with the electric clipole 
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moment vector (the head of the arrow pointing to the positive end), and b) Isopotential 

electrostatic potential smfaces ( -20 kcal/mol), for each one ofthe six nwst stable tautomers. 

Figure 5. HOMO and LUMO 3D-wave function (±0.025 level) for the six most stable 

tautmners. 

Figure 6. IR vibrational spectra for hypoxanthine a) experimental (from reference 26), 

and b) theoretical ( this study). 
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Tautomer 
Energy ~E 

(Hartrees) (Kcal/mol) 

K17 -487.2690 -

K19 -487.2677 0.84 

E9c -487.2596 5.92 

E9t -487.2576 7.17 

K37 -487.2569 7.65 

E7c -487.2558 8.31 

E3t -487.2464 14.22 

E3c -487.2443 15.53 

E7t -487.2417 17.14 

K13 -487.2383 19.29 

Elt -487.2364 20.48 

K39 -487.2351 21.29 

K79 -487.2323 23.04 

Ele -487.2194 31.13 

K19cr -487.1655 65.00 

Table l. 
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d(Á) K17 K19 E9c E9t K37 E7c 

N1-C2 1.385 1.373 1.358 1.357 1.308 1.366 

C2-N3 1.311 1.318 1.346 1.351 1.384 1.339 

N3-C4 1.379 1.369 1.348 1.346 1.383 1.356 

C4-C5 1.411 1.411 1.420 1.414 1.395 1.424 

C5-C6 1.439 1.454 1.414 1.414 1.457 1.403 

C6-N1 1.428 1.448 1.345 1.339 1.425 1.336 

C5-N7 1.382 1.386 1.393 1.393 1.388 1.387 

N7-C8 1.380 1.326 1.324 1.326 1.374 1.385 

C8-N9 1.331 1.389 1.391 1.390 1.341 1.326 

N9-C4 1.383 1.383 1.385 1.389 1.371 1.390 

C6-010 1.241 1.233 1.353 1.358 1.242 1.364 

C2-H 1.097 1.096 1.097 1.097 1.099 1.097 

C8-H 1.091 1.091 1.092 1.092 1.091 1.092 

H-
N1 N1 010 010 N3 010 

1.025 1.025 0.987 0.985 1.022 0.987 

H-
N7 N9 N9 N9 N7 N7 

1.022 1.022 1.021 1.021 1.022 1.027 

Table 2a. 
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Angle K17 K19 E9c E9t K37 E7c 

e2-N1-e6 125.49 126.75 11S.46 117.75 120.95 117.63 

N1-e2-N3 125.45 124.53 12S.07 12S.94 126.61 12S.46 

e2-N3-e4 113.51 111.69 111.34 111.09 117.03 113.36 

N3-e4-e5 123.94 129.32 127.52 126.63 11S.3S 122.99 

e4-e5-e6 123.54 11S.91 114.29 115.55 124.0S 117.96 

N1-e6-e5 10S.07 10S.S1 120.32 120.04 112.95 119.59 

N1-e6-010 122.29 119.99 11S.27 117.50 122.SO 119.49 

e5-e6-010 129.64 131.20 121.41 122.46 124.25 120.93 

N3-e4-N9 125.5S 125.S6 12S.03 129.17 12S.55 126.S6 

e5-e4-N9 110.49 104.S3 104.45 104.20 113.07 110.15 

e4-e5-N7 105.55 111.10 111.35 111.SO 103.73 105.54 

e6-e5-N7 130.90 129.99 134.36 132.65 132.19 136.49 

e5-N7-eS 106.21 104.3S 103.S3 103.67 107.13 105.S4 

e4-N9-eS 104.43 106.67 106.64 106.S3 103.13 104.44 

N7-eS-N9 113.32 113.02 113.73 113.51 112.93 114.03 

N1-e2-H 115.16 116.21 115.60 115.26 119.14 114.97 

N3-e2-H 119.3S 119.26 116.34 115.SO 114.25 116.57 

N7-eS-H 121.71 125.27 124.S7 125.00 122.4S 121.16 

N9-eS-H 124.96 121.72 121.40 121.50 124.59 124.S1 

H 
N1- e2 N1- e2 010- e6 010- e6 N3 -e2 010- e6 
119.50 119.33 104.99 106.90 121.90 105.1S 

H 
N1- e6 N1- e6 N3 -e4 

- - -

115.01 113.92 121.07 

H 
N7- e5 N9 -e4 N9 -e4 N9- e4 N7-e5 N7-e5 
125.74 125.53 125.73 125.94 124.69 126.97 

H 
N7- es N9- es N9- es N9- es N7-es N7-es 
12S.05 127.SO 127.64 127.23 12S.1S 127.19 

Table 2b. 
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Tautomer ROMO energy (eV) LUMO energy (eV) 

K17 -0.22032 -0.07842 

K19 -0.21465 -0.07810 

E9c -0.22667 -0.07722 

E9t -0.22966 -0.08033 

K37 -0.20991 -0.08089 

E7c -0.22970 -0.08129 

Table 3. 

