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7. JUSTIFICACIÓN:  

Este curso complementa la formación profesional de los aspirantes a Licenciados en 
Química, a través de la unificación de conceptos químicos, y pone en práctica los distintos 
conocimientos, habilidades y destrezas adquiridos hasta el momento, además de contribuir al 
aprendizaje de técnicas novedosas características de la experimentación inorgánica. 

8. OBJETIVO GENERAL:  

Este curso tiene como propósito incentivar al estudiante a la incursión en la Química 
Inorgánica experimental, aplicando los conocimientos adquiridos en los cursos teóricos, y 
desarrollando destrezas para la síntesis, aislamiento y caracterización de compuestos 
inorgánicos y organometálicos, a través de diferentes técnicas experimentales. 

9. OBJETIVOS ESPECÍFICOS:  

El estudiante tendrá competencias para: 

1. Utilizar las herramientas de síntesis y caracterización aprendidas en cursos 
anteriores, aplicadas a la química inorgánica. 

2. Aprender técnicas de síntesis y manejo de compuestos sensibles al aire y la humedad, 
tales como las técnicas de trabajo en atmósfera inerte y/o alto vacío de Schlenck. 

3. Profundizar las habilidades de escritura, presentación y análisis de datos químicos, 
utilizando formatos internacionales de publicación científica. 

10. CONTENIDOS :  

1.- Síntesis de isómeros de enlace de complejos de cobalto, evidencia de los distintos 
modos de coordinación de algunos ligandos. Caracterización de las especies por IR.  

2.- Síntesis de isómeros geométricos. Estabilidad cinética y estabilidad termodinámica de 
compuestos de coordinación.  

3.- Síntesis y caracterización de bis(ciclopentadien)hierro (II) (ferroceno). Acetilación de 

 



 

ferroceno y separación cromatográfica de los productos 

4.- Síntesis de un complejo con enlaces múltiples metal-metal: Acetato de cromo (II).   

5.- Estudio por UV-visible de complejos de níquel y etilendiamina utilizando el método de 
Job. 

6.- Síntesis de un complejo macrocíclico de cobalto en atmósfera inerte, y estudio de su 
reactividad frente a oxígeno. 

7.- Síntesis de un complejo inorgánico quiral y separación de sus isómeros ópticos 
utilizando un reactivo de resolución quiral. 

8.- Síntesis de complejos ciclometalados de paladio por activación C-H de una imina, y 
caracterización por espectroscopia de RMN (1H, 13C{1H}, 31P{1H}) de los compuestos 
obtenidos.  

9.- Síntesis de porfirinas y metaloporfirinas de Zn y Ni y caracterización de las especies 
obtenidas por RMN y UV-Vis. 

10.- Síntesis y propiedades espectrales de polímeros de coordinación de Cu-pirazina. 

11.- Preparación de complejos luminiscentes y estudio de su espectro electrónico. 

12.- Síntesis y caracterización de complejos de rutenio con ligandos orgánicos 
coordinados η1. 

13.- Catálisis homogénea con complejos de metales de transición: Formación de enlaces 
C-C catalizada por un complejo de paladio. 

14.- Síntesis y caracterización de un carbeno de tungsteno y su aplicación en reacciones 
catalíticas de polimerización. 

15.- Síntesis de un complejo η2-dihidrógeno de hierro y estudio de sus propiedades 
espectroscópicas por 1H RMN a temperatura variable. 

11. ESTRATEGIAS  METODOLÓGICAS, DIDACTICAS O DE DESARROLLO DE LA 
ASIGNATURA: 

En el presente curso se estipula la realización de 9 sesiones de laboratorio. El profesor del 
mismo seleccionará las prácticas a efectuar entre las descritas en este programa, tomando en 
cuenta que debe escoger al menos una de cada una de las sub-áreas consideradas (catálisis 
homogénea; síntesis y caracterización de ligandos y complejos; modelos bioinorgánicos; 
isomería en compuestos de coordinación; uso de técnicas instrumentales en química 
inorgánica; polímeros inorgánicos o por técnicas inorgánicas; RMN de complejos). El curso 
incluye, además, la elaboración de actividades pre-laboratorio, análisis de publicaciones 
científicas relacionadas con la práctica, análisis y discusión de resultados. El uso del correo 
electrónico es esencial para el buen desarrollo del curso. 

12. ESTRATEGIAS DE EVALUACIÓN:    

El presente curso será evaluado mediante actividades pre-laboratorio, exámenes cortos 
referentes a cada práctica, e informes de laboratorio en formato de publicación científica 
internacional. 

 



 

13. RECURSOS HUMANOS ADEMAS DEL PROFESOR:    

Se contempla la contratación de un preparador y la presencia del técnico del laboratorio. 

 

14. FUENTES DE INFORMACIÓN:  
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Práctica 1: 

Isomería de Enlace y          
Modos de Coordinación en 

Compuestos de Cobalto 



Isomería de Enlace y Modos de Coordinación en Compuestos de Cobalto

Preparación de [Co(NH3)5(ONO)]Cl2 y [Co(NH3)5(NO2)]Cl2:

Objetivos:

 Sintetizar y caracterizar los compuestos de coordinación [Co(NH3)5Cl]Cl2, 
[Co(NH3)5(ONO)]Cl2 y [Co(NH3)5(NO2)]Cl2 por procesos de oxidación y sustitución de 
ligandos en solución acuosa. 
 Estudiar el proceso de isomerización de las especies utilizando espectroscopía FT-IR 

y UV-Vis.

Toxicidad y Riesgos:

El ácido clorhídrico es corrosivo e irritante (C, Xi). El amoníaco concentrado es tóxico 
e irritante (T, Xi). El peróxido de hidrógeno 30% es sumamente corrosivo (C). El nitrito de 
sodio es tóxico (T). El CoCl26H2O es nocivo (Xn). El NH4Cl es nocivo e irritante (Xn, Xi).  

Procedimiento Experimental:

Debido a la presencia de vapores de amoníaco y al uso de un oxidante fuerte como H2O2

30%, debe realizar cada una de las síntesis en la campana.

1. Preparación de [Co(NH3)5Cl]Cl2:

En una fiola de 125mL se disuelven 2,50g de NH4Cl en 15mL de amoníaco concentrado. 
A continuación, siempre con agitación magnética vigorosa, se agregan 5,00g de CoCl26H2O 
previamente triturado, en pequeñas porciones. Debe obtenerse una suspensión de color 
marrón a la cual se hace gotear, utilizando un embudo de adición, 4mL de H2O2 30%. Una 
velocidad de 2 gotas por segundo para la solución de peróxido suele ser la adecuada, pero 
debe tener cuidado, ya que la reacción es exotérmica, por lo que se recomienda controlar el 
goteo constantemente. La solución se torna de color morado. Una vez que ha cesado la 
efervescencia, se agregan cuidadosamente 15mL de HCl concentrado con agitación 
continua, en porciones pequeñas de 2-4mL. Coloque la fiola en un baño de agua a 85°C 
aproximadamente, durante 20minutos, agitando regularmente. Durante el tiempo de espera, 
coloque 10mL de agua destilada y 10mL de HCl 6mol/L a enfriar en un baño de hielo. Una 
vez transcurridos los 20min en el baño de calentamiento, deje que su mezcla alcance de 
nuevo la temperatura ambiente, retirándola del mismo. Filtre su precipitado morado al vacío, 
y lávelo con el agua y HCl 6mol/L que usted enfrió previamente, y, por último, con acetona. 
Utilice el método de la cerámica para eliminar el exceso de solvente de su precipitado, y, por 
último, colóquelo por algunos minutos en la estufa a 60°C. Determine la masa de su 
producto para que reporte el rendimiento del mismo.

Ensayos:
a) En un tubo de ensayos, disuelva una mínima porción de [Co(NH3)5Cl]Cl2 en agua. 

Agregue algunas gotas de solución de AgNO3 0,10 mol/L. ¿Qué observa?
b) En otro tubo de ensayos, disuelva una mínima porción de [Co(NH3)5Cl]Cl2 en agua, y 

agregue algunas gotas de NaOH 2mol/L. Caliente cuidadosamente a ebullición esta 
solución hasta que se forme un precipitado marrón, que será separado por 
centrifugación o decantación. Añada HCl concentrado, y pruebe la reacción del gas 
desprendido con un papel de filtro humedecido con una gota de solución saturada 
de KI. ¿Qué observa?



Isomería de Enlace y Modos de Coordinación en Compuestos de Cobalto

2. Preparación de [Co(NH3)5(ONO)]Cl2:

En una fiola de 125mL se disuelven 1,00g de [Co(NH3)5Cl]Cl2 en 14mL de una solución 
acuosa de amoníaco al 10%, por calentamiento en un baño de agua. Se agita 
constantemente hasta disolución completa del sólido. A ésta solución se le agrega gota a 
gota una mezcla HCl concentrado – agua (1:1) hasta que alcance un pH de 7. La adición de 
ácido debe hacerse con sumo cuidado, pues de ello depende el éxito de la síntesis. A 
continuación, se agrega NaNO2 (1,00g) a temperatura ambiente. Una vez disuelto el sólido, 
se añade, con agitación, 2mL de la mezcla HCl-agua anterior. Se observa la formación de un 
sólido marrón, el cual es filtrado al vacío y lavado con porciones de agua y etanol fríos. El 
producto es secado al aire utilizando la técnica de la cerámica.

3. Preparación de [Co(NH3)5(NO2)]Cl2:

1,00g de [Co(NH3)5Cl]Cl2 en una mezcla de 20mL de agua y 2,00mL de NH3 concentrado 
se disuelven completamente, colocando la fiola que los contiene en un baño de agua
caliente. Cuando el compuesto se haya disuelto completamente, se filtra y se enfría a 10 ºC; 
a continuación se acidifica la solución resultante con HCl (1:1) hasta un pH = 1,0. Se agrega 
1,00 g de NaNO2 y se calienta hasta que el precipitado marrón formado se haya disuelto. Se 
adicionan 5mL de HCl concentrado y la mezcla se enfría en un baño de hielo, hasta la 
completa precipitación del sólido. Se recogen, por filtración, los cristales de color amarillo y 
se secan al aire o en un desecador de sílica-gel.

Caracterización:
- Registre lo más pronto posible los espectros de IR (en pastilla de KBr) de los 

compuestos preparados. Una vez registrado el espectro de IR del compuesto 
[Co(NH3)5(ONO)]Cl2 guarde la pastilla en un desecador y registre el espectro de esta misma 
pastilla transcurrida una semana de haber tomado el espectro inicial. Compare los espectros 
de IR tomados.

- Prepare soluciones acuosas de [Co(NH3)5(ONO)]Cl2 y [Co(NH3)5(NO2)]Cl2 1x10-2 mol/L y 
registre espectros de UV-Vis de las mismas a temperatura ambiente. En el caso de la 
solución de la especie [Co(NH3)5(ONO)]Cl2, lleve el espectrofotómetro a 50°C y registre los 
espectros de dicha solución a intervalos de 2, 5, 10 y 20min. Imprima sus espectros 
superpuestos, a fines comparativos.

Para considerar:

a) ¿Es posible sustituir el peróxido de hidrógeno por algún otro reactivo?
b) ¿Podríamos sintetizar el derivado nitro a partir del cloro-complejo?

Referencias

- Williams, G. M; Olmsted, J; Breksa, A. J. Chem. Educ., 1989, 66, 1043-1045
- Potts, R. A. J. Chem. Educ., 1974, 51, 539-540



Coordination Complexes of Cobalt 

Inorganic Synthesis in the General Chemistry Laboratory 

Gregwy M. Williams, John Olmsted Ill, and Andrew P. Breksa Ill 
~alifornia State University, Fullerton, Fullerton, CA 92634 

The American Chemical Societv has established puide- 
lines for undergraduate educatio; calling for an increased 
emohasis on inorganic and descriptive chemistry. One possi- 
ble'way of implementing these changes in our &rricula is to 
reorganize the general chemistry sequence. By necessity, 
this approach will also require a revision of the introductory 
laboratory. Typically, laboratory experiments in general 
chemistrv emohasize nhvsical and analvtical methods. To  .------ ~ ~ ~ - d  ~ *~ ~ ~ . " 
the student, this frequently translates into a seemingly eud- 
less series of titrations leadine to extensive and tedious cal- 
culations. General chemistr;lahoratories suffer from the 
lack of visually exciting experiments that expose students to 
the full experience of chemistry. 

These problems can, in part, be diminished by incorporat- 
ing more chemical synthesis into the introductory lahorato- 
ry. Syntheses of coordination complexes are particularly at-  
tractive because they are easy to carry out in high yield, they 
involve relatively simple stoichiometries, and they provide a 
varietv of hiehlv colored comoounds. Several exoeriments 
on coordinaGon chemistry hake appeared in this Journal; 
most of these have emphasized the chemistry of Co(II1). 
Sehera (I) and Wilson (2) published two of the earliest 
experiments. More recently, Alexander and Dorsey (3) and 
Loehlin et  al. (4) described freshman laboratory projects in 
which Co(II1) comdexes are orepared and studied. There 
have also been reports on th; synthesis of optically active 
Co(II1) complexes (5,6), and there are brief descriptions of 
thesynthesesof [Co(NH3)~CI]CIz (7). [Co(en)zClz]C1(8), and 
[Co(en)a]s (9). One paper concerns a number of metal acetyl- 
acetonate complexes (lo), and experiments concerning Ni 
(11,12), Fe (13,14), and Cu (1616) have appeared. Most of 
these papers describe the synthesis of just one or two com- 
pounds, and emphasize detailed characterization. In this 
paper, we describe an experiment involving synthesis and 
spectral studies of a series of [Co(NH&L] complexes (L = 
NH3, Cl-, H20, NOz-, and ONO-) that  not only gives gener- 
al chemistry students an  introduction to inorganic synthesis 
hut also allows them to conduct a systematic study on the 
effect of different ligands on absorption spectra. 

Background 
The preparation of Co(II1) pentamine complexes is car- 

ried out most conveniently starting from CoC12 . 6Hz0, 
which is both inexpensive and quite stable. The first step in 
the syntheses of these complexes requires oxidation t o  con- 
vert the metal from the +2 to the +3 oxidation state. The 
oxidation reaction is best carried out using concentrated 
Hz02 in basic ammoniacal solution. Hydrogen peroxide as an 
oxidizing agent generates only OH- as reduced product, and 
the presence of ammonia guarantees that  the Co3+ will he 
stabilized immediately by formation of amine complex(es). 
(The Co3+ ion is not stable in aqueous media since i t  forms 
the strongly oxidizing hexaquo complex.) 

H,Oz(aq) + 2e- - 20H- 

2C02+ - 2C03+ + 2e- 
2C03+ + 12NH3 - 2[Co(NH3)J3+ 

Net: 2C02+ + HzOz + 12NH3 - 2[Co(NH3)J3' + 20H- 

One of the six ligands in the octahedral system is suhstan- 
tiallv more labile than the other five. makinn i t  oossihle to < ~~~ ~ ~ ~~ ~ - - 
carry out displacement reactions 6 generate the various 
pentamine complexes: 

In this equation, q denotes the  charge on the ligand L. In the 
preparations described here, q = 0 (HzO, NHd or q = -1 
(ONO-, NOz-, c1-). 

While Co(II1) oentamine comolexes are eenerallr rather . . .  
soluble in water, their chloride saits can be from 
solution by excess HC1. 

~[CO(NH,) ,L] '~+~'+(~~)  + (3 + q)CL-(aq, excess) 

If these reactions are carried out in aqueous media con- 
taining only the ligands of interest and innocuous counter 
ions (H30+, OH-), the resulting solid products are suffi- 
ciently pure that  recrystallization or other purification 
methods are unnecessary. 

Experimental 
All procedures were adapted from either Schlessinger (17) 

or Jolly (18). 

1. Spthesis of [WNH3)5CI] CIz 
In a fume hod,  add 10 g of ammonium chloride to 60 mL concen- 

trated aqueous ammonia in a 250-mL Erlenmeyer flask. (The com- 
bination of NH&l and NHdaq) guarantees a large excess of the 
NH3 ligand.) Stir the ammonium chloride solution vigorously using 
a magnetic stirring plate while adding 20 g of finely divided CaCLz. 
6H20 in small portions. Next, add 16 mL 30% hydrogen peroxide to 
the brown Co slurry, using a buret that has been set up in the hood 
and filled by the laboratory instructor. An addition rate of about 2 
drops per second is usually sufficient, hut care should he taken to 
avoid excessive effervescence in this exothermic reaction. (If the 
reaction shows signs of excessive effervescence, turning off the mag- 
netic stirrer momentarily will usually prevent overflow of the solu- 
tion.) When the effervescence has ceased, add 60 mL conc. HCl with 
continuous stirring, pouring about 1-2 mL at a time. At this point, 
thereaction may he removed from the hood. Use a Bunsen burner to 
heat the solution to 60 "C with occasional stirring. Hold the tem- 
perature between 55 OC and 65 'C for 15 min; this incubation period 
is necessary to allow complete displacement of all aquo ligands. Add 
50 mL deionized water. and allow the solution to cool to room . ~~~~ ~ ~ 

temperature. Collect the purple product hy filtration through a 
Burhner funnel, wnsh rt  three times with 15 ml. cold deionized 
water and twice wrth 15 mL ice.cdd 95'3 ethanol. (The solutims 
must be cold IO prevent undue lols of product hy rediasulving.) 
Transfer the product to a rrvstalli~ing dish, loosely rover with A1 
foil, and nilow to drv until the following laboratory pericld. 

caution: 30% hybrogen peroxide is strong oxidizing agent that 
will cause severe burns and bleaching of skin and clothing. Burets 
should only be filled by qualified laboratory instructors, and stu- 
dents should he warned of the potential hazards of this reagent. 

2. Synthesis of [Co(NH3)dH&)]C13 
Place 5.0 g uf [Co(NH1),CI]CI0 ~n n 2M.rnL Erlenmeyer flask, and 

add 75 mI. of 5% aqueous nmrnmia. (L's~ngaqueous ammonla as the 
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solvent prevents displacement of the N& ligands.) Heat on a hot 
plate in the hood until the compound dissolves. Cool the solution to 
10 'C in an ice bath, then add a stirring bar, and place the flask on a 
magnetic stirrer. Add concentrated HCL dropwise with stirring until 
a red precipitate appears and a fog (ammonium chloride vapor) no 
longer forms above the solution. (Under these conditions ligand 
exchange between [Co(NH3)sC1I2+ and [CO(NH~)~H~O]~+ is very 
rapid. The aquo trichloride complex is isolated by this procedure 
because it is much less soluhle than is the cNoro dichloride.) Cool 
the reaction mixture to below 10 "C, then collect the product by 
filtration through a Buchner funnel. Wash the bright red solid twice 
with 25 mL 95% ethanol, and allow it to dry in the air. 

3. Synthesis of [Co(NH3),0NO] C12 
Dissolve 5.0 g of [Co(NH3)sCI]Ch in 75 mL of 10% aqueous ammo- 

nia in a 250-mL Erlenmeyer flask on a hat plate in the haod. Stir 
with a metal spatula. Cool the solution to about 10 "C in an ice hath, 
then add 2.0 M HCI until the solution is neutral to litmus. (The use 
of 2 M HCI rather than eonc. HCI (synthesis 2) dilutes the solution 
sufficiently that the aquo salt will not precipitate). Add 5.0 g sodium 
nitrite followed by 5 mL of 6 M HCl. Allow the reaction mixture to 
stand in an ice hath for at least an hour. Filter through a Buchner 
funnel, then wash the yellow-arange solid with 25 mL cold water 
and 25 mL cold 95% ethanol. Transfer the solid to a piece of filter 
paper, and allow it to air-dry. 

4. Synthesis of [WNH3)f102] C12 
Dissolve 3.0 g of the nitrito isomer [Co(NH3)sONO]CIz in 30 mL 

hot water containine 6.0 mL conc. aoueous ammonia. Cool the 
solution in an ice hati. and add 30 mL e&. HCL. Allow the mixture . ~ 

~ ~ ~~ ~ ~~ ~~~~~ 

t o  stand in the ire hath until precipitation is complete. Collect the 
product by filtration through a Burhner funnel. and wash the pale 
solid with 25 mL cold Y5%ethanol. All~cv the product to air-dry. 

5. Synthesis of [Co(NH3),] GI3 
Add 5.0 g of CoCll. 6H20 and 3.3 g of NH&l to 30 mL water in a 

250-mL Erlenmeyer flask. In the hood add 1.0 g activated charcoal 
and 45 ml. mnc. aqueous ammonia. Cod the brown slurry in an rce 
bath to 0 ' C ,  then add 4.0 mL :iU0'o HIOI from a hwet na described 
for thewnthes~sof ICO(NHI).CIICI Do not allow the temwrature .. . . . 
to rise above 10 'C. Heit the resulting red-brown solution 60 OC, 
and maintain this temperature for 30 min. (The incubation is need- 
ed to ensure complete displacement of all aquo ligands.) Cool the 
mixture to 0 T; the product will precipitate from the solution. 
Collect the product and the charcoal by filtration. Recrystallization 
is necessary to separate the product from the activated charcoal. 
Place the solid in a 250-mL Erlenmeyer flask, and add 40 mL hot 
water and 1.0 mL conc. HCI. Heat the mixture to 70 "C, and filter 
while still hot. Place the filtrate in an ice hath, and add 1.0 mL cold 
cane. HCI. Collect the orange solid by filtration, wash with 25 mL 
ice-cold 95% ethanol, and allow to air-dry. 

Discussion 

These syntheses can he completed in four 3-h laboratory 
sessions. During the first period [Co(NH3)&1]C12 is pre- 
pared, and i t  is used in the next lahoratorv session for the 
synthesis of the aquo and nitrito derivatives. The final two 
periods leave sufficient time to conduct the nitrito-nitro 
isomerizationand to prepare the hexamine CIS'' salt. Viaihle 
spectra for all of the components, recorded as dilute aqueous 
solutions on a Beckman DU-7 or other recordine soertro- 
photometer, can he collected over the course of t i e  kxperi- 
ment. It is important to obtain the spectrum of [Co- 
(NH3)50NO]C12 immediately after isolation since this com- 
pound isomerizes to the nitro derivative rather quickly a t  
room temperature. The other four compounds are quite sta- 
ble; their spectra may he recorded as time permits. 

The visible spectra of all five of the cobalt complexes are 
displayed in Figures 1 and 2. In  each case, A,.. is clearly 
determined, allowing the students to verify thespectroche- 
mical series (see table). In  most general chemistry textbooks 
the nitrito lieand is omitted from the snectrochemical series. 
Thus, in adiition to illustrating the ebncept of linkage iso- 
mers. ICO(NH&ONOIC~~ can act as an "unknown" in this 
exercise. The & ~ e r i m ~ n i a l s o  reinforces the concept of ah- 
sorbed vs. transmitted light. Clearly, the colors of these 

coordination compounds are not the "colors" of the ah- 
sorhed light. 

There is a great deal of chemistry involved in these syn- 
theses. Instruetors may wish to elaborate on the chemical 
principles involved, particularly if the experiment is carried 
out after these principles have been introduced in the lec- 
ture. If redox chemistry has already heen covered, the oxida- 
tion step and the relative instability of [Co(HzO)s13+ can he 
treated as practical examples of redox chemistry; otherwise, 
i t  can merely he pointed out that  the cohalt is being convert- 
ed from a lower to a higher oxidation state. If equilibrium 
concepts have already been introduced, the displacement, 
precipitation, and isomerization reactions can he descrihed 
using these concepts, particularly Le Chatelier's principle. If 
the experiment is done before equilibrium ideas have heen 
developed, these same reactions can be treated as though 
they proceed to completion. For more sophisticated stu- 
dents, it may be appropriate to note the differences between 
kinetic and thermodynamic control of reaction products as 

Physlcal Properties of the Cobalt Complexes 

Complex Color Transition Energy 

LCo(NHs)sCIICl~ Purple 530 nm 225 kjlmol 
~Co(NH~16H201Cls Red 495 nm 240 kjfmol 
[Co(NHs)sONO]C1~ Yellow-Orange 485 nm 245 kjlmol 
[Co(NHd~NH~ICI~ Orange 475 nm 250 kjlmol 
[Co(NH&NO.ICi~ Orange 460 nm 260 kjlmol 

Figure 1. Visible specba of [CO(NH.)~H.O]~+ (-- ) [Co(NHd&1I2+ 
(. . . . . . . .).and [Co(NH&NHs13+ (- - - - -). 

ext. 
coeff. 

600 1 
[Co(NH,),ONOlz* 

400 , 
\ 

200 \ 
\ 
\ 

\ 

0 . L 

Figure 2. Visible specha of [Co(NH3)sONO]2t (--- ) and lCWH&- 
N0,l2+ (- - - - -1. 
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manifested by the synthesis of the nitrito comolex and its Literature Cited 
eventual con;ersionb the nitro form. 

Principles of stoichiometw can also hereinforced hv hav- 
ing the students weigh the& products from each synthesis, 
compute the yield in each case (it should be clear to them 
that the limiting reagent is always the cobalt starting materi- 
al), and draw inferences about reaction efficiencies and 
causes of less than quantitative yields. With sufficiently 
careful technique, each of these syntheses has a yield in 
excess of 90'3, but there are ample opportunities for less 
skilled experimentalists to lose significant amounts of their 
products. 

This was the first opportunity for many of the students 
actuallv to isolate comnounds. and in this exneriment the 
inherent rewardsofchemical syntheaisare multiplied by the 
visual a w e d  of the chemistw. Most of the students io the 
class enjoyed this experimentvery much; several felt that it 
was the best laboratory exercise of the year. 

I. Sebera. D. K. J. Chem.Edu, 1963.40.476, 
2. Wilson, L. R. J Chem.Educ. 1969,46,447. 
3. Alexander, J. J.: Dorsey, J. 0. J. Chem. Educ. 1378.55.207-208 
4. Loehlin, J. H.; Kahl, S. B.: Darlington, J. A. J. Chem. Educ. 1982,59,104%1051. 
5. Hunt. H.R..h. J.  ChamEduc. 1977,54,710-711. 
6. Gargsllo, M. F.: Leehuga, L.: Puerla, M. C.; GonralwVilehw., F.; Vikplana, R. J. 

Cham. Educ. 1988.65.101&1019. 
7. Thieiman. V. J. Chem. Educ. 1974.51.536. 
8. Leverett.P.;Oliver, M. J.J.Chem. Educ. I976,53,440. 
9. Krauae, R. A ;  Megqle ,  E. A. J. Cham. Educ. 1976.53,667. 

10. Glidewell, C.: McKechnie,J. S, J. Chem. Educ. 1988,65,10lC1017. 
11. Filgueiraa,C.A. L.;Cara%za,F. J. Chem.Edue. 1980.67,18261827. 
12. Wieder.G. M. J.Chem.Educ. 1986,53,988-999. 
13. Bmok8.D. W.J.Chem.Educ. 1973,50,218. 
14. Olmsted, J.. 111. J. Chem. Edue. 1984.61. 109MW9. 
15. O'Brien, P. J. Chem. Educ. 1982,59,1052-1053. 
16. Potta,R.A. J. ChemEduc. 137451,539-540. 
17. Sehlessinger. 0. G. I w ~ g a n i c  Lnborotory Preporofiona; Chemical Publishing- New 

York, 1962. 
18. Jolly. W. L. TheSynfheskand Chomcfrrizotion oflwrgonic Compounds: Prentim- 

Hall: E n g e l d  Cliffs, NJ, 1970: p 461. 
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en Compuestos de Coordinación 



Isomería Geométrica. 
Estabilidad Cinética y Termodinánimca en Compuestos de Coordinación

Síntesis y Caracterización de los Isómeros Geométricos de un Complejo de Cu(II):

Objetivos:

 Sintetizar y caracterizar los isómeros cis- y trans-[Cu(gly)2]H2O.
 Estudiar la isomerización cis-trans mediante espectroscopía IR.

Toxicidad y Riesgos:

El etanol es inflamable y tóxico (F, T). La glicina y las sales de cobre son nocivas por 
ingestión (T).  

Procedimiento Experimental:

1. Preparación de cis-[Cu(gly)2]:

En una fiola de 125mL se disuelve 1,00g de acetato de cobre (II) en 15mL de H2O 
destilada y se añaden 15mL de etanol, a 70°C. En un beaker, se prepara una solución de 
glicina (0,75g) en 15mL de agua a la misma temperatura anterior. Manteniendo la 
temperatura de ambas soluciones a 70°C, se agrega la solución de glicina sobre la de 
acetato de cobre (II). Se retira la mezcla del calentamiento, y se deja enfriar primero a 
temperatura ambiente, y luego en baño de hielo hasta la aparición de un precipitado azul
claro. El sólido se filtra al vacío, y se lava con etanol. Tenga cuidado de lavar con pequeñas 
cantidades de etanol, para no diluir excesivamente las aguas madres. El sólido se seca al 
aire, y se conservan las aguas madres de filtrado. 

2. Preparación de trans-[Cu(gly)2]:

En una fiola se colocan 5,0mL de las aguas madres de filtrado obtenidas en la síntesis 
del isómero cis-, 1,00g de cis-[Cu(gly)2] y 0,35g de glicina. Se deja reflujar esta mezcla con 
agitación magnética por 1 hora en baño de aceite a 100ºC, y se filtra en caliente. El sólido 
azul se seca al aire.

Caracterización:

Registrar lo más pronto posible, los espectros de IR (aceite de nujol) de los compuestos 
preparados.

Para considerar:

¿Qué podría concluir usted acerca de la estabilidad de los isómeros basado en las 
condiciones experimentales usadas para aislarlos?

Referencias:

- O’Brien, P. J. Chem. Educ., 1982, 59, 1052.
- Delf, B. W.; Gillard, R. D., O’Brien, P. J. Chem. Soc. Dalton Trans, 1979, 1301.



The Preparation and Characterization of the Geometric 
lsomers of a Coordination Complex: cis- and trans-bis 
Glycinato Copper(l1) Monohydrates 
Paul O'Brien 
Chelsea College, Manresa Road, London SW3 6U( England 

The most commonly prepared geometric isomers of coor- 
dination compounds in the undergraduate laboratory are the 
cis and trans isomers of oxalato chromium(I11) complexes (I). 
The preparation of the cis and trans isomers of the kinetically 
labile bis glycinato copper(I1) has a number of advantages 
including its facility, economy, ready theoretical interpreta- 
tion. and bioloeical relevance. The ~ract ica l  can he success- ~~ ~ ~~~~~ 

fully presented'at various levels of sLphistication to physical 
science maiors and bioloeical scientists studvine suhsidiarv 
c h e m i s t r y . ~  single, 3-4 Kr laboratory session is;sually suf: 
ficient for the com~letion of the ex~eriment.  These cis and 
trans isomers werei'irst prepared b i  Mauthner ( 2 )  and ihrir 
p r~~bab le  composition pointed out bs Lev (3) .  Recentlv. we 
have reviewed most of the early lit&at&e' (4) and demon- 
strated the novel solid state isomerization of the cis modifi- 
cation. 

Procedure 

Form 1 cis-CNglyo-)2-H20 
Copper(I1) acetate monohydrate 0.01 mole (2.0 g) is dissolved in 

25 cm3 of hot water. 25 cm3 of hot ethanol is added and the solution 
is kept hot Glycine 0.02 mole (1.5g) is dissolved in 25 cm30f hot water. 
The two solutions are mixed while hot (-70°C, on a steam bath). 
The solution is cooled on ice. A needle-like precipitate of cis- 
(Cu(g1yo-)z. Hz0 is obtained. This is filtered at the pump, and the 
filtrate is preserved. The solid is washed once with ethanol and air 
dried. Yields in the region of 60% to 70% are achieved easily. 

Form 2 tran~-CNglyo-)~.H~O 
(a) The crude product from above need not he dried to proceed. 

A small quantity of the filtrate from 1 (n10cm3) is placedinasmall 
flask with approximately three quarters (-1.5 g) of the solid reaction 
product from 1 and 1 g of glycine. This is heated under reflux for 1 hr. 
After this time the solid is filtered off from the hot solution and air 
dried. (b) A small quantity of trans-Cu(g1yo-)n may be prepared by 
heating cis-Cu(glyo-)%.Hz0 in an oven at 180°C. The reaction below 
is essentially complete in 10 to 15 min (3). 

cis-Cu(g1yo-1%. HzO(s) - trans-Cu(g1yo-I&) + HlO(g)t 

Infrared spectra of the solids prepared are recorded as  nujol mulls 
between 4,000 cm-I and 225 cm-I. Alternatively, the students may 
record spectra between 4,000 cm-1 and 600 cm-'and be provided with 
a copy of the far infrared spectrum. 

lnterpretatlon of the Infrared Spectra 

(a) General 
Full assignments of the I.R. spectra of ligand and complex 

are available (5, 6). probably most conveniently found in 
Nakamoto's book (5). The spectra of ligand and complexes 
should provide the students with opportunity to assign group 
frequencies. 

A number of general points are worthy of some attention. 
The separation of the stretches of the carboxylic acid group 
(v,(COO) and v,(COO)) is increased when compared to free 
acid (5). This increase is typical of monodentate coordination 
of a carhoxylic acid. The NH stretching region is somewhat 

obscured by water of crystallization and broadened by hy- 
drogen bonding. The greater complexity of the spectrum of 
the cis isomer when compared to the centrosymmetric trans 
isomer should be noted; this is particularly apparent in the 
"fingerprint" region of the spectrum (800-1200 cm-1). 

(b)  Metal Ligand Vibrations 
A simple group theoretical treatment of the metal ligand 

vibrations is presented.' The cis and trans isomers belong to 
point groups Cz, and C2h, respectively. This is illustrated in 
Figure 1. T o  a first approximation the metal ligand vibrations 
(M-N and M-0) may be considered as motions of the light 
atoms relative t o  a stationary metal atom. Two kinds of. 

- ' The beamlent of metal ligand vibrations is essentially similar to that 
of Herlinger etal. ( 8 ) .  This is based on the point group symmetry of the 
isomers. Symmetry lowering (g due to the aystallographic spar& group 
is Often important in infrared spectroscopy. This mportant and tre- 
quently overlooned point snould be emphasized lo students. 

Figure 1. Schematic representation d cis and bans isornets showing symmehy 
elements. 

cis 
cis 

trans 
trans 

Figure 2. Schematic Representation of (MN) s b e t b .  (C2 axis laken as r axis 
in each case) 
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~ C T  
cis C~(glyo-)~(aq) ====+ trans C~(glyo-)~(aq) 

k~~ 

Figure 3. The M-N stretches for copper amino acid complexes occur in Me 
rqion (6, 8) 450-500 cm-'. M-0 stretches occur at 250-350 cm-'. 

stretching vibrations may be envisaged, a symmetric stretch 
(w,) and an asymmetric stretch (u,). These are showntogether 
with their corresponding irreducible representations (Fig. 2). 
In the cis isomer hoth w,,(B1) and u,(Al) are infrared active, 
for the centrosymmetric trans isomer only w,(B.) is active. 
The identification of the point groups and explanation of in- 
frared selection rules provides ample opportunity for dis- 
cussion of the basis and applications of group theory. 

The M-N stretches for copper amino acid complexes occur 
in the region (6, 8) 450-500 cm-'. M-0 stretches occur a t  
250-350 cm-'. Students are provided with this information 
and are asked to identify the cis and trans isomers (Fig. 3). 

Discussion 
Besides the demonstration of geometric isomerism and 

infrared interpretation, students are asked questions to guide 
their thoughts along the following lines. 

The preparation provides an excellent example of kinetic 
(cis) versus thermodynamic (trans) control of reaction prod- 

cis Cu(g1yo-), .H,O(s) trans Cu(g1yo-), .H,O(s) 

Figure 4. Equilibria involved in the preparation of cis arm trans isomers. 

uct. Since solution equilibria are rapid for copper(I1) com- 
~ l e x e s  (11). solutions will alwavs contain an eauilihrium 
mixture of cis and trans isomer; On crystallizatibn the cis 
form of the solid initially precipitates due to kinetic control 
of crystallization rate. If this solid is allowed to stand in con- 
tact with a saturated solution of Cuklvo-)?, the solid is con- 
verted totally to the trans isomer (2,hj (thethermodynamic 
product). This is redected by the solubility of the two forms 
as measured by Ginherg and Gol'hraith (IO), who found the 
trans isomer to he less soluble than the cis. Thus, the free 
energy change associated with crystallization (in this case, AG 
= RTlnK,,) is greater for trans than for cis. Hence, we may 
accuratelv describe this as kinetic and thermodvnamic control 
of reaction product. The equilibria involved are summarized 
in Figure 4. The solid state thermal isomerization (4) is to the 
author knowledge a unique reaction. 

The experiment could make a worthwhile extension to the 
recently described laboratory workshop (12). The experiment 
would be feasible with other c o ~ ~ e r ( I 1 )  amino acid com~lexes 
showing similar polymorphism.- he cis and trans isomers of 
his L-alaninato copper (13) are known. Interestingly, here the 
final (thermodynamic) solid product is the cis isomer. The 
complexes of copper(I1) with the DL-phenyl alanine also show 
similar isomerism (14). 

Literature Cited 
(1) Pssa, G., and Suteliffe, H., "Practical Inorganic Chemistry: Chapman HSII. 1968, p. 

94. 
(2) Msuthner, %and Suida, W.,Monotsh.,4,373 (1890). 
(3) a. Ley, H. and Wiegner, G..Eloelrochem. 2,585 (1905). 

b. Ksuffmsn, G. B., J. CHEM. EDUC., 60,693 (1973). 
(4) Deli, B. W., Gillad, R D., and O'Brien, P., J. Chem. SOL Dollon 1901 (1979). 
(5) Nsksmoto, K., "Infrared and RamanSppctraof Coordination Compaunda: 3rdEd.. 

Wiley Intenieience. 1978, p. 305. 
(61 Kinwid. J. R, and Nsksmoto, K., Sperfrnchim. Acto. 32A, 277 (19761. 
(7) Ref. (51.p. 232. 
(8) Herlinger, A. W., Wenha1d.S. L., and Long 11, T. Veach. J Amar. Chem. Sac. 32,6474 

1,9701. 

Sons, NY, 1968, p. 422. 
(12) Fanell, J. J . . J  CHEM Enuc.,54.445 (1977). 
(13) Gillard, R. D., Meon,  B.,Payne, N.C.,and Robwt8on.G. B., J. Chem Soe A ,  1864 

1196'11. 
(14) Laurie. S. H..Ausl. J Chem.,20,26W (1967) 
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(2 sesiones de laboratorio): 

Síntesis, Caracterización y   
Acetilación de Ferroceno 



Síntesis , Caracterización y Acetilación de Ferroceno

Síntesis de Ferroceno y Estudio de su Reactividad:

Objetivos:

 Sintetizar, caracterizar y acetilar ferroceno, [Fe(5-C5H5)2]. 
 Controlar la pureza de los productos de la mezcla mediante cromatografía de capa 

fina. 

Toxicidad y Riesgos:

El ciclopentadieno, el dimetoxietano y el nitrometano son inflamables (F) e irritantes 
(Xi). El dimetilsulfóxido y el diclorometano son nocivos (Xe). El hidróxido de potasio, el acido 
clorhídrico, el anhídrido acético y el ácido fosfórico son corrosivos (C). El etanol es tóxico e 
inflamable (T, F). El ciclohexano es inflamable (F).   

Procedimiento Experimental:

Todas las manipulaciones deben hacerse en la campana. Deben usarse guantes cuando se 
utilice DMSO y para triturar el KOH. Todo el equipo de vidrio que contenga Cp debe 

permanecer en la campana, al igual que los desechos generados.

PRIMERA SESIÓN DE LABORATORIO:

1. Preparación de CpK:

El ciclopentadieno dimeriza a temperatura ambiente, por lo que el producto adquirido 
comercialmente es un dímero. Este debe ser fraccionado para poder usarse. El dímero se 
fracciona en un equipo de destilación recogiendo la fracción que destila entre 40-45°C 
sobre CaCl2. No es conveniente destilar más Cp del necesario, ya que dimeriza rápidamente. 
El Cp debe conservarse en un recipiente tapado y en frío hasta el momento de utilizarlo. 

Para preparar el ferroceno, se parte de CpK. Para ello se pulverizan 12,5g de KOH y se 
mezclan con 20mL de dimetoxietano, o en su defecto DMSO, y se deja bajo agitación a 
temperatura ambiente y en atmósfera inerte por 10min. A continuación se agregan 2,75mL 
de Cp y se mantiene la agitación durante 30min más. 

2.   Preparación de Ferroceno:

En un balón se disuelven 3,25g de FeCl24H2O puro, previamente pulverizado, en 10mL 
de DMSO, y se agrega gota a gota, utilizando un embudo de adición para atmósfera inerte, 
sobre el CpK durante 45min. Finalizada la adición, se deja la mezcla bajo agitación durante 
30min más. Se decanta la solución en un beaker con hielo, y se agrega, con agitación, 15mL 
de diclorometano ó cloroformo, y 25mL de HCl 6mol/L. Se separa la fase orgánica, se seca 
con MgSO4, y se evapora el solvente a sequedad. El residuo amarillo es purificado por 
sublimación. 



Síntesis , Caracterización y Acetilación de Ferroceno

SEGUNDA SESIÓN DE LABORATORIO:

1. Preparación de Acetilferroceno:

En un balón de dos bocas, al cual se colocan un embudo de adición y un tubo de CaCl2, 
se disuelven 1,00g de ferroceno en 5mL de anhídrido acético, manteniendo la agitación 
hasta completa disolución. El conjunto se coloca en un baño de agua con agitación. Se 
agregan 1mL de ácido ortofosfórico, y se calienta a 70°C manteniendo la agitación durante 
media hora. Finalizado el tiempo de reacción, se agrega la solución resultante sobre hielo, y 
se neutraliza con NaHCO3 sólido hasta que no se observe efervescencia. El precipitado 
marrón formado se filtra y se lava con agua. El producto obtenido puede purificarse por 
sublimación, obteniendose agujas de color naranja. 

Caracterización:
- Determinar el punto de fusión de ferroceno y acetilferroceno.
- Comprobar la pureza del acetilferroceno por TLC, utilizando como eluyente una 

mezcla de hexano:éter dietílico 10:1 y disolviendo el producto en la mínima 
cantidad de tolueno. 

- Registrar el espectro de RMN 1H y 13C{1H} (opcional).

Para considerar:

¿Por qué se puede estabilizar el estado de oxidación II del hierro en el ferroceno 
(Fe2+)?

Referencias:

- Girolami, G. S.; Rauchfuss, T. B.; Angelici, R. J. Synthesis and Technique in Inorganic 
Chemistry: A Laboratory Manual. University Science Books; 3rd edition, 1999. USA.