Tautomer 
I.P. A.E. 
(e V) (e V) 

K17 8.73 0.50 

K19 8.55 0.52 

E9c 8.88 0.48 

E9t 8.97 0.40 

K37 8.66 0.37 

E7c 9.05 0.41 

Table 4. 
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Tautmner Keq Keq Keq 

T = 480.15K T = 298.15K T = ll.OK 

K19 4.64 X 10-1 2.85 X 10-1 1.29 X 10-15 

E9c 1.89 X 10-3 4.65 X 10-5 1.31 X 10-116 

E9t 4.79 X 10-4 5.01 X 10-6 5.82 X 10-143 

K37 5.47 X 10-4 4.31 X 10-6 9.62 X 10-149 

E7c 1.99 X 10-4 1.12 X 10-6 3.33 X 10-161 

E3t 2.43 X 10-7 2.64 X 10-11 5.40 X 10-286 

E3c 7.52 X 10-8 3.90 X 10-12 1.65 X 10-308 

E7t 6.26 X 10-8 1.47 X 10-12 0.0 

K13 2.75 X 10-9 1.41 X 10-14 0.0 

Elt 5.93 X 10-10 1.39 X 10-15 0.0 

K39 1.60 X 10-9 2.92 X 10-15 0.0 

K79 6.04 X 10-11 2.91 X 10-17 0.0 

Ele 1.03 X 10-13 3.59 X 10-22 0.0 

Table 5. 
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K17 K19 

iJ I Assignments iJ I Assignments 

3504.25 81.41 V N(7)-H 3504.93 71.07 V N(9)-H 

3456.38 57.90 V N(1)-H 3453.30 57.17 V N(1)-H 

3166.94 1.92 V C(8)-H 3164.79 0.81 V C(8)-H 

3094.40 9.96 V C(2)-H 3099.68 7.09 V C(2)-H 

vC=O vC=O 
1715.00 652.68 Rings vib. 1735.53 612.37 óN(1)- H 

N(1)- H vib. Rings vib. 

Rings vib. 
Rings vib. 

1570.21 63.05 
C(2)- H vib. 

1561.97 88.39 C(2)- H vib. 
ó N(1)- H 

vC=O vC=O 

Rings vib. Rings. vib. 
1493.04 19.78 N(7)- H vib. 1532.08 51.49 N(9)- Hvib. 

vC=O ó C(8)- H 

Rings vib. 

1487.36 8.62 
Rings vib. 

1466.90 20.31 
C(8)- H vib. 

C(2)- H vib. N(1)- H vib. 
vC=O 

Rings vib. 
Rings vib. 

1413.32 35.74 C(8)- H vib. 1422.19 1.79 
N(1)- H vib. 

vC=O C(8)- H vib. 
vC=O 

Rings vib. 
Rings vib. 

1377.94 18.71 N(1)- H/N(7)- H vib. 1377.46 7.40 
N(1)- H vib. 

vC=O C(2)- H vib. 
ó N(9)- H 

Rings vib. 
Rings vib. 

1360.70 28.02 C(2)- H vib. 1350.06 24.85 
C(2)- H vib. 

ó C(8)- H 
N(9)- H vib. 
óN(1)-H 

Rings vib. Rings vib. 
1348.05 84.42 N- H vib. 1329.15 34.89 C(2)- H vib. 

vC=O N(1)- H vib. 

Table 6a. 
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K17 K19 
¡; I Assignments ¡; I Assignments 

Rings vib. Rings vib. 

1305.06 18.42 
e(2)- H vib. 

1308.39 1.94 
e(2)- H vib. 

N(7)- H vib. e(8) - H/N(9)- H vib. 
ve=O ve=O 

Rings vib. 

1246.36 1.08 
Rings vib. 

1247.29 5.16 
e(8)- H vib. 

e(8)- H vib. N(9)- H vib. 
N(1)- Hje(2)- H vib. 