- Hendrikson, D.; Sohn, Y.; Gray, H. Inorg. Chem., 1971, 10, 1559.
- Makone, H. T. J. Chem. Educ., 1980, 57, 380.



Preparation and Characterization of Iron Sandwich 
Complexes 

Celebration of the 40th Birthday of Ferrocene 

Glenn C. Vogel' 
lthaca College, Ithaca, NY 14850 

W. D. Perry 
Auburn University, Auburn, AL 36849 

One of the most active areas of chemical research involves 
materials referred to as organometallic compounds ( 1 4 ) .  
These compounds contain a metal-to-carbon bond. Since 
the preparation of Zeise's salt in 1827 and the discovery of 
the synthetic importance of alkyl and aryl compounds of 
representative metals, such as zinc, magnesium, lithium, and 
lead, a number of important discoveries have been made. In 
1951 P. Panson and S. A. Miller independently discovered 
ferrocene, (q5-C5H5)2Fe, and approximately a year later G. 
Wilkinson reported its structure. Since these landmark dis- 
coveries, the research activity involving transition metal or- 
ganometallic complexes has increased enormously. 

The chemistry of "sandwich" complexes celebrates its 
40th anniversary this year, and in honor of this occasion we 
would like toshare with youoneofthe projects that has been 
used successfully at lthaca College for a number of years in a 
iuniorlsenior unified laboratorv course. This half-semester ~ ~~ ~ ~ ~ - ~ ~ -  

project involves the synthesis and characterization of several 
sandwich complexes containing the cyclopentadienyl ligand 
(Cp). The experimental portion of the project requires 6 
weeks to complete with two 4-h lab periods per week and is 
designed to give the student a taste of what chemical re- 
search is all about. An additional 1-h period per week is used 
as a "group meeting" during which the students discuss their 
progress on the projects. The final report submitted by the 
student is in the form of a research paper. During the sev- 
enth week of the project, no lab work is done, and alleffort is 
devoted to writing. The paper must be written in a form 
suitable for submitting to Inorganic Chemistry. 

Typically six to 12 students take the course, and this is one 
of the projects used during the second half of the semester. 
The students usuallv work in nairs. and no more than two 
pairs are allowed to work on a given project. During the past 
12  years the course and the individual nroiects have received 
ov&whelmingly positive written evaliations from the stu- 
dents. 

Prolect Descrlptlon 
The  compounds t o  be synthesized s tar t ing with 

FeCI2 - 4Hz0 are outlined below. 

FeCI, .4H 0 - (C,H,),Fe - [(C,H,)(C,H,)Fe][PFJ > 4 \ 
[(C,H,),FeJt (C5H,)(C,H4C(0)CH,)Fe l(C,H,)(C,H,)Fe] 

(in situ) and 
(C6H4C(0)CHJ2Fe 

Complexes are characterized by 'H NMR (5), infrared (6), 
UV-visible spectroscopy (7, 8) and, where appropriate, by 
measurement of the effective magnetic moment (9,lO). The 
UV-visible spectra are recorded in the range of 300-650 nm, 
and both the peak maxima and extinction coefficients are 
measured. The choice of solvent2 for measuring the UV- 
visihle spectrum is important (11,IZ). In addition, the elec- 
trochemistry of ferrocene and its acetyl derivatives is stud- 
ied by cyclic voltammetry (13) and compared3 to that of 
(CsHdaFe4(CO)4. 

An interesting observation is made when the students 
attempt to oxidize acetylferrocene in the same manner that 
is used to oxidize ferrocene to  the ferrocenium ion. Addition 
of concentrated sulfuric acid to the acetyl derivative pro- 
duces a dark purple color similar to the dark hlue obtained 
when concentrated sulfuric acid is added to ferrocene. When 
the resulting blue ferrocenium ionlsulfuric acid mixture is 
diluted with water a hlue solution results (9). However, when 
water is added to  the purple acetylferrocene/sulfuric acid 
mixture, the color disappears and the acetylferrocene is re- 
covered. I t  is not immediately ohvious to the students that in 
one instance they are observing a redox reaction, eq 1, and in 
the other an acid-base reaction, eq 2. 

The students see that this observation is consistent with 
their cyclic voltammetry results, which show that the acetyl 
derivatives are more difficult to oxidize than ferrocene.4 

' Author to whom correspondence should be addressed. 
Ferrocene in halcarbon solvents has an additional intense band in 

the 300-400-nm range that is the result of a ferrocene-tc-solvent 
charge transfer transition. Irradiation in the spectral region of this 
charge transfer band causes photooxidation of the ferrocene to ferri- 
cenium ion (10. Acetylferrocenes are readily decomposed by UV 
light in solvents such as alcohols (12). 

(C5H6)~FedCO), Is prepared as one of the complexes in another 
project that is carried out by a different group of students. 

The students find that com~ared to the ferrocenium ion the E.," 
~ ~ - ,.- 

valbe for the acetylferrocenium ion and the 1,1'dlacetyiferr0~eniurn 
ion are more positive by approximately 240 mV and 450 mV. respec- 
tively. 
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The ground electronic state of the ferrocenium ion has 
been the subject of much study. While molecular orbital 
theory has provided considerable insight into the bonding of 
the complex, i t  is not reliable in characterizing the fine 
details of the ground-state electronic configuration. By mea- 
surine the room-temoerature Le.. probe-temoerature) solu- ~ ~ ., ~ ~ . .. 
tion magnetic moments employing the ~ r a n s  method (101, 
students are able to determine (91 whether the ground state 
is "A, ,  resulting from the electron configuration ( r~J ' (o lJ1  
or ?E,. resulting from the electron configuration (e,..) '(ol,j2. 

~ h ;  lone of electrons on the-oxygen a g m  2 a 
carhonyl group allow carbonyl compounds to function as 
Lewis hases. Ketones and amides are examples of Lewis 
hases (ligands) used in transition metal coordination cbem- 
istry. ~ o t  unlike thecarbonyl groups in ketmes and amides. 
the carbonyl groups of (C.Hr)(C5H,C(0)CH,)Fe and 
(C:H,CtO)CH?IZe have the abilitv to function as electron . ~ "  "," 
donors as the students observe in 'their attempt to oxidize 
acetvlferrocene. The enthalov of adduct formation. AH. . . 
measured in poorly solvating media is the best measure of 
the donor streneth of a Lewis base interacting with a given 
Lewis acid. short of determining AH by calorimetry or by 
the temperature dependence of the equilibrium constant, 
one can measure an easily obtained spectn~scopic property 
that is linearly related u 1  the enthalpy of adducr formation. 
A convenient correlation exists for hydrogen bonding acids, 
such as phenol, interacting with a series of carbonyl donors 
(14) .  The shift in the frequency of the O-H stretching vibra- 
tion of phenol accompanying adduct formation, Aum, iu 
linearlv related to the en tha l~v  of adduct formation. AH, bv . . . . .  
the equation 

-AH = 0.0103 ~ u ~ ~ ( c r n - ' )  + 3.08 
Thus. AH for ohenol interacting with an oxvwn can be 
obtained by simply measuring the infrared freqiency shift, 
A v r ~ .  and suhstitutine it into the above equation. The donor 
strength of acetylferr&ene toward is measured, and 
the maenitude of this interaction is compared with the mag- 
nitude>f interaction of acetone, ethyi acetate, and NS- 
dimethylacetamide (DMA) with phenol. These four Lewis 
bases have the general formula G-C(0)-CH3. The students 
are asked to consider how G influences the donor properties 
of the carbonyl group, i.e., how does G affect the relative 
electron densities of the donor atom in the four Lewis bases? 
Experimentally the students find that acetylferrocene is a 
better donor than ethylacetate and acetone, hut not as good 
as DMA5. 

If lab time permits, an additional experiment involving 
the reduction of [ ( C 5 H s ) ( C f i H 6 ) F e ] [ P F 6 ]  with sodium hy- 
dride is performed (15,16). NMR can be used to determine 
that the arene ring system has been reduced. 

The Lab Schadule 
The lab handout contains a detailed schedule on what 

should be accomplished each lab period and references to 
the a~orooriate literature for olannine the experimental 
work.~errbcene is synthesized (in during the first week and 
purified the second week while the syntheses of the acetyl 
derivatives of ferrocene (18,19) are also carried out. During 
the third week the acetyl derivatives are purified, and the 
ferrocenium ion is (9) and characterized (10). Dur- 
ing this time the students learn that unlike ferrocene the 
acetyl derivatives cannot he oxidized by sulfuric acid. The 
f o u r t h  week is  used t o  synthesize  (20) 
[(C5H5)(C6H6)Fe][PF& and, if time permits in the sixth 
week, this compound is reduced with sodium hydride, and 
NMR is used to determine that the arene ring system has 

Typical infrared frequency shifts obtained by students are 160 
cm-', ethyl acetate; 190 cm-', acetone; 280 cm-', acetylferrocene; 
and 345 cm-'. DMA. 
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been reduced (15,16). The schedule allows specific times for 
characterizing the complexes by IR, NMR, and UV-visible 
spectroscopy; and cyclic voltammetry (13,21) and for deter- 
mining the Lewis donor strengths of the acetyl derivatives. 
The seventh week is used to write the paper. The schedule 
assumes two students are cooperatively working on the same 
project. We have found that sharing the same project teach- 
es the students how research scientists learn from oneanoth- 
er and challenge each others ideas. Each student writes his/ 
her own paper. 

This labeourse is not "cookbook" in format but requires 
the students to consult the literature, plan the experiments, 
design the reaction setups, and think.- he students usually 
reproduce the results found in the literature as wellas collect 
data that previously have not been reported, such as the 
donor strength and the reaction with sulfuric acid of the 
acetylferrocene. 

The Paper 
The students are told that their final research oaoer 

should be written in a form acceptable for submissibi to 
Inorpanic Chemistry. I t  is recommended that they consult 
the guidelines givedin the first issue of the current year of 
Inorganic Chemistry and a copy of The ACS Style Guide. 

I t  is emphasized that one should not merely list results in 
the paper. Instead, using the chemical principles learned in 
organic, inorganic, and physical chemistry courses, students 
should attempt to interpret the results in terms of the bond- 
ing. structure. and/or reactivitv of the comdexes. A list of 
some of the things that we reckmend  be &cussed in the 
papers is oresented in the lab handout. In addition, the 
&dents are encouraged to consult the literature for data on 
complexes containing methylcyclopentadienyl (22,23) and 
pentamethylcyclopentadienyl (24, 25) ligands and to com- 
pare these data with comparable data that they measured. 
When the paper is turned in, the students are required to 
submit their complexes in well-labelled vials along with their 
spectra, cyclic voltammograms, and laboratory notebook. 

While writing the papers, most students do not like the 
assienment. but. after cornoletine the lab. manv rate it as . . - 
one of the most valuable experiences of their chemistry edu- 
cation. It should be noted that each student writes two pa- 
pers, one on each half-semester project. After the first paper 
is graded, the instructor spends from 2 to 4 h discussing the 

with each student individually. Great improvem&t is 
usually found when the second paper is graded. 
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Acetylation of Ferrocene 

A Study of the Friedel-Crafts Acylation Mechanism as Measured by HPLC 
Using an Internal Standard 

Terry L. ~ewir th '  and Nadine Srouji 
Haverford College, Haverford, PA 19041 

Most of us who became chemists were hooked by the ex- 
citement of discovery in the laboratory. Organic chemistry 
labs are designed to demonstrate and teach new tech- 
nianes used in organic svnthesis or to svnthesize mole- 
cul'ri, which serves to e&nplify reartiins discussed in 
clais and also teach i rn~i~rtant  skills While somc students 
are thrilled with the idea of creating new molecules; most 
see organic lab as  a cookbook whose recipes they can't wait 
to complete. For them the excitement of a scientific discov- 
ery is missing. We have developed a novel approach to the 
acetylation of ferrocene, which allows students to study an 
organic reaction mechanism and with their experimental 
data answer some fundamental auestions about electro- 
philic substitution reactions on the ferrocene ring system, 
i.e.. solve a chemical mvsterv. We examine the acetvlation . . 
of ferrocene, using acetyl chloride and aluminum chloride 
as acetylating agents, an example of classic Friedel-Crafts 
(F-C) acylation, to answer three fundamental questions 
about F-C acylation in general and F-C acetylation offer- 
rocene in particular: 

1. Is aluminum chloride really a stoiehiametric reagent in 
F-C acylation, or is it a catalyst as in F-C alkylations? 

why? 
3. Will the acetylation of the first ring of ferrocene affect the 

rate of acetylation of the second ring? 
Is there communication between the two rings 
of ferraeene? 

Use of the acetylation of ferrocene in the undergraduate 
laboratory curriculum is not new. I t  is an experiment popu- 
larly used to exemplify F-C acylation, ( 1 4 ,  sometimes as 
a followup to the synthesis of ferrocene (7). Because the 
acetylation yields two colorful products, clearly distin- 

IAuthor to whom correspondence should be addressed. 

Table 1. Conditions for the Acetylation of Ferrocene 
(Relative Equivalents) 

Ferrocene Acety chloride Aluminum 
Chloride 

guishable from the ferrocene starting material, the reac- 
tion also has been called upon to demonstrate several im- 
portant separation techniques, including column chroma- 
tography, (8, 9) dry-column chromatography, (10) 
thin-layer chromatography, (11) and high performance liq- 
uid chromatography (12, 13) While several of these tech- 
niques also are used in this experiment, they serve only as 
a means to an end: exploring the mechanism of the reac- 
tion. We also employ the internal standard technique to 
quantify our results, which none of the above references 
describes. 

The experiment as  outlined below allows students to 
reach conclusions about the mechanism of F-C acetylation 
of ferrocene based on their own data analysis. In one case 
they can verify an accepted mechanism; in another, the re- 
sult will be unexpected and will raise new interesting 
questions. 

We divide the class into five groups, each of which per- 
forms the acetylation using one of several different ratios 
of ferrocene: acetyl chloride: aluminum chloride (see Table 
1) (1). We now perform the reaction, with microscale tech- 
niques using 200 mg ferrocene and a 30-min reaction time, 
analyzing the products using reverse phase HPLC (13) 
with an internal standard, as  well as dry column chroma- 
tography, with results consistent with and more precise 
than our data from past years when we used macroscale 
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Table 2. Tabulated Class High Performance Liquid Chromatography even though a full equiva- 
and Dry Column Chromatography Results lent of acetyl chloride was 

of Products from the Acetylation of Ferrocene used. Condition E confirms 
that 1,l-'diacetyl ferrocene 
can  h e  produced if two 

F : AcCI : AlCh Ferrocene Acelylferrocene 1.1'-Diacetylferrocene equivalents of acylating 
% Recovery (SD) %Yield (SD) %Yield (SD) agent are present. 

COI hplc col hplc col One might  expect "C" 
and "D," which both have 

5.96.2) 68.1 (8.31 41.4(12.5) 9.314.61 7.4621 one eauivalent of active 

hplc 

A 1 : 1: 1 7.0 (3.6) 
B 1 : 1 : 0.5 51.4 (4.1) 
C I : 2 : 1 4.4 (8.3) 
D I : :  17.9(6.1) 
E 1 : 2 : 2 6.8 (10.8) 

Per cent yields are based on ferrocene. 

. . . . . . . . . . 
36.0 (12.5) 38.5 (1.9) 26.2 (4.37) 2.3 (2.1) 0.54 (1.1) a c e t ~ l a t i n g  reagent ,  
1.7 (1.3 71.2 (9.5) 28.3 (16.4) 2 .0(2.4) 1.8 (2.9) CH3COCI. . . . AlC13 to both 

give results similar to A. 
12.0 (5.2) 18.7 (10.4) 12.1 (8.0) 34.4 (6.8) 23.9 (9.1) while statisticallv c does 
4.5 (7.8) 15 (7.6) 11.3 (8.9) 56 (15) 41.6 (9.7) give the same reskts  as A, 

t h e  resu l t s  from D a r e  
clearly very different, dem- 
onstrating that a n  excess of 

aluminum chloride, unexpectedly, does affect the product 
distribution. (When the AlC13 used is not fresh the results 
from C also can a m e a r  to be different from A. with a sie- 
nificantly higher ge ld  of acetyl ferrocene thanbne finds l'n 
A,) These results. however. should ~ i a u e  the curiositv of 

HPLC trace of diacetylferrocene (RT = 4.465), acelylferrocene (RT = 
6.056), benzophenone (RT = 9.130), and ferrocene (FIT = 15.817). 
For HPLC conditions, see text. 

quantities (2 g ferrocene and 60-min reaction time) and 
only column chromatography analysis. The results of class 
data for each microscale condition, with benzophenone a s  
the internal standard. are shown in Table 2. 

Use of high performmce liquid chromatography [HPLCI 
is to some extent able to address analytical problems of 
column chromatographic analysis, and the overall mass 
balances are much more consistent and about 50% higher 
than with column chromatography, but, in  fact, either 
method does ~rov ide  answers to the orieinal auestions. es- - 
pecially if the yields are normalized for the total mass bal- 
ance. Condition A answers the ring communication ques- 
tion, as one observes acetyl ferrocene a s  the preponderant 
product, where no communication would predict a n  acetyl 
ferrocenel1,l'-diacteyl ferrocene ratio of 2/1, i.e., the u i -  
substituted rine of acetvl ferrocene would be iust as reac- - 
tive as ferrocene. Condition B answers the question of the 
catalytic nature of aluminum chloride. In  fact, condition B 
produces close to half the acetyl ferrocene of condition A, 

students to ask &hy we see such different results for Eon- 
dition D. 

We ask students to discuss the three original posed ques- 
tions in  their lab reports in  light of the class results. For 
condition D we offer the students two possible hypotheses 
and ask them in  their  r e ~ o r t s  to sueeest exoeriments 
which could test ench. One'hypothesis for the u'uexpccted 
vlcld of diacetvl ferrocenc from cnndirion .'IY is the tbrma- 
kon of a more Hctive and, therefore, less-selective acylating 
agent in  the presence of excess aluminum chloride. - 

(Additional information about this experimentally un- 
s u ~ ~ o r t e d  hvoothesis i s  available from the authors.) 

.A 

The second (and experimentally supported) hypotheses 
is that in  the presence of excess AlC13,the HCl formed from 
the initial acetylations, acts in  concert with the uncom- 
plexed AlC13 to protonate ferrocene to form an unreactive 
(ferrocene-H)+ (tetrachloroa1uminate)-. This effectively re- 
moves ferrocene from the reaction solution, allowing acetyl 
ferrocene to he acetylated by default (14, 15). [Rosenblum 
et al. (15) have shown that HC1 added to a methvlene chlo- 
ride solution of ferrocene containing a suspension of AlCI3 
will result in a r a ~ i d  dissolution of the AlCI? with the for- 
mation of a clear orange solution. Adding aceiyl chloride to 
such a solution results in verv low ~ercentaee of total ace- 
tylation but a high ratio of d i a c e t ~ ~ a c e t ~ l  firrocene. Con- 
versely, if measures are taken to remove the HCI a s  i t  is 
formed in the ferrocene acetylation reaction, normal prod- 
uct ratios are observed, even in the presence of two-fold 
excess ofA1C13.The (ferrocene-HI+ (tetrachloroa1uminate)- 
complex also was isolated and analyzed.] 

Furthermore, we tell the students that there are three 
hypothesized structures for the "protonated" ferrocene and 
ask them which is consistent with the published rl6, NhlK: 
IBF.;II,O, f i  5.01, symmrtricnl doubler I 10 H., -2 07, broad 
I 1  H I .  ,- ..,. 

The lab can be simplified by including only conditions A 
and B, and addressing only the issues of communication 
and catalysis. 

Procedure 

Reaction 

For the microscale condition A, the procedure of Mayo et  
al. (3) is, in general, followed. To a tared 10-mL round-hot- 
tomed flask;containing a small magnetic stir bar, 150 mg 
(1.12 mmole) anhydrous aluminum choride is weighed, fol- 
lowed by 4 mL freshly distilled methylene chloride. 
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Caution: Aluminum chloride is a corrosive solid that reacts 
vigorously with water. Avoid breathing the powder. Wear 
gloves far skin protection. 

Using an automatic delivery pipet (HOOD) 80 yL, (1.12 
mmole) recently distilled acetyl chloride is added and a 
Claisen head protected by a calcium chloride drying tube is 
attached, and the solution is stirred. 

Caution: Acetyl chloride reacts rapidly with water and is an 
irritant. 

Ferrocene, 208 mg (1.12 mmole) is added to a 3-mL coni- 
cal vial followed by 1 mL methylene chloride. This ferro- 
cene solution is added to the reaction flask with a Pasteur 
pipet. Another milliliter of methylene chloride is used to 
rinse the ferrocene into the reaction. Just before the reac- 
tion is complete 0.100 g of benzophenone, the internal 
standard is added to the reaction solution. After a 30-min 
reaction time, the reaction mixture is poured into a 50-mL 
beaker containing 10 mL ice water and is neutralized with - 
-10 drops 25% sodium hydroxide solution, using pH paper 
to confirm neutrality. The neutralized solution is poured 
into a 125-mL separatory funnel containing -10 mL of 
water. The oreanic laver is removed and the water laver is 
washed threeutimes G t h  3-mL portions of methylenechlo- 
ride. (Note: Shaking too vigorously at  this point can cause 
emulsions to form.) The combined methylene chloride frac- 
tions are dried with anhydrous sodium sulfate. About five 
drops of dried solution is diluted approximately 1:10 with 
methylene chloride for HPLC analysis. The remaining so- 
lution is used for column chromatography if desired. 

Column Chromotography 
The product residue from the reaction above is dissolved 

in 1 mL of methylene chloride and applied to a 9-g silica gel 
(60-120 mesh) column in a 50-mL buret. The buret is 
rinsed with 1 mL of pet ether then the ferrocene is eluted 
with 30 mL pet ether. The benzophenone is eluted with 30 
mL 14:l 1.b. pet etherethyl acetate; the acetyl ferrocene 
with 20 mL 1:l 1.b. ~ e t  etherethvl acetate: and the diace- 
tylferrocene with 2 6 m ~  ethyl acetate.  lash chromatogra- 
phy with house air works well. The purity of each fraction 
can be checked by TLC with silica gel plates eluted with 
1:ll.b. pet ether:ethyl acetate, which gives good separation 
of the four compounds. The students can obtain the MP, IR, 
and NMR spectra of their purified products when possible 
and appropriate. 

HPLC 
An IBM LC 9560 Terniary Gradient Liquid Chroma- 

tograph, fitted with a 5-pL injection loop, with an IBM LC 
9563 Variable UV Detector interfaced to a Varian 4270 In- 
tegrator was used. The column was a 5 wm octadecyl col- 
umn, 4.5 x 250 mm, guarded by an 5 wm 6ctadecyl column, 
4.5 x 50 mm. The elution solvent was 70% methanol; 30% 
water, with a flow rate of 1 mumin. The methanol was 
Aldrich HPLC grade and the water was filtered deionized 
distilled water. This provided run time of 17 minutes. A 
typical HPLC chromatogram containing all three reaction 
products and benzophenone is shown in Figure 1. 

Analysis of HPLC Data 
Molar response factors must he calculated for each of the 

products with respect to the internal standard where: 

Table 3. Molar Response Factors for Ferrocene, 
Acetvlferrocene. and 1 .l'Diacetvlferrocene 

reagenta RFm 

ferrocene 4.41 +0.4 

acetylferrecene 1.27 + 0.01 5 

I .I,-diacetyrerrocene 1.055 f 0.02 
Purchased from Aldnch Chemical Company 

This is accomplished using known amounts of authentic 
products and internal standard and should be run under 
the the same conditions of the reaction analysis. Typical 
response factors for our conditions are shown in Table 3. In 
order to save lab time, these response factors can be deter- 
mined easily ahead of time for the students. 

Knowing the response factors, the moles of each product 
are calculated easily from the areas of GC peaks and the 
known amount of internal standard added the reaction, 
and, therefore, the per cent yield is calculated easily also. 

For example, for acetyl ferrocene (AF) with internal 
standard (IS) 

Area AF moles aeetylferraeene = (moles IS)(RFmAF) - 
Area IS 

This method provides a faster, more accurate method of 
accumulating class data and also involves far less number 
crunching and fewer assumptions than our crude column 
chromatographic method of collecting data. We ask our 
students to enter their data into an EXCEL file, to facili- 
tate the class calculations. 
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Enlaces Múltiples Metal-Metal

Síntesis de Acetato de Cromo (II):

Objetivos:

 Sintetizar un dímero de cromo que presenta un enlace cuádruple entre los centros 
metálicos y estudiar la naturaleza de tales uniones. 

Toxicidad y Riesgos:

El ácido clorhídrico es corrosivo e irritante (C, Xi). El K2Cr2O7 es corrosivo (C) y 
carcinogénico. El Zn y el acetato de sodio son irritantes (Xi).

Procedimiento Experimental:

Se realiza un montaje experimental (el cual se puede observar en la figura 1) con un 
balón de tres bocas, en el que se coloca una entrada de N2, un embudo de adición para 
atmósfera inerte, y una placa porosa en esmeril con una manguera limpia. La maguera va 
conectada a un burbujeador que se encuentra en un balón de dos bocas con un tapón. De la 
salida del burbujeador se conecta otra manguera que va a un codo esmerilado en que se 
coloca en la boca de un filtrante de 2 llaves (no se muestra la llave superior). La llave de 
abajo se mete en un tapón monohoradado que está en un kitazatos al cual se le hará 
succión por medio de la trompa de vacío. El filtrante debe ser pesado y tarado con un tapón 
ANTES de empezar a hacer el montaje.

N2

Vacío

Hielo

Figura 1. Montaje experimental que se usará en la síntesis del acetato de cromo (II).

Pese 1,00g de K2Cr2O7 y 5g de zinc granular y colóquelos en el balón de tres bocas. 
Recuerde colocar también un agitador magnético. Prepare una solución saturada de acetato 
de sodio hidratado en un balón de 2 bocas (15g en 5mL), y coloque el balón en un baño de 
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hielo. En el embudo de adición, con la llave cerrada, coloque 15mL de HCl concentrado y 
10mL de agua destilada. Comience la adición del ácido sobre la mezcla dicromato-zinc. 
Mantenga la agitación en todo momento. Observará que el color de la solución cambia 
progresivamente de naranja a verde a azul. La reacción es completa cuando toda la solución 
es azul, sin trazas de verde. 

En todo momento usted debe haber observado burbujeo en la solución de acetato 
de sodio, por lo que la misma debe ya estar desaireada. Manteniendo la entrada de N2

abierta, cambie el embudo de adición por un tapón, y prepárese para vertir la solución azul 
sobre la de acetato de sodio. Muy cuidadosamente, incline con las manos el balón de 3 
bocas para permitir la filtración de la solución azul. A medida que la solución de Cr2+ cae 
sobre la de acetato de sodio, observará la formación del complejo color rojo ladrillo. 

A continuación el producto debe ser filtrado y lavado. El éxito de su práctica depende 
de esta parte, ya que es la más difícil. El compuesto debe ser bien lavado para remover 
excesos de acetato de sodio y otras sales, pero el precipitado es soluble en agua, por lo que 
los lavados deben ser realizados con agua y etanol fríos. Usted filtrará al vacío, utilizando un 
filtrante de dos llaves.

La filtración y el lavado se harán de la misma manera. Tome en su mano el balón 
que contiene el precipitado rojo ladrillo y voltee el msimo de manera que las aguas madres y 
el sólido fluyan a través de la manguera que conecta con el filtrante, manteniendo ambas 
llaves de éste abiertas. Haga este procedimiento por partes hasta haber transferido todo su 
compuesto. Lave sucesivamente el balón con agua fría (20mL), etanol frío (15mL) y éter 
dietílico (10mL). Después de cada lavado, vierta las aguas de lavado sobre el sólido que está 
en la placa porosa del filtrante, a fin de garantizar no sólo que se recupera la mayor parte del 
precipitado, sino además que se lava bien el mismo.

Deje secar el producto en el filtrante haciendo vacío con la trompa, una vez que ha 
retirado las mangueras y conexiones, y colocado el tapón con el cual usted previamente 
había determinado la masa del mismo. Determine de nuevo la masa (ahora del conjunto), y 
obtenga por diferencia la masa del acetato de cromo (II) obtenido. Reporte el rendimiento de 
su reacción. 

Ensayo:
a) En un tubo de ensayos, disuelva una mínima cantidad de yodo en CCl4 ó cloroformo. 

Añada el mismo volumen de agua que de solvente orgánico. Agregue la punta de una 
espátula de acetato de cromo (II), y agite vigorosamente. Observe los cambios de 
color que ocurren tanto en la fase orgánica como en la acuosa. 

Para considerar:

a) ¿Cuál es el estado de oxidación del cromo en este complejo?
b) ¿Esperaría usted que este compuesto fuese diamagnético o paramagnético?
c) ¿Cuál es la estructura del acetato de cromo (II)? ¿Cómo esperaría que fuese la 

distancia de enlace entre los centros metálicos? 

Referencias:

- Girolami, G. S.; Rauchfuss, T. B.; Angelici, R. J. Synthesis and Technique in Inorganic 
Chemistry: A Laboratory Manual. University Science Books; 3rd edition, 1999. USA.

- Cotton,F.A; DeBoer, B. G.; Laprade, M. D.; Pipal, J.R.; Ucko, D.A. J. Am. Chem. Soc., 
1970, 92, 2926.

- Cotton,F.A; Chen, H.; Daniels, L. M.; Feng, X. J. Am. Chem. Soc., 1992, 114, 8980.



nantly CPPase-like, and a branching product is
generated by all CPPase-FPPase chimeras. 

The CPPase-FPPase chimeras are biosyn-
thetically more promiscuous than either native
CPPase or FPPase as a result of a reshaped tem-
plate for substrate binding, which permits alter-
native trajectories for intermolecular carbon-
carbon bond formation. Such promiscuity por-
tends evolution: Given that the FPPase fold is
readily evolvable to catalyze all four of the fun-
damental isoprenoid coupling reactions, native
synthases catalyzing these reactions such as
squalene synthase (SQSase, see the figures) (6)
likely diverged from an FPPase-like ancestor. 

A family of terpenoid cyclases that gener-
ate cyclic and polycyclic compounds also
shares the FPPase fold (see the second figure)
(7–9). These enzymes bind a flexible iso-
prenoid diphosphate substrate with the proper
conformation for an intramolecular cycliza-

tion cascade that typically proceeds through
multiple carbocation intermediates. Some ter-
penoid cyclases are high-fidelity templates
that chaperone reactive substrate and interme-
diate conformations to generate a single prod-
uct, but others tolerate a surprising degree of
biosynthetic promiscuity and thereby reflect
significant evolutionary potential. For exam-
ple, γ-humulene synthase generates 52 differ-
ent products from substrate farnesyl diphos-
phate (10). However, mutation of different
groups of three to five active-site residues
reshapes the template, thereby decreasing the
overall number of products and altering the
main product formed (11). The products of
other sesquiterpene cyclases can also be
changed through active-site mutations (12).

Thus, a recurring theme among the greater
family of terpenoid synthases is that only a
few amino acid substitutions are sufficient to

reshape the active-site template and change
the resulting reaction product or products.
Moreover, the promiscuous activities of ter-
penoid synthases introduced by nature (10) or
by design (3, 11, 12) should enable further
evolution—both in the test tube and in
nature—of an ever-expanding array of natural
products, with virtually limitless potential in
chemistry, biology, and medicine. 
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FPPase TSase SQSaseBPPase

A shared fold. FPPase from E. coli (5) is colored violet-red, representing the successively larger domains of
CPPase substituted for FPPase in the sagebrush CPPase-FPPase chimeras reported by Thulasiram et al. For
example, the c69f chimera contains the violet domain of CPPase and the blue-red domains of FPPase, and so
on. The α-helical fold of FPPase is also shared by terpenoid synthases that generate larger and more complex
products (6–9). The chemistry (3) and structural biology (6–9) of these synthases suggest divergence from a
common α-helical ancestor in the evolution of terpenoid biosynthesis.

What is a chemical bond, and how
many bonds can be made between
any two atoms? Each generation of

chemists readdresses and refines such ques-
tions in the framework of its best current
experimental and theoretical methods. Recent
synthetic and computational advances in
metal-metal bonding seem to extend the con-
cept of bond order to surprising new levels.
Such expansion of chemical valency is fueling
a reconsideration of fundamental bonding

principles articulated by G. N. Lewis more
than 90 years ago.

The advances in question are the quintuple
bond of a recently synthesized dichromium
species (1) and the hextuple bond proposed for
W2 (2). As was the case following Cotton’s
report in 1973 of the first metal-metal quadru-
ple bond and West’s synthesis in 1981 of the
first Si-Si double bond, these species challenge
anew our understanding of the meaning and
limits of chemical valency and bond order. To
chemists this is no minor matter. In Shaik’s
words, the chemical bond is a fundamental ter-
ritory of chemistry, “the element from which an
entire chemical universe is constructed” (3).

At a superficial level, bonding might
describe anything that holds atoms together.
However, chemists generally reject this term
for weak or nonspecific atom-atom attractions
(such as those resulting from gravitational or
dispersion forces) that cannot withstand the
jostlings of ambient thermal collisions or that
do not exhibit the regularity of atomic valency
patterns of the periodic table. “Putting grams
in a bottle” is no longer a must for a chemi-
cally bonded species, but chemists generally
demand sufficient robustness to permit char-
acterization of its chemical and electronic
structure. In Cotton’s words, bond order is
“how many electron pairs . . . play a signifi-

The recent discovery of high-order bonds
between metal atoms raises fundamental
questions about the nature of chemical bonding.
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cant role in holding the atoms together” (4).
The notions of chemical valency and struc-

tural bonding were first developed by Kekulé
and others in the 19th century. In 1916, these
developments culminated in Lewis’s formula-
tion of his remarkable “shared electron pair”
concept (5). Empirical data at the time indi-
cated that two atoms may share up to six
electrons to form single, double, or triple
bonds. This concept was further enriched by
Robinson, Ingold, and others with the intro-
duction of two or more Lewis structures
that “resonate” to describe a single molecular
structure. A famous example is
the dual-Kekulé representation
of benzene as two resonating
“cyclohexatriene” bond patterns
with net 1.5 carbon-carbon
bond order.

In the 1920s, Schrödinger’s
discovery of the wave equation
and its application by Heitler
and London to the H2 molecule
laid the basis for a rational the-
ory of chemical bonding and
associated phenomena. Yet de-
spite these theoretical triumphs,
the connection between quan-
tum wave functions and the “pair-
ing” and “sharing” of electrons
that underlie Lewis-like chemi-
cal bonding were not immed-
iately resolved. 

Pauling initially combined the
rather inaccurate Heitler-London
ansatz with Lewis structure diagrams to create
the valence bond (VB) method. In VB theory,
two atoms share electron pairs in localized
wave functions that are constructed from
atomic valence orbitals, or combinations (“hy-
brids”) of atomic orbitals. Thus, a connection
between the Lewis and quantum viewpoints
was forged. The directional features of
orbitals limit the maximum number of
bonds; although the carbon atom has four
valence electrons and four valence orbitals,
the directional qualities of the orbitals
that lead to the strongest electron pair
bond prevent a quadruple bond in dicarbon. 

As numerical accuracy improved in the
1970s, the VB wave functions were found (6)
to be inferior (except for H2) to delocalized
molecular orbital wave functions that appear
to abandon the localized chemical bonding
concept. As two leading practitioners ex-
pressed it, “The more accurate the calcula-
tions become, the more the concepts tend to
vanish into thin air” (7), and “the supercom-
puter has dissolved the chemical bond” (8).
Early bond-order metrics were devised to
extract chemical meaning from computations,

but they were often plagued with nonorthogo-
nality artifacts and unphysical limiting behav-
ior. In some cases, bond order was simply a
surrogate for bond length—an assumption
based on a presumed mathematical relation
between bond order and bond length derived
from a few molecules (such as ethane, ethene,
or ethyne). In this extreme, the bond-order
concept ceases to have independent meaning,
limits, or intellectual content. 

More general and powerful tools of analy-
sis were required to successfully recover
chemical bonding and bond-order concepts

from modern delocalized ab
initio wave functions. The

density matrix techniques
pioneered by Löwdin (9)
provided a rigorous basis

for expressing any wave
function (including, in
principle, exact solutions
of Schrödinger’s equa-
tion) in terms of intrinsic

“natural” orbitals. (Natural
orbitals are optimized combi-

nations of basis set functions that provide
maximum parsimony and minimal depend-
ence on the details of numerical basis set
selection in constructing molecular wave
functions.) In addition, Pople and Lennard-
Jones (10) demonstrated how one could rigor-
ously transform the confusing delocalized
molecular orbitals into equivalent localized
molecular orbitals that recover the expected
Lewis bond pattern.

In the 1980s, the more general natural
bond orbital (NBO) (11) and natural reso-
nance theory (NRT) (12) methods were devel-
oped for extracting the optimal Lewis struc-
ture(s) and quantifying the density error in this
(or any chosen alternative) bonding pattern.
For a wide range of organic and inorganic
species, NRT bond orders are found to be
in excellent agreement with expected empiri-
cal values, including the near-integer total
valency values associated with periodic table
assignments.

Assigned bond orders conjure up powerful
imagery in the minds of chemists. For exam-
ple, the formula HX≡XH (where X is a group
14 element such as carbon or silicon) strongly

suggests a linear geometry, unusually strong
XH bonds, and high reactivity of the “unsatu-
rated” triple bond. No wonder the consterna-
tion when the first stable Si≡Si species was
reported to adopt a planar, but nonlinear,
trans-bent geometry (13)! Is this a true triple
bond? Theoretical studies (14) support the
notion that three pairs of electrons contribute
significantly to holding the atoms together.
Rather than form one σ bond and two equiva-
lent π bonds as in carbon-carbon triple bonds,
the high preference for p-atomic orbital
character in the Si-Si σ bond leads to one
normal π bond, one “slipped” π bond, and a
trans-bent geometry (see the figure, top panel). 

Transition metals, which have six valence
atomic orbitals (one s and five d), offer greater
opportunities for electron pair sharing.

The HMMH bimetallic
hydrides (where M = Cr,
Mo, or W) were theoreti-
cally predicted (15) to
exhibit quintuple bond-
ing and strong trans-bent
geometry, as was later
found in the synthesized
chromium derivative (1).
From the 14 total valence

electrons of HMMH, five shared electron pairs
hold the two metals together and the remaining
two pairs make the M-H bond. The quintuple
bond comprises familiar σ, 2π, and δ bond
orbitals. The final bond is constructed from a
side-on bonded pair of sd-hybridized orbitals
(see the figure, bottom panel). Again, the σ-
skeletal requirements enforce the trans-bent
geometry and significant barriers to rigid rota-
tion about the M-M bond. 

Is there a limit to how many electron
pairs may hold two atoms together? For the
transition metals, the limit seems to be six as
a result of the dominance of the s and d
atomic orbitals in bonding interactions. In
principle, actinide elements might use a
larger set of s, d, and f valence atomic
orbitals, suggesting as many as 13 possible
bonds. However, Roos et al. (2) find that
weak bonding interactions and promotion
effects limit the effective bond orders
(which maximize at diatomic Pa2) to five or
less. Poor matches in the radial extents of the
s, d, and f orbitals make use of all actinide
valence orbitals in the formation of bonds
unfavorable. It seems safe to say, at least
until new experiments or improved calcula-
tions prove otherwise, that six is the maxi-
mum number of electron pairs that hold two
atoms together. 

The discovery of new high-order metal-
metal bond motifs signals a landmark in
synthetic methodology and a renaissance of

High-order bonding. Bonding orbital surfaces for the
unusual “slipped” π bond of trans-bent HSi�SiH (top)
and the side-on δ bond of trans-bent, quintuply
bonded HWWH (bottom). These bonds exemplify
unconventional orbital shapes that result from compe-
tition between forming the strongest σ bonds and
retaining optimal orbital directionality for the higher-
order bond components.
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Lewis-like structural concepts in inorganic
chemistry. Future synthetic and computa-
tional explorations should be guided by closer
attention to the maximally matched donor-
acceptor interactions that lead to favorable
Lewis-like bonding patterns. 
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Although electronic devices keep shrink-
ing toward the nanometer scale of
atoms, physicists still deal with

many-particle systems in which tracing the
paths of individual particles is beyond the
reach of theory and experiment. Because of
this, we have to rely on a statistical approach.
Conventional wisdom, inherited from 19th-
century statistical physics, says that physical
measurements on a given sample are well
described by averaging over an ensemble of
identical samples. 

This notion became obsolete more than
two decades ago, however, with the prediction
of reproducible conductance fluctuations (i.e.,
variations from sample to sample) in “meso-
scopic” structures with dimensions intermedi-
ate between atoms and bulk matter (1, 2).
These fluctuations do not decrease with sam-
ple size (as they should in classical physics)
but still remain much smaller than the average
conductance. On page 99 of this issue, Price et
al. (3) report the observation of the Coulomb
drag (4) in a bilayer system at very low tem-
peratures where the reproducible fluctuations
of the drag turn out to be much larger than its
average value. Thus, the authors have discov-
ered mesoscopic fluctuations that, in contrast
to the conductance fluctuations, fully govern
the effect rather than give corrections to it—a
very unusual situation in statistical physics. In
carrying out this work, they have developed a
new tool for studying the wave-like behavior
of electrons in solids.

Mesoscopic fluctuations exist because
quantum mechanics reigns not only at micro-
scopic scales, as had always been expected,
but at the much larger mesoscopic scale, de-

fined as the scale over which the phase coher-
ence of electron quantum waves is main-
tained. This scale increases as the temperature
T decreases, reaching hundreds of nanometers
at T ~ 1 K. For these temperatures, the wave
nature of electrons reveals itself in the inter-
ference between waves going along different
paths as a result of scatter-
ing from impurities. This
leads to an irregularly oscil-
lating but reproducible de-
pendence of the sample
conductance on magnetic
field or electron concen-
tration.

In metallic materials,
these conductance fluctua-
tions are always very small.
Price et al. have made
an experimental break-
through by measuring the
Coulomb drag at a temper-
ature so low that this effect
is suppressed on average
and is governed by the
fluctuations. The dominant
role of the fluctuations in
the Coulomb drag at very
low temperatures was re-
cently predicted theoreti-
cally (5); however, the observed effect turns
out to be four orders of magnitude higher than
the prediction. Thus, these fluctuations can
truly be called giant, although they are still an
order of magnitude smaller than the intralayer
conductance fluctuations. 

The Coulomb drag effect studied by Price
et al. occurs between two close but spatially
separated layers of electrons, when an electri-
cal current flowing through the “active” layer
induces a voltage in the second “passive”
layer. It works via Coulomb friction: Electrons

in the active layer scatter from electrons in the
passive layer, transferring momentum to them
and thus dragging them in the same direction
until the resulting intralayer electrostatic force
equals the dragging force. Much experimental
effort has been spent to study it under different
conditions, although up to now these studies

were largely limited to the drag effect at rela-
tively high T where its fluctuations were
unobservable. 