Rings vib. Rings vib. 
1155.14 67.99 e(8)- H vib. 1141.25 68.68 e(8)- H vib. 

N- H vib. N- H vib. 

1078.21 5.14 
Rings vib. 

1091.60 12.06 
Rings vib. 

N(1)- H vib. N(1)- H vib. 

1053.17 46.20 
Rings vib. 

1037.63 17.21 
Rings vib. 

N(7)- H vib. N(9)- H vib. 

Rings vib. Rings vib. 
1031.23 7.82 N(7)- H vib. 1016.49 37.00 e(2)- H vib. 

e(8)- H vib. e= o vib. 

Rings vib. Rings vib. 
916.17 1.46 N(7)- H vib. 903.52 6.19 N(9)- H vib. 

e(2)- H vib. e(8)- H vib. 

865.76 10.71 
e(2)- H vib.a 

864.89 7.26 
e(2)- H vib.a 

Pirimidinic ring vib. Pirimiclinic ring vib. 

858.11 2.07 Rings vib. 859.91 8.71 Rings vib. 

793.94 21.14 
e(8)- H vib. a 

777.05 17.35 
e(8)- H vib.a 

Imiclazolic ring vib. Rings vib. 

748.96 o .68 
Rings vib. a 

742.34 13.58 
e(8) - H vib. a 

e(8)- H vib. Rings vib. 

Rings vib.a 
N(1)- H vib.a 

693.41 32.51 N(1)- H vib. 694.68 45.86 
e= o vib. 

Rings vib. 

683.99 2.57 Rings vib. 673.05 10.54 Rings vib. 

Rings vib. a N(1)- H vib.a 
643.36 25.12 639.14 10.30 

N- H vib. Rings vib. 

Continuation of Table 6a. 
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K17 K19 

iJ ( cm-1 ) I (KM/mol) Assignments iJ (cm-1 ) I (KM/mol) Assignments 

Rings vib. a N(1)- H vib. a 

608.37 32.92 623.31 12.29 
N- H vib. Rings vib. 

584.25 5.12 Rings vib. 579.39 6.84 
Rings vib. 
ve=O 

533.29 24.48 
Rings vib.a 

535.93 96.70 
N(9)- H vib.a 

N(1)- H vib. Rings vib. 

522.03 2.05 Rings vib. 511.53 9.48 Rings vib. 

N(9)- H vib. a 

491.96 2.43 Rings vib. 488.21 31.79 
Rings vib. 

489.33 79.82 
Imidazolic ring vib. a 

485.41 1.34 Rings vib. 
N(7)- H vib. 

290.16 15.48 
Rings vib. 

305.76 1.15 
Rings vib. 

e= o vib. e= o vib. 

258.66 6.95 Rings vib.a 249.47 o .09 Rings vib.a 

186.49 13.19 Rings vib. a 197.20 19.63 Rings vib. a 

Rings vib. a Rings vib. a 

147.64 11.35 e= o vib. 
141.33 0.82 e= o vib. 

Continuation of Table 6a. 
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E9c E9t 
¡; I Assignments ¡; I Assignments 

3533.95 74.20 v OH 3566.66 65.61 v OH 

3510.96 80.75 v N(9)-H 3510.49 81.26 v N(9)-H 

3160.87 0.94 v C(8)-H 3163.89 0.56 v C(8)-H 

3097.44 18.09 v C(2)-H 3096.94 19.02 v C(2)-H 

Rings vib. Rings vib. 
1608.88 137.45 8 COH* 1598.19 131.88 8 COH* 

N(9)- H vib. N(9)- H vib. 

Rings vib. 
Rings vib. 

1564.79 198.93 vC-0 1567.81 333.92 
C(2)- H vib. 

N(9)- H/C(2)- H vib. 
8 COH* 

N(9)- H vib. 

Rings vib. 
Rings vib. 

1462.54 21.66 C(8)- H vib. 1465.46 46.17 
C(2)- H/C(8)- H vib. 

8 COH* 
8 COH* 

N(9)- H vib. 

Rings vib. Rings vib. 
1446.78 141.67 fi COH* 1457.33 11.85 C(2)- H/C(8)- H vib. 

C(2)- H vib. vC-0 

1389.03 38.49 
Rings vib. 

1378.72 75.17 
Rings vib. 

8 COH* 8 COH* 

C(2) - H/N(9) - H vib. 
Rings vib. 