The first experimental observations of
Coulomb drag (6–8) took place more than 10
years after it had been theoretically predicted
three decades ago (9). One of the reasons for
such a long delay is that the drag effect is
very small. Partly, this is due to a very
weak Coulomb coupling between the layers:
Momentum transfer between the layers is very
inefficient. But quantum mechanics is the

An analysis of currents confined to layers in
a semiconductor structure reveals information
about electron-electron interactions.So Small Yet Still Giant
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Coulomb drag and its fluctuations. An electric current in the upper layer
drags electrons and holes in the bottom layer, resulting in the electron and
hole currents in opposite directions. The net flow, which is due to the elec-
tron-hole asymmetry, is detected by a voltmeter V. At low temperatures, the
main reason for the asymmetry is the wave nature of electrons revealed in
random interference patterns in the local densities of states due to scatter-
ing in both layers. This makes the direction of the drag force unpredictable,
leading to its random but reproducible fluctuations in an external magnetic
field B that changes the electron interference pattern in both layers.
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Práctica 5: 

Composición de Complejos Iónicos por el 
Método de Job 



Composición de Compuestos Iónicos por el Método de Job

Preparación de Complejos Ni(en)n(H2O)m en Solución Acuosa:

Objetivos:

 Preparar e identificar, mediante el método de variaciones continuas y espectroscopía 
UV-Vis la serie de compuestos Ni(en)n(H2O)m que pueden formarse en solución 
acuosa.

Toxicidad y Riesgos:

La etilendiamina es inflamable (F) y corrosiva (C). El NiSO46H2O es nocivo por 
ingestión (T).  

Procedimiento Experimental:

1. Prepare una solución madre de etilendiamina 0,4mol/L utilizando 2,70mL de 
etilendiamina y diluyéndola a 100mL.

2. Prepare una solución madre de NiSO46H2O 0,4mol/L disolviendo 10,52g de 
NiSO46H2O en agua y llevando a un volumen total de 100mL.

3. Coloque cada una de las soluciones anteriores en una bureta, y mezcle las mismas 
en las siguientes proporciones en fiolas pequeñas (pueden ser de 25mL):

Xen Etilendiamina, V(mL) NiSO4, V(mL)

0 0,00 10,00
0,1 1,00 9,00
0,2 2,00 8,00
0,3 3,00 7,00
0,4 4,00 6,00
0,5 5,00 5,00
0,6 6,00 4,00
0,7 7,00 3,00
0,8 8,00 2,00
0,9 9,00 1,00

Todas sus soluciones tendrán un volumen total de 10,00mL.

Caracterización:

Registrar los espectros de UV-Vis de las 10 soluciones preparadas en el rango entre 
400 y 600nm. Evalúe y anote los valores de absorbancia a 530, 545, 578, 622 y 640nm. 
Estos datos le servirán para determinar los valores de m y n en la fórmula de Ni(en)n(H2O)m. 
Analice los espectros electrónicos utilizando sus conocimientos de la Teoría del Campo 
Cristalino. 



Composición de Compuestos Iónicos por el Método de Job

Para Considerar

a) ¿Qué esperaria observar al variar las proporciones de en:Ni2+? ¿Cómo podría 
explicarlo?

b) ¿Qué tipo de información puede obtener utilizando el método de Job?
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Novel Approach to Job's Method 
An Undergraduate Experiment 

Zachary D. Hill and Patrick MacCarthyl 
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Joh's method of continuous variations is a commonly used 
nrocedure for determining the composition of complexes in 
iolution. The popularity of this method is i n d i ~ a t ~ d  by the 
frequency of its inclusion in a wide variety of analytical 
chemistry (1-6), instrumental analysis (7-9) and advanced 
chemical equilibrium (10-13) texts as well as its application 
in many research articles (14-20). Theuse of Job's method in 
the undergraduate laboratory has also been the subject of a 
numher of ouhlications (21-25). - - ~ ~  ---- ~- ~ .~~~ ~~ 

The principle of continuous variations was employed by 
Ostromisslenskv in 1911 (26) to estahlish the 1:l stoichio- 
metry of the adduct formed between nitrobenzene and ani- 
line. The ~rinciole was used bv Denison in 1912 (27.28) in a 
study of various liquid mixtures. However, the method of 
continous variations is generally associated with the name of 
Job who in 1928 (29) published a detailed application of the 
method to the study of a wide range of coordination com- 
pounds. 

Job's method, as commonly practiced, is carried out in a 
hatch mode by mixing aliquotsof two equimolar stock solu- 
tions of metal and ligand (sometimes followed by dilution to 
a fixed volume). These solutions are nrenared in a manner 
such that the &a1 analytical conce&&ion of metal plus 
lieand is maintained constant while the liaandmetal ratio 
varies from flask to flask, that is: 

- 

C M + C , = k  (1) 

where CM and CL are the analytical concentrations of metal 
and ligand, respectively, and k is a constant. The absor- 
bance, or more strictly the corrected absorbance, is plotted 
as a function of mole fraction of ligand or metal in the flasks. 
The resultingcurves, called Joh's plots, yield a maximum (or 
minimum) the position of which indicates the 1igand:metal 
ratio of the complex in solution. For example, a maximum 
correspondingto 0.5 on the mole ratio fractionof ligand scale 
suggests a complex of 1:l composition, while maxima at  0.67 
and 0.75 indicate complexes of 21 and 3:l ligandmetal ra- 
tios. resoectivelv. (While absorbance is hv far the most com- , . 
monly employeud ;property of the solution for measuring 
Job's plots. other solution properties can also he used (10.11. 

Two ooints from the previous paragraph require explana- 
tion. F& the definition of cor;ecteb ibsorh&ce issome- 
what unusual: in words, it is defined as the measured absor- 
bance (at a given wavelength) minus the sum of the ahsor- 
hances which the metal and ligand would exhibit if no 
complexation had occurred. Mathematically, the corrected 
absorbance, Y, is defined as: 

where A is the measured absorbance, q,g and are the 
absorptivities of metal and ligand, respectively, and b is the 
optical path length (13, 31). Second, the term mole fraction 

' Alrthor to whom correspondence should be addressed. 
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as used in this context is not the true mole fraction in th& 
the solvent is omitted from its calculation. The mole fraction 
of ligand XL, is defined as: 

and can evidently vary between zero and unity. Mole frac- 
tion of metal is similarly defined. 

There are a numher of requirements which must he satis- 
fied in order for Job's method to he applicable. The first two 
requirements relate to the chemical behavior of the system 
under investigation and the second two relate to how the 
experiment is actually carried out. These requirements are: 

1) the system must conform to Beer's law (11,31), 
2) one complex must predominate under the conditions of the 

experiment (10,11,29,32), 
3) the total concentration of metal plus ligand must he main- 

tained constant (eq. (I)), and 
4) pH and ionic strength must be maintained constant (11) 

I t  is surprising that Job's method is frequently employed 
without first checking requirement (1). 

For sake of completeness, it is worth pointing out that 
there are variations of Joh's method in which conditions (2) 
or (3) are not satisfied. Voshurgh and Cooper (31) described 
an extension of Joh's method which allows the compositions 
of a series of comnlexes. formed in a steowise fashion. to he 
established.   ow ever, this variation of job's method is very 
limited in that its applicability is conditional upon a fortu- 
itous combination of spectral differences and stepwise for- 
mation constants for the individual com~lexes. Conseauent- 
ly, the method of Voshurgh and cooper is not genmally 
applicahle. In the second modification of Job's method, con- 
dition (3) is not satisfied, that is, nonequimolar solutions are 
mixed and eqn. (1) is no longer satisfied. This modification is 
one of the techniques by which stability constants of com- 
plexes can he obtained from Job's plots (10). However, while 
Joh's plots are freuuentlv used for determinine comnosi- 
tions, their use for deternLiniug stability constank has been 
severelv criticized (32). Accordindv. the nresent paper will .. , . . . 
focuso~doh's methud as defined 1,ycondi;iuns (1)-(4) ahove 
and will not deal with the at'orementioned variations. 

In measuring Job's plots, two experimental crosschecks 
are often recommended, though not always carried out, in 
order to evaluate the reliability of the data: 

1) all readings should he carried out at more than one wavelength 
(10,11,13,29,32), and 

2) the complete experiment should he conducted at more than 
one metal-plus-ligand concentration, that is, at different val- 
ues of k in eqn. (1) (10). In order for the method to he applica- 
ble, the position of the maximum on the mole fraction axis 
must he invariant as a function of the changes recommended in 
crosschecks (1) and (2) above. 

These important crosschecks are frequently overlooked in 
the application of .lob's method. 



The modified Erlenmever flask can he nurchased from Bur- 

The objectives of this paper are fivefold and are: 

1) to demonstrate why and how data from a conventional photo- 
metric titration can he readily transformed into a Job's plot, 

2) to compare the advantages of this method to the conventional 
method for acquiring data for a Job's plot, 

3) to teach the similarities between photometric titrimetry and 
Job's method, a relationship which apparently has gone unno- 
ticed in the past, 

4) to develop a substantive undergraduate experiment (junior or 
senior level), based upon the above three objectives, that incor- 
porates the requirements and crosschecks that were outlined 
in the introductory section, and 

5) to present an overview of Joh's method in general and a guide 
to the literature on the subject. 

Clear presentations of the conventional method for imple- 
menting Job's method are found in the following references 
(1, 13) which are recommended for background reading on 
this subject. 

Theory of New Procedure for Measuring Job's Plots 

The series of solutions employed in Job's method pos- 
sesses a fixed total concentration of metal plus ligand (eqn. 
( 1 ) ) .  Consider now the titration of a metal solution with an 
equimolar ligand solution.The sumof theanalytical runcen- 
trations of metal and liaand in the reaction flask remains 
constant throughout t h e  titration, thus satisfying eqn. ( 1 ) .  
(It is assumed, of course, that no contraction or expansion 
occurs upon mixing the two solutions. This is a reasonable 
assumption for the dilute solutions normally employed in 
analytical chemistry (31). and is an implicit assumption in- 
variably made in the calculation of titration curves (e.g., (33, 
34).) Thus, the titration experiment and the Joh's experi- 
ment hear a fundamental relationship to one another in that  
both encompass solutions of the same comwositions. The 
methods difier only in how they are pbyiicall~~ implemented 
and in hou, the data ar? actuaIIs dotted. If the titratiun data 
were plotted on a mole fractibn scale, rather than on the 
conventional volume scale, the titration data would he trans- 
formed into a Joh's plot. This transformation can he readily 
accomplished via the equation 

where VM" is the initial volume of metal titrand and VL is 
the volume of titrant added a t  each ooint in the titration. I t  
is thus possible to transform titrimetric data into a Joh's 
plot, as pointed out recently (35). The determination of 
Job's plots hy a titrimetric procedure will now he illustrated 
by means of two examples, one involving a weak complex 
and the other involving a strong complex. The particular 
advantages of this alternative approach and its pedagogic 
significance will then he outlined. The same experimental 
setup is used for both experiments. 

Photometric Tltraflon Assembly 

A simple photometric titration apparatus, taken from the 
literature (36, 373 and illustrated in Figure 1 was used in 
these experiments. R is modified Erlenmeyer flask having a 
side tuhe attached normally (or tangentially) near its base 
and a second tuhe emerging from its base; these tubes are 
connected by means of Tygon tubing to twoother glass tubes 
which are inserted through a tightly fitting rubber stopper 
into the cylindrical cuvette, C, of a Bausch and Lomh Spec- 
tronic 20 spectrometer. The optical path length was 1 cm. 
Aluminum foil is nlaced over the ton of the ontical cell and 
the adjacent tubing to prevent extraneous light from reach- 
ing the detector. A stir bar. S. in flask R is rotated hv means . . 
of a magneticstirrer and forces the sulution to flow from the 
flask into the cuvette and return, as indicated by the arrows. 

rell Corporation ( ~ i t t s b u r ~ h ,  PA). ~ i t i a n d  is placed in the 
Erlenmeyer flask and titrant is added from a buret through a 
single-hole stopper. The magnetic stir bar causes effective 
mixing of the solution in the Erlenmever flask and circula- 
tion tirough the optical cell. The effec<veuess of the circula- 
tion is auite dependent on the combination of magnetic stir 
bar and-flask used. If a wrong combination is chosen, circula- 
tion may he very poor. For our experiments we used a 125 
ml. modified ~ r l e h n e y e r  flask niih a base diameter of 6.5 
cm, nnd a 2.5-rm long stir bar. The circulation rffiriency was 
checked hy titrating methyl orange into water and ohserving 
how lung it required for the spectrnphorometer readings at 
464 nm to stahilize. In all rases the readinrs had reached a 
steady value within 2 min of adding an a l i q k t  of titrant. 

The size of titration flask used in these experiments was 
chosen primarily on the basis of convenience; it would be a 
simple matter to scale down the ex~eriment considerablv so 
as to use less reagents. 

Experlment No. 1: Fe3+-SCN- System 
These experiments were carried out a t  two different wave- 

lengths, 155 nm and 395 nm (blue-sensiti\.e phorotuhe: no 
optical filter). The analytical wavrlengths were established 
hv rccordine snertra of the FeSCN2- cumolex (5.0 X 1 W M  
*CN; 0.050 M Fe (NO3I3; 0.15 M H N O ~ )  on a Cary 219 
spectrophotometer; a maximum occurs a t  455 nm and a 
minimum at 395 nm. The wavelength scale of the spectro- 
photometer was checked in advance by running the spec- 
trum of a NdCl3 solution and comparison with a standard 
spectrum. 

Beer's Law 
Adherence of this system t o  Beer's law a t  455 nm was 

confirmed hv measurine the absorbances. A. of six solutions 
all with an Fk3+ concenLation of 0.05 M and with the SCN- 
concentrations varying from zero to 5 X 10-4M; a straight 
line was obtained which covered the absorbance range for 
the remainder of the experiments. 

Solutions for Job's Plots 
Solution A: 0.001 M Fe(NO&; 0.010M HNO, Ionic strength: 0.016. 
Solution B: 0.001 M KSCN; 0.015 M HCI. Ionic strength: 0.016. 

4 

- -41- C 

u 
SPECTROPHOTOMETER 

Figure 1. Apparatus for photometric tiirimehy: the diagram is explained in the 
text. 
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Figure 2. (a) Photometric titration (455 nm) of 30 mLof 0.001 MFe(NOs)s/O.O1 
MHNOs with0.001 MKSCNlO.015 MHCI: (b)Job's plotobtained by transform- 
ing WNe (a) according to eqn. (4); (c) Job's plot (455 nm) obtained by 
Conventional batchwise method using same stock solutions as in (a). 

HN03 is used in solution A to minimize hydrolysis of the 
Fe3+ ion without introducing complexing ligands (38); HCI is 
used in place of HN03 in solution B to avoid oxidation of 
SCN-. 

Results of Experlrnent 1 
Figure 2a shows the photometric titration curve obtained 

at  455 nm bv titrating 30 mL of solution A with solution B. w 

The x axis ln Figure l a  represents vuhlmt, of titrant added. 
This axis can be tmnsf'(~rmed into mole fraction of tirmnt, 

u 
'0 20 40 60 80 100 

mL KSCN 

Figure 3. (a) Same as Figure 2a except that 395 nm is Vle analytical wave- 
length; (b) curve (a) transform4 according to eqn. (4); (c) Job's plot obtained 
by subtracting PO ham curve in part (b). 

XL. through eqn. (4). Figure 2h, showing the transformed 
data, constitutes aplot of A455 versus XSCN-; since both stock 
solutions have zero absorbance at  this wavelength, Y455 = 
A455 (see eqn. (2)). Figure 2c shows a Job's plot obtained by 
hatchwise mixing of solutions A and B in the conventional 
manner. 

Figure 3a illustrates the same photometric titration moni- 
tored a t  395 nm. Figure 3b shows the titration data from 
Figure 3a transformed according to eqn. (4); this yields an 
A395 versus X S C N -  plot. Since Fe3+ absorbs at  this wave- 
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length, Y3s5 z A395 (see eqn. (2)). Figure 3c shows the Y395 
versus XSCN- plot; this is ohtained graphically, simply by 
subtracting the area beneath the line PQ in Figure 3h from 
the total area beneath the experimental curve, consistent 
with eqn. (2). 

Dlscusslon of Experiment 1 

Figure 2a is a typical photometric titration curve for a 
weak complex where the absorptivities of the free metal and 
ligand are zero and the absorptivity of the complex has a 
finite value. On transformine the x axis accordine to ean. (4) " . . .  
the data are plotted as a function of XSCN-; and since eqn. (1) 
is satisfied for all data ooints. Fieure 2b is actuallv a Joh's 
plot for the Fe3+-~C~:system. This plot is in close agree- 
ment with the Joh's olot measured in the conventional 
hatchwise manner from the same stock solutions (Fig. 2c). 
Both plots exhibit a broad maximum at XSCN- = 0.5 indicat- 
ing formation of a 1:l complex under these experimental 
conditions: the broadness of the maxima is consistent with a 
weak complex (Kr = 1.4 X 102). There are a numher of 
noteworthy points of comparison between Figures 2b and 2c: 

1) The data points in Figure 2h are more closely spaced-the 
numher of datamints is determined hvthe freauencvatwhich ~ ~ . . . 
titrimrtrir rmdingsnre taken indetermining Figure 2a. In the 
ronvmricmnl method (Fig. L'r) 3 completely new solution must 
he pwpnred for each additional datum pvinr rrquired. 

2) In order to measure 44 data points for Figure 2h, 30 mL of 
solution A and 80 mL of solution B were required; 30 mL of 
titrand was used in these exoeriments due to the size of the 
modified flask and in order to maintain the level of solution in 
the flask above the top of the side tube to prevent air bubhles 
from entering the circulation system. To determine the eleven 
points for Figure 2c, where all solutions were 30 mL, required 
165 mL of each solution. Consequently, the new method for 
determining Job's plots is more efficient in the use of reagents. 

3) The curve in Figure 2b is truncated at XSCN- = 0.73. This is 
because i t  requires progressively larger volumes of ti- 
trant to introduce a unit increase in the mole fraction of 
ligand as the titration proceeds. This is not a problem in 
that  most compositions determined by Job's method 
are 1:1 (xL = 0.5) or 1:2 (XL = 0.67) with occasional 1:3 
complexes being found. Furthermore, the right-hand 
side of the curve is readily accessible by reversing the 
direction of the titration, i.e., by titrating ligand with 
metal. 

A close examination of Figures 2h and 2c, shows that the 
maximum in Figure 2h, and in fact all of Figure 2b, lies 
slightly below Figure 2c. This was shown to be due to the 
photosensitivity of the FeSCN2+ complex (38), where the 
absorbances of the solutions diminished steadily in the pres- 
ence of light. For example, the absorbance of asample stored 
in darkness remained constant a t  0.20 over a two-hour peri- 
od, whereas the ahsorbance of a sample left exposed to sun- 
light decreased from 0.19 to 0.10 during that period. This 
change due to the influence of lieht was visuallv evident. The " " 

photometric titration required one to two hours for comple- 
tion. thus allowine sienificant exoosure of the samole in the 
flask to sunlight. i n  the batchwiie experiment (~i 'g .  2c) the 
ahsorhances were measured immediately uoon oreoaring 
each solution. This accounts for the slight discrr&niy 01;: 
served. The abuvc: prublem could he a\wided hy -blacken- 
ing" the titration flask and tubing hut that  is not necessary 
for the purpose of these experiments. 

~ i g u r e  3a illustrates the photometric titration curve moni- 
tored at  395 nm, and Figure 3h shows the curve with the x 
axis transformed according to eqn. (4). In order to obtain the 
Joh's plot (Fig. 3c) the data in Figure 3h have to he corrected 
as described above, by subtracting the area beneath the 
straight line PQ from the experimental data in accordance 
with ean. (2). 

I.:xprriment 1 demonstrates hou'a Joh's plot can besimply 
obtained from titrimtwic data \Figs. 2a and 211; nnd Figs. 3a 

and 3c). The equivalence of Job's plots ohtained by the new 
method and the conventional technique is illustrated (Fig. 
2b and Zc), ignoring the slight discrepancy due to the photo- 
sensitivity of the FeSCN2+ complex, unique to this example. 
Once the photometric assembly (Fig. 1) is set up, many more 
data points can he ohtained in a shorter time by the titrimet- 
ric method. The new technique is also more conservative in 
the use of rengmri and glass&e. Another advantage to the 
new method is that the optical cell remains undisturbed in 
the spectrophotometer rhroughwt the complete experiment 
rsthrr than bring constantly removed and reinserted as in 
the con\.entimal hatchwise mode. This minimires the oo- 
portunity for experimental errors. 

In carrying out these experiments the ionic strength was 
maintained fixed at  0.016, and the pH was essentially con- 
stant. One of the crosschecks which should always he carried 
out with Job's method is illustrated here (Figs. 2 and 3), 
namely, measuring Job's plots at  two distinct wavelengths; 
the maxima occurred at  the same value of X S C N - ~ ~  eachcase, 
indicating the validity of applying Job's method to this sys- 
temunder these conditions. I t  should he pointed outthat  the 
Fe3+-SCN- system can display a quite complicated chemis- -~ - 

try with the formation of many complexes other than the 1:l 
species indicated in this experiment (11,38,39). The present 
results simply indicate that under these particular condi- 
tions the 1:l complex is dominant; a t  higher reagent concen- 
trations where other snecies mav come into vrominence. 
Job's method may he inapplicahle:~ne should b i  cautious in 
extravolatina conclusions arrived a t  from Job's olots for one 
set ofexperimental conditions to that  of another set of con- 
dition.;, such its differences in pH or concentration. 

Theapplication of.lob's mrthod tothe FeJ7-SCW system 
has beendvscribrd 11). Curmodv (2.7); the present experiment 
utilized the same reagents and concentrations as employed 
by Carmody. However, Carmody doesnot specify the analyt- 
ical wavelength that he used, and he employed a l-inch 
optical path length; our results are in agreement with his. 
For higher concentration of Fe3+ and SCN- the position of 
the maximum of the Job's plots varies, indicating the forma- 
tion of different complex species (11). 

Experlment No. 2: Cu2+-EDTA System 
These experiments were performed a t  one wavelength, 

745 nm, and at  two total metal-plus-ligand concentrations 
(red-sensitive phototuhe with red filter). The analytical 
wavelength was cited in a numher of references (1,7), and its 
suitability was further confirmed by recording the spectrum 
of the Cu2+-EDTA complex on a Cary 219 spectrophotome- 
ter, showing a maximum a t  745 nm. 

Beer's Law 
Conformance of this svstem to Beer's law a t  745 um was 

established by mmsuring the ahsorbances of eight sohttions 
with thr concentration of the C U ~ ~ - K I Y ~ ' , \  romolex varvinp 
from zero to 0.0125 M, a straight line was obtained which 
covered the absorbance range for the remainder of the ex- 
periments. 

SoluIlons for Job's Plots 

Solution C: 0.005 MEDTA (ethylenediaminetetraaeetie acid disodi- 
um salt). 

Solution D: 0.005 M CUSOI. 
Solution E: 0.0025 M EDTA. 
Solution F: 0.025 M CuS04. 

Solutions C, D, E, and F were buffered with 0.025 M 
HOAc10.025 M NaOAc (pH=4.7); the solutions used in pre- 
paring the Beer's law plot were similarly buffered. 
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Figure 4. (a) Photometric titrations (745 nm)of 30 mLof EDTA in 0.025 MHOAcf0.025 MNaOAc buHer wiIhCuS01 solutlon in 0.025 MHOAclO.025 MNaOAc buffer: 
upper curve, 0.005 M EDTA and 0.005 M Cu2+: lower curve. 0.0025 M EDTA and 0.0025 M Cu2+: (b) curves from (a) Wansformed according to eqn. (4) and 
extrapolated to XC.?+ = 1; (c) Job's plots obtained by correcting curves in (b): (d) Job's plot (745 nm)obtained by conventional batchwise method us- 
ing 0.005 MEDTA and 0.005 MCu2+ buffered stock solutions. 

Results of Experlment 2 

Figure 4a shows the photometric titration curves obtained 
at  745 nm bv titratine 30 mL of solution C with solution D 
and by titrating 30 m i  of solution E with solution F. Figure 
4h shows the corres~ondine  lots after transformation of the -. 
x axis according to eqn. (41, extrapolated to XC,~+ = 1. C U ~ +  
absorbs a t  745 nm and in order to obtain the Job's plots (Y  
versus xcUz+) the areas beneath the two straight lines (ex- 
tending from x = 0 to x = 1) in Figure 4h are subtracted from 
the respective curves, giving the plots of Figure 4c. Figure 4d 
shows a Job's plot measured for this system by the conven- 
tional batchwise method using solutions C and D. 

Dlscusslon of Experiment 2 

The plots in Figure 4a are typical photometric titration 
curves for a strong complex. The linearity of the segments in 
the Job's plots of Figure 4b also indicates the formation of a 
strong complex, thus justifying the linear extrapolation of 
the curves to xcua+ = 1. The sharp maxima a t  XC,~+ = 0.5 are 
consistent with the presence of a strong complex of 1:l com- 
position as expected (Keond. = 2.2 X 1012 at  pH 5.0). 

Points (1)-(3) under "Discussion of Experiment No. 1" 
and many of the other comments made in that section are 
also applicable to this example. The Job's plots obtained by 
the titrimetric method (Fig. 4c) and by the conventional 
hatchwise mode (Fig. 4d) are essentially identical. 

In carrying out these experiments the ionic strength was 
maintained essentially constant a t  0.025 by swamping with 

the acetic acidlacetate buffer and the pH was maintained 
constant a t  4.7. The second major crosscheck that should he 
carried out with Job's method is illustrated in Figure 4c; the 
maxima in the two plots a t  different total metal-plus-ligand 
concentrations occur a t  the same value of XC,,r+, indicating 
the applicability of Job's method to this system. 

General Dlscusslon 
A method for obtaining Job's plots from titrimetric data 

rather than by the conventional batch method has been 
described. The new method has a number of advantages 
such as the acquisition of many more data points with the 
use of less reagents. The validitv of the method has been 
rkmonstrated by comparing Joh'.i plots obtained by this 
technique with those obtained h\, the conventimnl method. 

A recent paper (40) subtitled "A titrimetric continuous 
variations experiment" is unrelated to the content of the 
present paper and in fact does not pertain to the continuous 
variations procedure in the normal connotation of Job's 
method. 

The new method has been illustrated by means of two 
systems which readily lend themselves to undergraduate 
laboratory experiments. The examples demonstrate the con- 
trol of important parameters, pH and ionic strength, during 
the course of the experiment. These experiments also illus- 
trate two important crosschecks which should be employed 
when using Job's method, that is, carrying out the measure- 
ments a t  more than one wavelength, and also a t  more than 
one total metal-plus-ligand concentration. The thorough- 
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gy for preparing solutions, the latter refers to a mode of 
plotting data, that is, a plot of Y as a function of mole 
fraction. Data for a Job's plot can he acquired directly using 
Job's method or indirectly from titrimetric data using the 
transformation described in eqn. (4 ) .  
Note Added in Proof 

In a recent issue of THIS JOURNAL. 1985.62.680. Clare et  . . 
al. pointed out a specific case where equiiateral triangular 
representation of ternary liquid data, superimposed on Car- 
tesian coordinates, appears to he superior for fitting the 
data to ~olvnomials using a least sauares method. Neverthe- 
less, this author conside& the right triangular representa- 
tion to he more advantageous in general, and particularly for 
pedagogic purposes, for the reasons illustrated here and in a 
previous paper ( 1  ). 
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Práctica 6: 

Biomimética Inorgánica.          

Síntesis de un Complejo       
Macrocíclico de Cobalto 



Biomimética Inorgánica: Síntesis de un Complejo Macrocíclico de Cobalto

Preparación de salen y [Co(salen)], y su reacción con O2:

Objetivos:

 Sintetizar y caracterizar el ligando salenH2 y coordinarlo a cobalto para obtener el 
complejo macrocíclico [Co(salen)].
 Estudiar la activación de oxígeno por un complejo de cobalto, para obtener 

[Co(salen)O2].

Toxicidad y Riesgos:

El salicilaldehído y las sales de cobalto son nocivos por ingestión (T). La 
etilendiamina es inflamable (F) y corrosiva (C). El etanol es inflamable y tóxico (F, T). El 
dimetilsulfóxido es nocivo (Xn). El cloroformo es nocivo (Xn) y cancerígeno.  

Procedimiento Experimental:

Debe realizar cada una de las síntesis en la campana.

1. Preparación de N,N’-bis(salicilaldehído)etilendiamina, [salenH2]:

En un beaker de 50mL se disuelven 1,00mL de salicilaldehído en 10mL de etanol y se 
coloca la mezcla en calentamiento en una plancha. Cuando ésta llega a ebullición, se le 
agregan 0,40mL de etilendiamina, y se agita la mezcla por 3 minutos. Se deja enfriar a 
temperatura ambiente, y luego se coloca en un baño de hielo hasta la aparición de los 
cristales amarillos. Se filtra a través de un Buchner y el sólido amarillo se lava con pequeñas 
porciones de etanol. Se seca al aire.

2. Preparación de N,N’-bis(salicilaldehído)etilendiamino Cobalto (II), [Co(salen)]:

En un balón de tres bocas se añaden 0,60g de salenH2 y 30mL de etanol en un baño de 
agua a aproximadamente 70°C. Se realiza un montaje con un embudo de adición para 
atmósfera inerte, un condensador y una entrada de N2. Se coloca en el embudo de adición, 
con la llave cerrada, una solución caliente de acetato de cobalto (0,55g) en agua (3,50mL). 
Se agrega ésta solución gota a gota a la solución amarilla del ligando, observándose un 
cambio de color inmediato a marrón, y luego a rojo. Se deja reaccionar por una hora, al cabo
de la cual se enfría en un baño de hielo. Se filtra a través de un Buchner. El sólido marrón se 
lava tres veces con porciones de 2mL de agua y luego con 3mL de etanol. Se seca utilizando 
el método de la cerámica. 

3. Estudio de la absorción de O2 por [Co(salen)]:

Se recomienda utilizar guantes para evitar el contacto con DMSO.

En un kitazatos pequeño se colocan 0,05-0,10g de Co(salen) y un agitador magnético. 
Es importante registrar la cantidad de complejo que usted pesó, ya que luego la utilizará 
para calcular la cantidad (moles) de O2 que absorbió el complejo. La oliva (salida del 
kitazatos), se conecta a un sistema para medición de gases.

Aparte, en un tubo de ensayo pequeño se colocan 5mL de DMSO. Se burbujea O2 en el 
solvente durante 1min, y rápidamente se agrega el solvente saturado con O2 en el kitazatos 
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que contiene la cantidad de complejo que usted pesó. Se cierra el kitazatos con un tapón, se 
igualan los niveles de agua del sistema de medir gases y se registra el volumen de inicio que 
se lee de la bureta. Se agita vigorosamente la mezcla hasta no observar cambios en el nivel 
de agua (aproximadamente 10 – 20min). Registre el cambio de volumen. Se repite el 
procedimiento 2 veces. 

4. Estudio del papel del cloroformo en la desorción de O2:

Decantar o centrifugar el contenido del tubo de ensayo utilizado en el estudio de 
absorción anterior. Se filtra y trata el sólido con 2mL de cloroformo, observándose un cambio 
inmediato de color, de marrón a rojo, acompañado por desprendimiento de gas.

Para considerar:

a) El cambio de color observado en la absorción de oxígeno, ¿puede explicarse 
utilizando alguna de las teorías de enlace que usted conoce?

b) El procedimiento de absorción – desorción de O2 que usted estudia en esta práctica, 
¿a cuál proceso biológico se asemeja? ¿Cuáles son las diferencias principales entre 
ambos fenómenos?

Referencias:
- Appleton, T. J. Chem. Educ., 1977, 54, 443.
- Styner, D. V.; Stynes, H. C., Ibers, J. A., James, B. R., J. Am. Chem. Soc., 1973, 95, 

1142.
- Walker, F. A. J. Am. Chem. Soc., 1973, 95, 1150.
- Basolo, F.; Hoffman, B. M. Ibers, J. A. Acc. Chem. Res., 1975, 8, 384.
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Inorganic chemistry is an area of great growth and in-
terest, particularly with regard to applications in environmen-
tal, medicinal, and biological chemistry (1–3). Much of the
development in inorganic chemistry has come from the syn-
thesis and characterization of new coordination and organo-
metallic complexes, superconductors, catalysts, and metal
clusters. A rapidly expanding field is bioinorganic chemistry,
a discipline that includes understanding metallic centers
found in biological macromolecules, for example, metalloen-
zyme active sites (2). However, few undergraduates are ex-
posed to problems in bioinorganic chemistry in a laboratory
setting. Upon graduation, many of our students may be work-
ing in modern research facilities in graduate school, medical
school, or industry on projects involving bioinorganic chem-
istry. The challenge is to develop advanced laboratory experi-
ments that will prepare our students for such an encounter.

This article details experiments suitable for advanced un-
dergraduates that will introduce them to the preparation and
characterization of a bioinorganic model complex. Techniques
and concepts emphasized include:

• Inorganic synthesis

• UV–visible spectroscopy

• Titrations

• Homogeneous catalytic reaction mechanisms

• Oxidation–reduction reactions

• Kinetics and isotope effects

We chose the active site of water oxidation in photosys-
tem II (PSII), the oxygen-evolving complex (OEC), as our
biological metal cluster of interest. The OEC contains a µ-
oxo-bridged tetrameric manganese (Mn4) cluster that cycles
through five oxidation states during the oxidation of H2O
(4). Students should recognize that photosynthetic oxygen
evolution is the source of virtually all of the O2 in the bio-
sphere. Bioinorganic models of the Mn4 cluster are impor-
tant not only as aids in understanding the structure and
function of the OEC, but also in developing artificial water-
oxidation catalysts. The products of water oxidation, O2, H+

and e−, have great potential as renewable and environmen-
tally-friendly sources of energy for fuel cells and future en-
gines.

The mechanism of water oxidation by PSII is thought
to involve the formation of a high-valent terminal Mn–oxo
species, such as MnIV�O or MnV�O, which reacts with
H2O or OH− to form O2 (4–6). A strongly oxidizing chlo-
rophyll cation radical acts as the primary oxidant of the OEC,

sequentially advancing the oxidation state of the Mn4 clus-
ter via successive electron-transfer steps mediated by a redox-
active tyrosine residue. A dimeric µ-oxo-bridged manganese
complex, [(terpy)(H2O)MnIII(O)2MnIV(OH2)(terpy)]3+ (1),1

which is a functional model of the Mn4 cluster, has been syn-
thesized (7). The chemical structure of 1 is shown in Figure
1. Mass spectrometry results using H2

18O show that com-
plex 1 catalytically oxidizes H2O when peroxymonosulfate
(oxone, HSO5

−) is used as the primary oxidant (8). The pro-
posed catalytic cycle is shown in Figure 2 (8). Kinetic mea-
surements suggest that catalysis begins by binding of oxone
(HSO5

−) to complex 1 in a pre-equilibrium to form 2. Oxi-
dation of 2 to 3 forms a terminal MnV�O species that is
proposed to be the reactive intermediate. Species 3 can then
either react with a second molecule of oxone or oxidize H2O.
A deuterium kinetic isotope effect of ∼1.7 was measured for
the reaction (8).

In this lab, students will synthesize 1 and characterize
its oxidation by UV–visible spectroscopy. They will measure
the rate of O2 evolution in the reaction between 1 and oxone
and determine the deuterium kinetic isotope effect when D2O
is used in place of H2O.

Synthesis of Complex 1

Complex 1 self-assembles in water when Mn(II) is oxi-
dized in the presence of the ligand, terpy (7). An aqueous
solution of Mn(CH3COO)2 and terpy is stirred vigorously
until the solids dissolve, forming a deep-yellow solution.
Dropwise addition of an aqueous solution of oxone forms 1,
which is precipitated as the nitrate salt. The solid is collected
by vacuum filtration, washed with ether, and dried. Students
should be aware that oxone is a two-electron oxidant and may
be asked to write the balanced oxidation–reduction reaction
for the formation of 1. This part of the lab can be completed
in pairs in a single three-hour session.
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Spectroscopic Characterization of Complex 1

The UV–visible spectrum of 1 and the redox titration
of the one-electron oxidation of 1 to a MnIV–MnIV dimer
are easily observed. Students should be able to predict the
stoichiometry of oxone to 1 required for 1 to be oxidized by
one electron. Complex 1 is dark green in solution and turns
red when oxidized. Complexes of Mn gain their deep colors,
ranging from yellow for MnII to purple for MnVII, from a
variety of complex charge transfer and intervalence transitions
(9, 10).

Students should be able to explain the color change from
green to red as 1 is oxidized as a change in the energy of the
charge-transfer bands. This part of the lab can be completed
by students individually in a single three-hour session, possi-
bly even in the same session as the synthesis of 1.

Measurement of the Rate of O2 Evolution from 1 and
the Deuterium Kinetic Isotope Effect

As described above, complex 1 catalytically evolves O2
by oxidizing H2O when oxone is used as the primary oxi-
dant. Students measure the rate of O2 evolution using a
home-built gas volumetric device that can be made easily by
a glassblower. A 25-mL sidearm Erlenmeyer flask is fitted

with a glass capillary tube 1-m long with an inner diameter
of 2.75 mm attached to the sidearm, and a rubber stopper is
used to seal the flask (Figure 3). A bead of water is forced
down the neck of the tube. The apparatus must be stabilized
and made level using several clamps.

A solution of 1 is placed in the flask and immediately
after adding a solution of excess oxone the flask is sealed. O2
evolution is measured as the O2 evolved forces the bead of
water down the tube. Students record the distance that the
bead moves as a function of time. The rate of O2 evolution
may be calculated from the initial slope. By assuming that
the distance the bead moves is proportional to the volume of
gas evolved, students may calculate the volume of gas accord-
ing to

V = πr 2L

where r is the radius of the tube and L is the distance the
bead is displaced.

The experiment is repeated using D2O instead of H2O
to measure the deuterium kinetic isotope effect, kH/kD. Given
the catalytic cycle, students should be able to explain the mea-
sured H/D effect. For this section of the lab, students should
work in groups and will require an entire three-hour lab ses-
sion.
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lytic cycle for the oxidation
of H2O by 1. The terpy
ligands are not shown for
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Reagents and Equipment Not Found
in a Typical Chemistry Laboratory

Reagents
The reagents that may not be typical in the chemistry

laboratory include: manganese(II) acetate, MnII(OAc);
2,2´:6´,2˝-terpyridine (terpy) and potassium peroxomono-
sulfate (KHSO5) (oxone).2

Special Equipment
In this experiment, a 25-mL sidearm flask with 1 m of

capillary tubing attached to the arm is required (Figure 3). A
glassblower can readily prepare this apparatus. The capillary
tubing should have a uniform inner diameter of 2.75 mm.
This diameter will ensure that the bead of water remains in
the tube over the duration of the experiment.

Hazards

Oxone is an extremely powerful oxidizing agent and
should be handled carefully. Rubber gloves and safety goggles
should be worn for all parts of the experiments. Ether is flam-
mable and all parts of the synthesis should be performed in
a fume hood. Care should be taken when handling concen-
trated acetic acid while adjusting the pH of buffers. All chemi-
cal waste should be disposed of according to regulations.

Student Data

Results from one student for the UV–visible characteriza-
tion are presented in Figures 4 and 5, where λmax and ε of the
MnIII–MnIV dimer are reported to be 325 nm and 19300 M�1

cm�1, respectively, and compare favorably with those presented
in the literature (7). This student stated in his lab report:

To perform this experiment, a 5-mL solution of 2.86 mM
oxone, prepared in 0.1 M sodium acetate buffer and ad-
justed to pH 4.5 with acetic acid, is titrated into a 25-
mL solution (same buffer and pH) of 43.3 mM. The
objective is not to greatly alter the volume of the man-
ganese dimer solution so that the concentration of the
dimer remains fairly constant. It is expected that one mole
of oxone will oxidize two moles of the manganese dimer.
Therefore, 190 mL (54.3 mmol) of the oxone solution
should fully oxidize the manganese dimer.

Figure 5. Represents the change of the UV–visible spectrum of MnIII–
MnIV dimer to the corresponding MnIV–MnIV dimer.

Figure 4. (A) The UV–visible spectrum of MnIII–MnIV dimer and (B)
the MnIV–MnIV dimer in 0.1 M sodium acetate buffer at pH 4.5.

  A

  B

Figure 3. Illustration of the 25-mL sidearm Erlenmeyer flask fitted
with a 1-m glass capillary.

As the oxone aliquots (10 mL) were titrated into the green
manganese dimer solution, the solution turned slightly
red. The change in color is due to the formation of the
MnIV–MnIV dimer and the corresponding change in the
energy of the charge-transfer bands. The change of the
MnIII–MnIV dimer to the MnIV–MnIV dimer can be seen
in the decrease of the absorbance of the MnIII–MnIV

dimer at 325 nm. A maximum appears at 320 nm indi-
cating the presence of the MnIV–MnIV dimer after the
addition of 20 mL of the oxone solution.
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The student’s results for the rate of oxygen evolution are
shown in Table 1.
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Notes

1. Terpy is 2,2´:6´,2˝-terpyridine.
2. Potassium peroxymonosulfate (oxone) is available as the

triple salt KHSO5�K2SO4�2KHSO4 and must be standardized by
iodometric titration to determine the quantity of KHSO5 available
(the protocol for iodometric titration is included in the Supple-
mental MaterialW).
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The structure of a number of the molecules discussed in this article are available in fully
manipulable Chime format as a JCE Featured Molecules in JCE Online (see page 800).

JCE Featured Molecules
an interactive modeling feature, Only@JCE Online
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Práctica 7 

(2 sesiones de laboratorio): 

Isomería Óptica en                 
Compuestos de Coordinación 



Isomería Optica en Compuestos de Coordinación 

 
Síntesis de un Complejo Quiral y Resolución Óptica de sus Enantiómeros: 
 
 
Objetivos: 
 

 Sintetizar un agente de resolución quiral basado en una sal de d-tartrato. 
 Sintetizar la mezcla racémica del complejo [Co(en)3]3+ y resolver el racemato 
utilizando el agente de resolución quiral. 

 Estudiar la pureza óptica de los compuestos aislados a través de sus valores de [α]D. 
 Estudiar el proceso de racemización de un complejo ópticamente puro. 

 
Toxicidad y Riesgos: 
 

La etilendiamina es inflamable (F) y corrosiva (C). El etanol es inflamable y tóxico (F, 
T). La acetona es tóxica (T). El acido clorhídrico es corrosivo (C).    
 