C(2)- H vib. 
1365.26 7.66 Rings vib. 1369.40 0.44 

N(9)- H vib. 
vC-0 

8 COH* 

Rings vib. Rings vib. 
1327.64 136.21 N(9)- H vib. 1336.47 23.34 N(9)- H vib. 

8 COH* 8 COH* 

Rings vib. Rings vib. 
1309.95 85.27 C(8)- H vib. 1313.28 20.39 8 COH* 

8 COH* C(8)- H vib. 

Rings vib. 
Rings vib. 

1296.65 12.64 
C(2)- H vib. 

1292.27 67.04 C(2) - H/N(9)- H/C(8)- H vib. 
N(9)- H vib. 

8 COH* 
8 COH 

Table 6b. 

38 



E9c E9t 
¡; I Assignments ¡; I Assignments 

Rings vib. 
Rings vib. 

1264.27 17.75 5 COH* 1266.70 216.37 
N(9)- H vib. 

5 COH* 

Rings vib. 
Rings vib. 

1218.05 22.29 
C(8)- H vib. 

1215.99 15.72 C(8) - H/N(9)- H vib. 
N(9)- H vib. 

vC-0 vC-0 

Rings vib. Rings vib. 
1106.41 5.26 C(8)- H vib. 1114.58 49.17 C(8)- H vib. 

5 COH* 5 COH* 

Rings vib. Rings vib. 
1060.47 176.4 7 5 COH* 1073.91 21.35 5 COH* 

C(8)- H vib. C(8)- H vib. 

Rings vib. 
Rings vib. 

1037.85 10.08 
N(9)- H vib. 

1043.07 16.43 N(9)- H vib. 
5 COH 

911.04 8.52 C(2)-H vib. a 916.12 6.51 
C(2)- H vib.a 

Pirimidinic ring vib. 

Rings vib. 
Rings vib. 

899.27 15.61 vC-0 900.51 14.43 
C(2)- H vib. 

vC-0 

857.16 13.69 
Rings vib. 

850.04 17.43 
Rings vib. 

vC-0 vC-0 

798.63 10.50 
C(8)- H vib.a 

794.36 10.19 
C(8)- H vib.a 

Rings vib. Rings vib. 

762.47 17.04 
C(8)- H vib. a 

763.18 15.84 
C(8)- H vib. a 

Rings vib. Rings vib. 

698.50 1.83 
Rings vib. 

702.56 2.15 
Rings vib. 

5 COH* vC-0 

Rings vib. a 
Rings vib. a 

656.62 21.31 648.69 4.49 vC-0 5 COH* 
C(8)- H vib. 

639.18 6.35 
Rings vib. a 

635.10 1.71 Rings vib. a 
5 OH 

Continuation of Table 6b. 
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E9c E9t 
:¡; I Assignments :¡; I Assignments 

590.06 1.36 Rings vib. 603.52 9.70 Rings vib. 

Rings vib. a 
Rings vib.a 

555.77 15.00 N(9)- H vib. 552.65 47.85 
N(9)- H vib. 

OH vib. 

OH vib. a 

550.58 118.61 
Rings vib. 

536.63 110.13 0-H vib.a 

510.21 8.49 Rings vib. 518.71 17.26 Pirimidinic ring vib. 

506.53 0.79 Rings vib. 507.61 0.41 Pirimidinic ring vib. 

N(9) - H vib. a 
N(9)- H vib.a 

482.84 59.87 Rings vib. 487.53 73.18 
ó OH 

Rings vib. 

287.95 12.60 
Rings vib. 

286.53 0.49 Rings vib.a 
V COH 

284.43 0.45 Rings vib.a 269.16 7.53 Pirimidinic ring vib. 

207.89 14.10 
Rings vib.a 

205.95 1.53 
Rings vib.a 

OH vib. ó OH 

154.44 2.96 
Rings vib. a 

157.82 3.01 
Rings vib.a 

ó COH* ó COH* 

Continuation of Table 6b. 

40 



K37 E7c 

v I Assignments v I Assignments 

3507.39 93.10 V N(7)-H 3539.33 73.74 V OH 

3486.52 76.92 V N(3)-H 3514.50 75.52 V N(7)-H 

3176.36 1.46 V C(8)-H 3159.87 1.79 V C(8)-H 

3071.50 21.16 V C(2)-H 3095.04 21.27 V C(2)-H 

1665.85 551.26 
vC=O 

1636.47 137.29 
Rings vib. 

Pirimiclinic ring vib. ó COH* 

1594.62 87.97 
Pirimidinic ring vib. 