 
Procedimiento Experimental: 
 
 
PRIMERA SESIÓN DE LABORATORIO: 
 
 

1. Preparación del (+) – tartrato de bario: 
 

Se preparan soluciones de BaCl2 y de ácido d-tartárico disolviendo 4,00g de BaCl2·2H2O 
en la mínima cantidad de agua y añadiendo 1,88g de ácido d-tartárico en agua. Después de 
llevar éstas soluciones a 90°C aproximadamente, mézclelas y añada etilendiamina hasta 
neutralizar. Deje enfriar a temperatura ambiente. Fíltrese el precipitado y lávese con agua 
caliente. 
 

2. Preparación y Resolución de los Isómeros del Co(en)33+: 
 

En un kitazato de 125mL coloque etilendiamina (2.6g, 2.9mL) en 6mL de agua, y enfríe 
la mezcla en un baño de hielo. Añada 1.30mL de HCl concentrado, 3.50g de CoSO47H2O 
disuelto en 6mL de agua fría y 0.50g de carbón activado. Haga burbujear una corriente 
rápida de aire a través de la solución, durante 4 horas. Para ello introduzca una pipeta 
pasteur o tubo de vidrio dentro de la solución a través de un tapón monohoradado que se 
colocará en el quitasatos para cerrar el sistema. Haga vacío a través de la oliveta lateral del 
quitasatos y controle la velocidad del burbujeo. Añada HCl diluido o etilendiamina, lo que sea 
necesario para neutralizar la solución. Caliente la mezcla en baño de agua por 15min y 
enfríe a temperatura ambiente. Filtre a través de embudo Buchner para eliminar el carbón. 
Lave con 2mL de agua. A la solución de Co(en)33+ añada 5.0g de (+) – tartrato de bario. 
Caliente en baño de agua por 30min con agitación magnética vigorosa. Filtre a través de 
embudo Buchner el BaSO4 precipitado y lave con una pequeña cantidad de agua. Concentre 
la solución hasta ¾ del volumen y deje precipitar en la nevera (solicite ayuda al supervisor) 
hasta la próxima sesión de laboratorio, los cristales de [(+) – Co(en)3][(+) – tart]Cl 5H2O. 
 
 
 
 



Isomería Optica en Compuestos de Coordinación 

 
SEGUNDA SESIÓN DE LABORATORIO: 
 

Preparación y Resolución de los Isómeros del Co(en)33+ (cont.): 
 

Filtre los cristales a través de embudo Buchner y preserve las aguas madres de filtrado 
para aislamiento posterior del isómero (-) – Co(en)33+. Los cristales se lavan con una mezcla 
40% etanol – agua, y luego con etanol absoluto. Seque al aire y pese la cantidad obtenida de 
[(+) – Co(en)3][(+) – tart]Cl·5H2O. Determine el [α]D del complejo obtenido utilizando una 
solución de 0.25g de complejo en 5mL de agua. 

Para convertir el [(+) – Co(en)3][(+) – tart]Cl·5H2O en [(+)-Co(en)3]I3·H2O, disuelva el [(+) – 
Co(en)3][(+) – tart]Cl·5H2O en 4mL de agua caliente y añada 0.10ml de NH3 concentrado. 
Manteniendo siempre la agitación, se agrega una solución de 4.3g de NaI (o KI) en 1.5mL de 
agua caliente. Enfríe en un baño de hielo y deje cristalizar. Filtre los cristales a través de 
embudo Buchner, y lave con una solución fría de 0.75g de NaI (o KI) en 2.5mL de agua, a fin 
de eliminar las posibles trazas remanentes de tartrato. Luego lave con etanol y acetona. 
Seque al aire el [(+) – Co(en)3]I3·H2O y pese la cantidad obtenida. Determine el [α]D del 
complejo obtenido utilizando una solución de 0.25g de complejo en 5mL de agua. 

Para aislar el [(-) – Co(en)3]I3·H2O, se añaden 0,10mL de NH3 concentrado a las aguas 
madres de filtrado que usted preservó. Caliente la solución a 80ºC y añada, con agitación 
4.3g de NaI (o KI). Al enfriar en un baño de hielo precipita [(-) – Co(en)3]I3·H2O impuro que se 
filtra y lava con una solución de 0.75g de NaI (o KI) en 2.5ml de agua. El precipitado se 
recristaliza disolviéndolo con agitación en 8.0mL de agua a 50ºC. El sólido no disuelto 
(racemato) se separa por filtración, y se añaden al filtrado 1.25g de NaI (o KI). Se deja 
enfriar y cristaliza el [(-) – Co(en)3]I3·H2O. Filtre los cristales a través de embudo Buchner, y 
lave con etanol y acetona. Seque al aire el [(-) – Co(en)3]I3·H2O y pese la cantidad obtenida. 
Determine el [α]D del complejo obtenido utilizando una solución de 0.25g de complejo en 
5mL de agua. 
 

3. Racemización de (+) - Co(en)33+ o (-) - Co(en)33+: 
 

Disuelva 0.25g de [(+)–Co(en)3]I3·H2O ó [(-)–Co(en)3]I3·H2O en el volumen mínimo de agua 
caliente. Añada una pequeña cantidad de carbón activado y lleve la solución a ebullición 
durante 30min. La solución se filtra en caliente, y se le añade NaI (o KI), para ayudar en la 
precipitación del racemato. Lave con etanol y acetona. Seque al aire el racemato. Determine 
el [α]D del [Co(en)3]I3·H2O racémico obtenido, utilizando una solución de 0.25g de racemato 
en 5mL de agua. 

 
Para considerar: 

 
¿Por qué no puede resolverse el Co(en)32+? 

 
Referencias: 
 

- Girolami, G. S.; Rauchfuss, T. B.; Angelici, R. J. Synthesis and Technique in Inorganic 
Chemistry: A Laboratory Manual. University Science Books; 3rd edition, 1999. USA. 
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Trisethylenediaminecobalt(III) Chloride Sulfate as a Subject
Material for Widely Different Chemistry Laboratory Courses
Yoshiki Moriguchi
Department of Chemistry, Fukuoka University of Education, Akama Munakata, Fukuoka 8114192, Japan

I previously reported on new chemistry laboratory cur-
ricula that unify several courses by use of a single substance
that can be used in a variety of experiments. Such substances
include Mohr’s salt (ammonium iron(II) sulfate hexahydrate),

Fe(NH4)2(SO4)2�6H2O

and dichlorobis(ethylenediamine)cobalt(III) complexes,

cis-,trans-[CoCl2(en)2]Cl

where en represents ethylenediamine. These substances have
been used for courses that unify inorganic, analytical and
physical chemistry laboratory courses.

The curricula have been implemented at our college by
shifting teams of 2 or 3 students from one lab to others. The
curricula have provided enhanced educational effects on the
chemical lab classes despite limited lab hours, equipment, and
staff (1–6 ).

In this report, I describe an expanded lab curriculum that
includes organic chemistry (stereochemistry) by using
rac-tris(ethylenediamine)cobalt(III) chloride sulfate ((±)589-
[Co(en)3]ClSO4), as shown in Table 1. The curriculum could
be adapted to sophomore or junior chemistry major laboratory
courses that have 15 lab sessions in a half or full semester.
Credit is 2 or 3 credit hours for a full semester of one 200-
minute lab class per week or a half semester of two 200-minute
lab classes per week.

Preparation and Identification of the Material
to Be Tested

Preparation
In the first stage, the students individually prepare

tris(ethylenediamine)cobalt(III) chloride sulfate as a common
material for analysis. The preparation and purification of this
material can be achieved as described in the first part of ref 7
except for the method of separation of the solid-state material,
[Co(en)3]ClSO4, from the reaction mixture.

                    activated C
4CoSO4 + 12en + 4HCl + O2 →  4[Co(en)3]ClSO4 + 2H2O

The material is quickly but sufficiently washed with a
little hot water, ethanol, and ether, using suction. After air-
drying for one hour at 90 °C in an oven, the trihydrate
product is obtained as yellow-orange powder: Mr = 424.48
for [Co(en)3]ClSO4�3H2O; [α]589 = 0.

In this lab (lab I-1 in Table 1), students learn the role of
activated charcoal in this procedure. They also learn about
complexation in a typical inorganic reaction and the differ-
ence in lability between cobalt(II) and cobalt(III) complexes.

Electronic Spectrum
In the UV–visible region, the spectrum should have two

peaks (λmax) at 340 and 469 nm with log ε = 1.9, almost the
same as tris(ethylenediamine)cobalt(III) chloride, [Co(en)3]Cl3.
These peaks are assigned to the cobalt(III) in a crystal field
of octahedral symmetry.

We have students prepare a 0.01 M aqueous solution of
the material they made and measure its electronic spectrum
in the range λ = 300–600 nm. They identify the cobalt(III)
complex ion and determine its optical purity by the absor-
bance at maximum wavelength (λmax).

In this lab (I-2), students learn about absorption spectra
of metal complexes in the UV-visible region and the basis
of the absorption spectra on crystal field theory. They also
learn the use of the Beer–Lambert law in spectrophotometric
determination.

Elemental Analysis
Students individually analyze their material for cobalt,

chloride, and sulfate. Here, they learn the principles and tech-
niques of volumetric and gravimetric analyses.

Cobalt
The sample is pretreated by acid decomposition to make

possible the determination the metal content of such chelate
compounds by chelatemetry (8).

The solution of the pretreated material is adjusted to pH 8
by 0.1 M NaOH and 0.5 M NH4OH, and the cobalt content
is determined chelatemetrically with 0.005 M EDTA, using
0.1 g of a 1:100 (w/w) Murexide–potassium sulfate mixture
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as a metal indicator (9). Calcd for [Co(en)3]ClSO4�3H2O:
Co, 13.87%.

In this lab (II-1), the students learn the pretreatment
technique, a fundamental analytical process. They also learn
the principle of chelatemetry and relate it to the stability
constants for the complexes of the metal ion (cobalt) with the
complexane (EDTA) and with the metal indicator (Murexide).

Chloride
The sample is pretreated with a cation-exchange resin in

order to prevent interference by the complex ion, [Co(en)3]3+,
in the precipitation titration (Mohr’s method).

The chloride content is determined in the usual man-
ner by Mohr’s method, that is, titration of the effluent with
0.01 M silver nitrate using 10% potassium chromate as an
indicator. Calcd for [Co(en)3]ClSO4�3H2O: Cl�, 8.35%.

In this lab (II-2), students learn (i) the principle of sepa-
ration by ion exchange and its application, and (ii) solubility
product in relation to the principle of precipitation titration.

Sulfate
As in the chloride determination, the sample is pretreated

by cation exchange resin to avoid interference from a com-
plex ion, [Co(en)3]3+. Sulfate is then precipitated as barium
sulfate. Calcd for [Co(en)3]ClSO4�3H2O: SO4

2�, 22.60%.
The objectives of this lab (II-3) are to have students use

the fundamental procedures of gravimetric analysis to learn
about solubility, coprecipitation, aging, and peptization in
the formation of a precipitate.

Optical Resolution

Diastereomers of Tartrate and Their Separation
The procedure is almost the same as described in the

latter half of ref 7, as shown in Scheme I:

(+ −)-[Co(en)3]Cl·3H2O

filtrate(1) precipitate(1)

(+)-[Co(en)3]Cl·L(+)-tart
(−)-[Co(en)3]Cl·L(+)-tart

filtrate(2)

(−)-[Co(en)3]Cl·L(+)-tart

crystal(3)

(−)-[Co(en)3]I3·H2O
[α]589 = −90

precipitate
crystal(1)

Ba·L(+)-tart
filtration

concentraion
cooling
filtration

conc NH4OH
NaI

(BaSO4)

(+)-[Co(en)3]Cl·L(+)-tart
[α]589 = +102

crystal(2)

(+)-[Co(en)3]I3·H2O
[α]589 = +89

conc NH4OH
NaI

Scheme I

Thus, the racemic form of the sample material is separated into
the optically active isomers (+)589- and (�)589-[Co(en)3]3+I3
(Crystal(2),(3))by fractional recrystallization of the diastereo-
mers (Filtrate(1)). The specific rotations are [α]589 = +89°
and �90° for (+)589- and (�)589-[Co(en)3]I3�H2O, respectively.
The absolute conformations of (+)589- and (�)589- isomers
are determined by X-ray diffraction to be Λ and ∆ forms,
respectively, as shown in the structures below (10).

N

N

N

N

NN
Co

N

N

N

N

N N
Co

(+)589-[Co(en)3]3+ (−)589-[Co(en)3]3+

Λ-form ∆-form

In this lab (III-1), students learn the stereochemistry of
metal complexes and the meaning of symbols such as (d,l ),
(D,L), ((+),(�)) and (∆, Λ).

Racemization
The optically active tris(ethylenediamine)cobalt(III)

complex has been reported to completely racemize in the pres-
ence of activated charcoal in 2 min at 90 °C in spite of there
being no change after 24 hours on a steam bath without the
activated charcoal (11, 12).

The recommended method for measuring the racemiza-
tion rate is as follows. The sample solution, which has acti-
vated charcoal suspended in it, is placed in a three-necked
flask fitted with a reflux condenser and a thermometer. It is
allowed to stand at 60 °C on a water bath with stirring.
Samples of the solution are removed with a pipet at 15- or
20-min intervals and filtered through a glass filter using
suction, and their optical rotation is measured using a pola-
rimeter. The racemization goes essentially to completion
within 1.5 hours. Students may carry out a blank experiment
in the absence of activated charcoal in same manner if there
is enough time and equipment in the lab. The result shows
that the reaction rate is first order.

In this lab (III-2), students learn the kinetics and rate
law for a chemical reaction.
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Práctica 8: 

Reacciones Fundamentales en Catálisis.          

Complejos Ciclometalados Obtenidos por 
Activación C-H 
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The term cyclometallation was introduced by
Trofimenko (1) to describe reactions of transition metal com-
plexes in which the ligand undergoes intramolecular metal-
lation with the formation of a chelate ring containing a
metal–carbon σ bond. Cyclometallation processes are inter-
esting as a means to activate the C�H bonds. In addition,
the wide range of reactions with participation of cyclo-
metallated compounds, which proceed with notable regio-
and stereo-selectivity, leads to extensive possibilities for their
synthetic application. There is great interest in metallacycles
owing to the variety of applications, such as organic synthe-
sis (2), homogenous catalysis (3), the design of new metallo-
mesogenes (4), and antitumor drugs (5).

Cyclopalladation, a type of cyclometallation with palla-
dium as the metal, of N-donor ligands has been extensively
studied (6).  The factors that influence the ease and mode of
cyclopalladation of N-donor ligands are not entirely under-
stood but, in general, an intramolecular electrophilic attack
of Pd2+ at the carbon atom, a strong tendency to form five-
membered metallacycles, and preferential activation of aro-
matic over aliphatic C�H bonds are widely accepted (2).
Nevertheless, it is possible to obtain other types of cyclo-
palladated derivatives if the ligands and the experimental con-
ditions are properly selected (7).

A laboratory project to synthesize a six-membered
cyclopalladated complex by activation of a Caliphatic�H bond
(8) is described. Characterization is by multinuclear NMR.
The synthesis associated with this experiment can be com-
fortably accommodated in two, three-hour laboratory ses-
sions. This experiment has been used with undergraduate
students for several years and no problems have been detected.

Experimental Procedure

Synthesis of 2,4,6-Me3C6H2CH�NC6H5, I
A mixture of aniline (230 mg, 2.5 mmol) and 2,4,6-

trimethylbenzaldehyde (370 mg, 2.5 mmol) in ethanol (30
mL) is refluxed for 45 min and then allowed to cool. The
resulting solution is concentrated to dryness in a rotary evapo-
rator to obtain the imine.

Synthesis of {PdBr[1-CH2-2-(CH�NC6H5)-3,5-
Me2C6H2]}2, 2

A mixture of the imine (500.0 mg, 2.2 mmol) and
Pd(AcO)2 (250 mg, 1.1 mmol) in acetic acid (25 mL) is re-
fluxed for 45 min and then allowed to cool. The mixture is
filtered and the resulting solution is concentrated to dryness
in a rotary evaporator. The residue is dissolved in 30 mL of
ethanol and LiBr (100.0 mg, 1.15 mmol) is added. The mix-

ture is stirred for 45 min and the solid obtained is filtered
and air-dried.

Synthesis of {PdBr[1-CH2-2-(CH�NC6H5)-3,5-Me2-
C6H2](PPh3)}, 3

Triphenylphosphine (230 mg, 0.86 mmol) is added to
a suspension of {PdBr[1-CH2-2-(CH�NC6H5)-3,5-Me2-
C6H2]}2 (350 mg, 0.43 mmol) in acetone (25 mL). The mix-
ture is refluxed for 45 min and then allowed to cool. The
solid obtained is filtered and air-dried.

Recovery of Palladium Acetate
The starting material, palladium(II) acetate, is expensive

but is fairly easy to regenerate. The palladium-containing sol-
ids (approximately 10 g) are added to 100 mL of a 10% so-
lution of KOH in EtOH and the mixture is refluxed for 2 h.
The solid obtained is filtered, washed with ethanol and wa-
ter, and air-dried. Then, the solid is treated with 35 mL of a
mixture of concentrated hydrochloric and nitric acids (4:1).
The resulting solution is diluted with 35 mL of water and
made strongly basic with a 10% solution of sodium hydrox-
ide. Palladium metal is precipitated by the addition of an ex-
cess of hydrazine hydrate. The solid obtained is filtered,
washed with water, and added to a solution of glacial acetic
acid (80 mL) and concentrated nitric acid (2 mL). The mix-
ture is gently boiled until evolution of brown fumes ceases.
The solution is allowed to cool, whereupon most of the prod-
uct appears as orange-brown crystals that can be filtered and
air dried.

Hazards

All reagents should be handled in a well-ventilated hood,
with students wearing gloves, safety goggles, and lab coats.
Special care must be taken in the process of the recovery of
palladium acetate because of the corrosive nature of the
chemicals used. Acetic acid is flammable and causes severe
burns; aniline and hydrazine are toxic; ethanol and acetone
are highly flammable; lithium bromide, 2,4,6-trimethyl-ben-
zaldehyde, palladium acetate and triphenyl-phosphine are ir-
ritants. Sodium hydroxide, nitric acid, potassium hydroxide,
and hydrogen chloride cause severe burns.

Results

The action of palladium acetate on the imine, 1, yields,
by activation of one of the ortho Caliphatic�H bonds, the
dinuclear acetato-bridged compound {Pd(AcO)[1-CH2-2-
(CH�NC6H5)-3,5-Me2C6H2]}2, which easily affords the cor-

Cyclopalladation of W
Phenyl-(2,4,6-trimethylbenzylidene)-amine

An Undergraduate Organometallic Laboratory Experiment
Joan Albert, Magali Cadena, and Jaume Granell*
Departament de Química Inorgànica, Universitat de Barcelona, Diagonal 647, 08028 Barcelona, Spain;
*jaume.granell@qi.ub.es
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responding bromo-bridged derivative, 2, by reaction with
LiBr (Scheme I).

The action of PPh3 on compound 2 cleaves the bromine
bridges and yields the mononuclear organometallic complex
{ P d Br [ 1 - C H 2- 2 - ( C H � N C 6H 5) - 3 , 5 - Me 2C 6H 2] -
(PPh3)}, 3, easily characterizable by multinuclear NMR in
CDCl3 solution. The 31P {1H} NMR (101.2 MHz, CDCl3,
δ)  spectrum presents only one signal at 36.5 ppm. The 1H
NMR spectrum (200 MHz, CDCl3, δ) shows signals at 2.05
(s, 3H, Me7), 2.36 (s, 3H, Me8), 2.87 (d, JHP = 5.1 Hz, 2H,
CH2Pd), 5.60 (s, 1H, H2), 6.66 (s, 1H, H4), 7.26–7.76 (br,
20H, PPh3 and C6H5N), 8.20 ppm (d, JHP = 12.7 Hz, 1H,
HC�N). If the 1H NMR spectrum is recorded at 500 MHz
a doublet at 7.72 ppm, corresponding to the ortho protons
of the aniline fragment; a doublet of doublets at 7.63 ppm,
corresponding to the ortho protons of the phosphine; and a
triplet at 7.30 ppm, corresponding to the para proton of the
aniline, can also be observed. The high-field shift of the sig-
nals of the metallated ring protons is due to the phenyl groups
of the phosphine and shows the cis disposition of the phos-
phorus relative to the metallated carbon (9). The 13C {1H}
NMR spectrum (75.432 MHz, CDCl3, δ) presents the fol-
lowing resonances, 18.94 (s, Me8), 21.20 (s, Me7), 30.20 (s,
CH2�Pd), 125.76 (d, JCP = 2.9 Hz, C2), 127.49 (s, C4),
128.07 [d, JCP = 10.7 Hz, Cmeta (PPh3)], 130.17 [d, JCP =

2.4 Hz, Cpara (PPh3)], 131.35 [d, JCP = 49.1 Hz, Cipso(PPh3)],
134.71 [d, JCP = 11.6 Hz, Cortho (PPh3)], 160.71 (s, HC�N).
Besides this, signals at 123.49, 127.05, and 128.70 ppm, cor-
responding to the H�C carbons of the aniline fragment and
signals at 131.8, 139.12, 142.32, 143.74, and 151.93 ppm,
corresponding to imine quaternary carbons of the N-donor
ligand can be observed. 13C DEPT and 2D 1H,13C correla-
tion NMR, and NOESY spectra can be carried out to com-
plete the characterization (see the Supplemental MaterialW).