1532.92 231.41 
Rings vib. 

vC=O ó COH* 

Rings vib. Rings vib. 

1543.23 62.56 
N(3)- H vib. 

1468.34 55.48 
C(8)- H/N(7)- H vib. 

N(7)- H vib. ó COH 
vC=O C(2)- H vib. 

Rings vib. 
Rings vib. 

1500.05 85.81 
C(2)- H vib. 

1453.02 15.21 C(2)- H vib. 
vC-0 

Rings vib. 
Rings vib. 

1422.43 50.39 C(8)- H vib. 1368.29 86.33 
N(7)- H vib. 

ó COH* 
N(3)- H vib. 

C(2)- H vib. 

Rings vib. 
Rings vib. 

1399.32 82.81 
N(7)- H/N(3)- H vib. 

1355.28 143.05 C(8)- H vib. 
ó COH* 

Rings vib. 
Rings vib. 

1358.65 23.92 
C(2)- H vib. 

1338.38 54.50 C(2) - H/C(8) - H vib. 
vC-0 

Rings vib. 

1328.31 11.64 
Rings vib. 

1318.74 36.00 
C(2)- H vib. 

N(7)- H/N(3)- H vib. ó COH* 
N(7) - H/C(8)- H vib. 

Rings vib. 
Rings vib. 

1299.82 7.34 1284.26 2.23 ó COH* 
C(2)- H/N(3) - H vib. 

C- H vib. 

1244.80 16.21 
Rings vib. 

1259.98 51.12 
Rings vib. 

C(8)- H/N(3)- H vib. ó COH* 

Table 6c. 
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K37 E7c 

¡; I Assignments ¡; I Assignmen ts 

Rings vib. 
Rings vib. 

1160.29 23.37 
C(8)- H/N(7) - H vib. 

1211.02 32.13 C(8)- H/N(7) - H vib. 
8 COH* 

1081.10 27.79 
Rings vib. 

1108.34 15.42 
Rings vib. 

N(7) - H/N(3)- H vib. 8 COH* 

Rings vib. 
Rings vib. 

1049.79 18.26 
N(7)- H vib. 

1063.41 69.39 N(7)- H vib. 
8 COH* 

Rings vib. 
Rings vib. 

998.61 43.67 
N(7)- H vib. 

1029.02 117.08 N(7) - H/C(8)- H vib. 
8 COH* 

921.14 5.33 Rings vib. 914.07 9.55 C(2)-H vib. a 

881.73 11.89 C(2)-H vib. a 907.56 2.66 Rings vib. 

863.36 1.51 Rings vib. 849.18 18.09 
Rings vib. 
vC-0 

775.49 26.41 C(8)-H vib. a 812.08 23.62 C(8)-H vib. a 

C(8)- H vib. a C(8)- H vib. a 
749.26 0.39 767.20 4.11 

Rings vib. Rings vib. 

688.44 3.45 Rings vib. 700.15 1.58 
Rings vib. 
vC-0 

674.33 2.83 Rings vib. a 663.68 7.77 Rings vib. a 

N(7)- H vib.a 
Rings vib.a 

628.42 7.72 
Rings vib. 

613.38 5.25 N(7)- H vib. 
8 OH 

601.59 1.14 Rings vib. 589.37 0.73 Rings vib. 

553.09 26.37 N(3)-H vib. a 559.04 0.12 
C(2)- H vib.a 

Rings vib. 

521.42 121.52 N(7)-H vib. a 521.33 0.30 Rings vib. 

506.37 3.51 Pirimidinic ring vib. 521.10 118.68 
8 OHjvOHa 

Imidazolic ring vib. 

485.18 3.89 Pirimidinic ring vib. 503.82 0.55 Pirimidinic ring vib. 

Continuation of Table 6c. 
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K37 E7c 
¡; I Assignments ¡; I Assignments 

N(3)- H vib. a N(7)- H vib.a 
429.79 38.94 425.56 88.26 Imidazolic ring vib. 

Rings vib. 
ó OH 

287.24 21.91 Rings vib. a 288.08 4.49 Rings vib. 

285.49 14.88 
Pirimidinic ring vib. 

279.07 12.57 
Rings vib. 

vC=O óC-0 

166.74 0.21 Rings vib. a 202.52 7.89 
Rings vib.a 

ó OH 

ó e= oa 
Rings vib.a 

124.48 3.86 
Rings vib. 

156.56 3.01 N(7)- H vib. 
ó COH 

Continuation of Table 6c. 
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