Conclusion
The laboratory project proposed is a useful and stimu-

lating introduction to organometallic chemistry. This experi-
ment does not require any special equipment such as gas
cylinders, vacuum lines, or solvents distilled over sodium-ben-
zophenone and shows that certain organometallic complexes
are stable enough to be obtained in acetic acid, under reflux,
in the absence of an inert gas atmosphere. Most of the reso-
nances of the 1H and 13C NMR spectra of {PdBr[1-CH2-2-
(CH�NC6H5)-3,5-Me2C6H2](PPh3)} can easily be assigned.
In addition these spectra show that the coupling with other
nuclei such as 31P should be considered in NMR spectros-
copy of organometallic and coordination complexes.

At the end of the experiment all palladium containing
solids can be collected for the recovery of palladium acetate.
The recovered palladium acetate reacts identically to the origi-
nal commercially obtained material.
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WSupplemental Material

A synthesis procedure for the students, notes for the in-
structor, 1H and 13C NMR spectra, a 13C DEPT spectrum,
a two dimensional 1H–13C correlation NMR spectrum, and
a two dimensional 1H NMR NOESY spectrum are available
in this issue of JCE Online.
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Biomimética Inorgánica. Porfirinas y Metaloporfirinas de Zn y Ni 

 
Síntesis de Metaloporfirinas de Zn(II) y Ni(II): 
 
 
Objetivos: 
 

 Sintetizar tetrafenilporfirinas mediante condensación orgánica catalizada por ácido. 
 Utilizar las tetrafenilporfirinas sintetizadas para obtener metaloporfirinas de Zn(II) y 
Ni(II). 

 Caracterizar los ligandos y complejos sintetizados por Resonancia Magnética Nuclear 
y/o Espectroscopía de Ultravioleta-Visible. 

 
Toxicidad y Riesgos: 
 

Los benzaldehídos son irritantes (Xi). El pirrol es irritante (Xi). El metanol es 
inflamable y tóxico (F, T). La DMF es tóxica (T) e irritante (Xi) y posible carcinógeno. El ácido 
propiónico es corrosivo (C) e inflamable (F).  
 
 
Procedimiento Experimental: 
 

Debe realizar cada una de las síntesis en la campana. 
 

1. Síntesis de Tetrafenilporfirinas H2[(p-X)4TPP] (X = CN, H, CH3 ó OCH3): 
 

Se prepararán dos tetrafenilporfirinas partiendo del (p-X)-benzaldehído apropiado. 
Pregúntele al supervisor del laboratorio cuáles de ellos se encuentran disponibles para 
realizar su práctica.  

Se realizan dos montajes de reflujo en paralelo, al aire. En cada uno de los balones que 
tiene a disposición coloque 0,50mL de pirrol, 80mL de ácido propiónico y la cantidad de 
aldehído apropiado, según las especificadas a continuación: 

- para H2[(p-CN)4TPP]: 0,98g de p-cianobenzaldehído. 
- para H2[(p-H)4TPP]: 0,76mL de benzaldehído. 
- para H2[(p-CH3)4TPP]: 0,88mL de p-tolualdehído. 
- para H2[(p-OCH3)4TPP]: 0,92mL de p-anisaldehído. 

 
Recuerde colocar perlas de ebullición. Las mezclas se colocan a reflujo por 2 horas. Una 

vez finalizado el tiempo de reacción, la misma es enfriada a temperatura ambiente y se 
agregan 40mL de metanol frío. Se coloca el balón en un baño de hielo agitando cada cierto 
tiempo, e induciendo la cristalización a través del raspado de las paredes con una varilla de 
vidrio. Los cristales color púrpura se filtran al vacío en embudo Bϋchner, y se lavan con 3 
porciones de 5mL de metanol frío y con 3 porciones de agua destilada a ebullición. Los 
cristales se secan al aire en el embudo de filtración por 15 minutos. Registre la masa de sus 
precipitados y reporte sus rendimientos. 
 

2. Síntesis de [Zn(p-X)4TPP]: 
 

El cloruro de zinc debe encontrarse en la estufa. Se realizan dos montajes de reflujo en 
paralelo, al aire. En cada uno de los balones que tiene a disposición coloque 80,0mg de 
cada una de las porfirinas sintetizadas, H2[(p-X)4TPP], y disuelva en 70mL de N,N-
dimetilformamida (DMF). Recuerde colocar perlas de ebullición. Añada 100,0mg de ZnCl2, y 
coloque las mezclas a reflujo por 2 horas. Una vez finalizado el tiempo de reacción, decante 



Biomimética Inorgánica. Porfirinas y Metaloporfirinas de Zn y Ni 

 
sus mezclas a dos beakers, y agregue a cada una de ellas 16mL de agua destilada fría para 
facilitar la precipitación del producto. Coloque los beakers en un baño de hielo por 
30minutos. Aísle sus productos por filtración al vacío en embudo Bϋchner, y lave con agua 
destilada fría, gota a gota (máximo 5mL). Seque los productos al aire en sus embudos, o 
colóquelos en la estufa a 80°C por 1 hora. Registre la masa de sus precipitados y reporte 
sus rendimientos. 

 
3. Síntesis de [Ni(p-X)4TPP]: 
 
El cloruro de níquel anhidro debe encontrarse en la estufa. Se realizan dos montajes de 

reflujo en paralelo, al aire. En cada uno de los balones que tiene a disposición coloque 
80,0mg de cada una de las porfirinas sintetizadas, H2[(p-X)4TPP], y disuelva en 50mL de N,N-
dimetilformamida (DMF). Recuerde colocar perlas de ebullición. Añada 300,0mg de NiCl2, y 
coloque las mezclas a reflujo por 2 horas. Una vez finalizado el tiempo de reacción, decante 
sus mezclas a dos beakers, y agregue a cada una de ellas 16mL de agua destilada fría para 
facilitar la precipitación del producto. Coloque los beakers en un baño de hielo por 
30minutos. Aísle sus productos por filtración al vacío en embudo Bϋchner, y lave con agua 
destilada fría, gota a gota (máximo 5mL). Seque los productos al aire en sus embudos, o 
colóquelos en la estufa a 80°C por 1 hora. Registre la masa de sus precipitados y reporte 
sus rendimientos. 
 

Caracterización: 
 
- Registrar los espectros de UV-Vis (390-700nm) de todos los compuestos en DMF o 

CH2Cl2 (0.1mg/mL).  
- Obtener los espectros 1H RMN de todos los compuestos en CDCl3.  
 

Para considerar: 
 
¿Por qué sintetizar las metaloporfirinas de Zn(II) y Ni(II)? 

 
Referencias: 
 

- Falvo, R. E; Mink, L.; Marsh, D. J. Chem. Educ., 1999, 76, 237-239. 
- Saucedo, L.; Mink, L. J. Chem. Educ., 2005, 82, 790. 
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We present a multisection undergraduate laboratory
involving the microscale synthesis and spectroscopic analysis
of unmetallated porphyrins and their corresponding metallo-
porphyrins. We previously reported in this Journal (1) the
microscale synthesis of the unmetallated tetraphenyl-
porphyrins, H2[(p-X)4TPP], where X = CN, H, CH3, and
OCH3, and the microscale synthesis (not involving isolation
as solids) of the corresponding metallated tetraphenylpor-
phyrins, [MII[(p-X)4TPP], where M = Zn and Ni (Figure 1).

In the previously reported laboratories (1) the unmetal-
lated tetraphenylporphyrins were analyzed by electronic ab-
sorption and 1H NMR (nuclear magnetic resonance)
spectroscopy, and the metallated tetraphenyl-porphyrins were
analyzed by electronic absorption spectroscopy. We now
present the microscale synthesis involving the isolation of the
metalloporphyrins as solids and their corresponding 1H NMR
spectra.

The Supplemental MaterialW describes the procedure for
the synthesis of the free base porphyrins providing sufficient
quantities to enable the subsequent isolation as solids of both
the corresponding zinc and nickel metallo-porphyrins. A cor-
relation of electronic absorption and 1H NMR spectroscopic
data with regard to the metal to porphyrin ring (ligand) bond-
ing is presented. Zn(II) por-phyrins are representative of regu-
lar metalloporphyrin. In regular porphyrins the metal is a
closed-shell ion (d0 or d10), in which little metal-to-ligand
π-backbonding (metal dπ to porphyrin π*) occurs (2). Ni(II)
porphyrins are representative of hypsoporphyrin. Hypsopor-
phyrins are metalloporphyrins in which the metals are of dm,
m = 6–9, having filled dπ orbitals. Hypsoporphyrins exhibit
significant metal dπ-to-porphyrin π* backbonding (1, 2).

This set of experiments is adaptable for undergraduate
organic, inorganic, structural analysis, and advanced synthe-
sis laboratories. The experiments can be presented over three
laboratory sessions each of two and a half hours in duration.
The first session would include the synthesis and spectro-
scopic analysis of unmetallated porphyrins, and the second
and third sessions would involve the synthesis and spectro-
scopic analysis of the corresponding Zn(II) and Ni(II) por-
phyrins. Four porphyrin systems are presented, however,
others from readily available substituted benzaldehydes and
substituted pyrroles could readily be adapted.

Microscale Synthesis and 1H NMR Analysis W
of ZnII and NiII Tetraphenylporphyrins
Laura Saucedo and Larry M. Mink*
Department of Chemistry, California State University, San Bernardino, CA 92407; *lmink@csusb.edu

The Microscale Laboratory
edited by

R. David Crouch
Dickinson College

Carlisle, PA  17013-2896

Figure 1. Metallated tetraphenylporphyrin.
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The experimental procedures and tables of the NMR
chemical shifts and positions of the UV–visible bands are
available in this issue of JCE Online.
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We describe an experiment combining the synthesis of
several porphyrins with 1H NMR analysis. The synthesis of
these bright-purple crystalline compounds can be accomplished
in a two-and-a-half-hour laboratory period. This set of ex-
periments can be combined with experiments we reported
in this Journal (1) in which the microscale synthesis and
visible electronic absorption of the metalloporphyrins
ZnII(TPP) and NiII(TPP) are described.

Tetraphenylporphyrin, H2[TPP], and the H2[(p-X)4TPP]
analogues are easily synthesized from inexpensive materials
using microscale glassware. H2[TPP] is prepared through the
condensation of 4 units of pyrrole with 4 units of benzaldehyde
(Fig. 1), and the substituted analogues, H2[(p-X)4TPP], are
produced using the appropriate substituted benzaldehyde.
The mechanism of this condensation reaction has been
studied in detail (2).

Tetraphenylporphyrin, H2[TPP], and para-substituted
tetraphenylporphyrins, H2[(p-X)4TPP], where X = CN, CH3,
and OCH3, generate simple 1H NMR spectra, owing to their
highly symmetrical nature (Fig. 1). At room temperature,
porphyrin systems possess a fourfold symmetry, due to the
rapid exchange of the inner two N–H protons about the four
pyrrole nitrogens (3). These compounds provide an excellent
introduction into the effects that aromaticity and electron
donating/withdrawing groups have on 1H NMR chemical
shifts. 1H NMR chemical shift data provide important physical
evidence for delocalized π electrons in aromatic systems (4 ).
Porphyrin systems contain 18 π electrons (5), thus meeting
the Hückel (4n + 2) rule.1 Furthermore, the 1H NMR spectra
of the para-substituted compounds, H2[(p-X)4TPP], provide
an excellent example of spin-coupling systems (between the
ortho and meta protons on the phenyl rings) with a range
of ∆v/J ratios. The AA′BB′ to AA′XX′ coupling systems
can be used to discuss the difference between chemical and
magnetic equivalence.

Experimental Procedure

Synthesis of H2[TPP] and H2[(p-X)4TPP]
(X = CN, CH3, and OCH3)

The microscale synthesis of the porphyrins has been
adapted from the synthesis reported by Adler et al. (6 ). The
appropriate benzaldehyde is refluxed for 30 min with 0.08 mL
of pyrrole in 12 mL of propionic acid in a 25-mL round-
bottom flask fitted with a water condenser. The pyrrole must
be from a freshly opened bottle or have recently been purified
by vacuum distillation. After refluxing, the reaction mixture
is cooled to room temperature and 10 mL of cold methanol
is added. The flask is then chilled in an ice bath while stir-
ring, and crystallization is induced by scratching the sides of
the flask with a glass stirring rod. The deep-purple crystals
are filtered by vacuum filtration with a Buchner funnel. The
flask and crystals are washed with three 0.5-mL portions of
cold methanol followed by three 0.5-mL portions of boiling
distilled water. The crystals are air-dried on the Buchner
funnel for 15 min and may be dried in a vacuum desiccator
until the next lab period if desired.

The syntheses of the substituted porphyrins are performed
in a similar manner using the following portions of the
corresponding substituted benzaldehyde reagents:

for H2[(p-CN)4TPP], 0.1552 g of 4-cyanobenzaldehyde;
for H2[(p-CH3)4TPP], 0.14 mL of p-tolualdehyde; and
for H2[(p-OCH3)4TPP], 0.14 mL of 4-methoxybenz-
aldehyde (p-anisaldehyde)

Average yields are about 40 mg (23%). All the benzaldehydes

Figure 1. Synthesis and structure
of the tetraphenylporphyrins,
H2[(p-X)4TPP]; X = H, CN, CH3,
and OCH3.

*Corresponding authors. Email Larry Mink: lmink@wiley.
csusb.edu; Diane Marsh: chemdi@aol.com.
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are commercially available.2

The resulting porphyrins can be characterized by visible
absorption or 1H NMR spectroscopy without further
purification. The only impurities observed in the NMR are
propionic acid and water. The NMR samples are prepared
by dissolving 4 mg of porphyrin in 0.4 mL of CDCl3 solvent
(~0.016 M). Higher concentrations are not recommended
owing to the potential for aggregation of porphyrins in
solution. Suitable 1H NMR spectra are obtained after 8 scans
on a 270-MHz NMR spectrometer. If time allows, more scans
can be used to yield better resolution of the AA′XX′ patterns.

Results and Discussion

The full 1H NMR spectrum of H2[(p-CN)4TPP] is shown
in Figure 2, and an overlay of all the porphyrin spectra in the
aromatic region is presented in Figure 3. The 1H NMR chemi-
cal shifts of all the porphyrins are listed in Table 1. The protons
(ortho, meta, para) on the phenyl rings are identified with
respect to their positions relative to the porphyrin ring system.

The effect of the porphyrin ring diamagnetic anisotropy
is evident in the deshielding of the phenyl and pyrrole protons
and in the shielding of the inner N–H protons. This can
be demonstrated by comparing the porphyrins’ 1H NMR
chemical shift values with those of their respective benzaldehyde
precursors (the porphyrins’ proton resonances are shifted ca.
0.30 ppm downfield). The porphyrins’ diamagnetic anisotropy
effects can be compared to those in benzene and annulenes (4).
The singlet N–H peaks (due to rapid exchange
of the N–H protons) are found at very high
field ({2.9 ppm), since they are located within
the shielding cone of the porphyrin ring.

The effects due to electron-donating and
electron-withdrawing groups are readily appar-
ent within this set of para-substituted porphy-
rins (Fig. 3). The electron-donating groups in
H2[(p-X)4TPP] (X = OCH3 and CH3) cause
the protons in the phenyl ring to be more
shielded (upfield chemical shifts), whereas elec-

tron-withdrawing groups at the para site (X = CN) result in
decreased shielding (downfield chemical shifts). The extent
of shielding shows that the methoxy group has a greater in-
ductive effect than the methyl group, causing a greater in-
crease in the σ electron density of the carbon atom to which
it is bonded. Shielding–deshielding effects are more pro-
nounced in the protons ortho to the para-substituents (identi-
fied as the meta protons) than in the protons meta relative to
the para-substituents (identified as the ortho protons) owing
to the greater electron-attracting inductive effects at a posi-
tion in which resonance effects are minimal (4 ).

The 1H NMR resonances of the ortho and meta protons
on the phenyl rings of the H2[(p-X)4TPP] compounds
provide a very clear demonstration of the progression of an
AA′XX′ coupling pattern to an AA′BB′ coupling pattern.
When the chemical shift difference (in Hz) is about 10 times
larger than the coupling constant J (in Hz), a system that
looks similar to a simple AX doublet pattern appears (4)—
as in the case of H2[(p-OCH3)4TPP], in which ∆v/J ≈ 26.
For H2[(p-CH3)4TPP] where ∆v/J ≈ 18, a slight distortion
of the coupling pattern is apparent; and for H2[(p-CN)4TPP]
in which ∆v/J ≈ 8, the pattern approaches AB. Close scrutiny
of the ortho/meta doublet patterns reveals additional small
couplings rather than distinct symmetrical peaks. This is be-
cause the ortho protons as well as the meta protons are not
magnetically equivalent nuclei (4a). For H2[TPP] a complex
1H NMR pattern is observed for the ortho/meta protons, due
to the existence of para protons.

Figure 3. 1H NMR overlay of the aromatic regions. Solvent peak
of CDCl3 at 7.25 ppm. Spectrum: (a) H2[TPP];( b) H2[(p-CN)4TPP];
(c) H2[(p-CH3)4TPP]; (d) H2[(p-OCH3)4TPP].
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Figure 2. 1H NMR of H2[(p-CN)4TPP] in CDCl3. Solvent peak of
CDCl3 at 7.25 ppm. Residual propionic acid appears as a quartet
centered at 2.39 ppm and a triplet at 1.15 ppm. Water appears
as a broad peak centered at 1.5 ppm.
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Notes

1. The phenyl rings are considered to be noncoplanar with the plane
of the porphyrin ring system and are not considered to participate in
the porphyrin rings’ π electron aromaticity (3).

2. Owing to the relatively high solubility of H2[(p-OCH3)4TPP] an
additional step must be performed. After refluxing, the reaction mixture
is allowed to cool for 5 min. A Hickman still head is attached to the
round-bottom flask and a water condenser is connected to the top of the
still. The reaction mixture is reduced in volume to approximately 6 mL,
whereby propionic acid is collected in the Hickman still. The porphyrin
is vacuum filtered on a Buchner funnel and washed as outlined.
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Metalloporphyrin complexes play significant roles in
many biological and catalytic systems. The diversity of
their functions is due in part to the variety of metals
that bind in the “pocket” of the porphyrin ring system
(Fig. 1). The study of porphyrins is well-suited to college
and university laboratories because of their importance
and several other reasons. Specifically, their synthesis
involves a range of basic techniques. In addition, their
high extinction coefficients require only very small quan-
tities of product to give suitable spectra, making them
amenable to current microscale methods. Interpretation
of their spectra offers an introduction to molecular or-
bitals, molecular symmetry, and fluorescence.

Experiments have been reported for the synthesis
of H2(TPP) and the iron and zinc complexes, but these
require relatively large quantities of materials and sol-
vents. For example, 300 to 500 mL of propionic acid per
student was reduced to 12 mL per student in the pre-
sented microscale preparation (1, 2).

Metalloporphyrins can be divided into two groups
based on their UV-vis and fluorescence properties (3).
Regular metalloporphyrins contain closed-shell metal
ions (d0 or d10)—for example ZnII, in which the dπ (dxz,
dyz) metal-based orbitals are relatively low in energy.
These have very little effect on the porphyrin π to π* en-
ergy gap in porphyrin electronic spectra (Fig. 2).
Hypsoporphyrins are metalloporphyrins in which the
metals are of dm, m = 6–9, having filled dπ orbitals. In
hypsoporphyrins there is significant metal dπ to porphy-

rin π* orbital interaction (metal to ligand π-backbonding).
This results in an increased porphyrin π to π* energy
separation causing the electronic absorptions to undergo
hypsochromic (blue) shifts.

Procedure

Synthesis of Tetraphenylporphyrin, H2(TPP) (4)
A 25-mL round-bottom flask fitted with a water con-

denser is heated in a sand bath or heating mantle. Pro-
pionic acid, 12 mL, is added to the flask and brought to
reflux ( ≈141 °C). To the refluxing propionic acid 0.06
mL of benzaldehyde is added using an 0.1-mL gradu-
ated pipette. Pyrrole, 0.04 mL, from a freshly opened
bottle or distilled at low pressure (30–40 mmHg) within
a few days of use, is also added using a pipette. The color
darkens to orange-yellow and becomes dark brown-black
as the reaction proceeds. The reaction mixture is refluxed
for a total of 30 min. After cooling to room temperature,
the mixture is added to a flask containing 10 mL of
methanol. This is chilled in an ice bath with stirring.
Crystallization is induced by scratching the sides of the
flask with a glass rod. The deep-purple crystals are fil-
tered using a Büchner or Hirsch funnel. The crystals are
washed with three 0.5-mL portions of methanol and
three 0.5-mL portions of boiling-hot distilled water. The
crystals are air-dried on the filtration funnel and stored
in a vacuum desiccator over a drying agent until the next
laboratory period. The resulting H2(TPP) is pure enough

Figure 1. Metallated tetraphenylporphyrin.

Figure 2. Simplified molecular orbital diagram for metalloporphyrins.
Interaction between metal dπ and π* porphyrin orbitals occurs in
hypsoporphyrins.
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for the subsequent metalation process. The average por-
phyrin yield is 8 mg.

Synthesis of ZnII(TPP) (5)
Zinc chloride is dried in a 110 °C oven overnight be-

fore use. H2(TPP) (1–2 mg) is dissolved in 3 mL of
dimethylformamide (DMF) in a 5-mL reaction vial con-
taining a stir bar. Zinc chloride, 10 mg, is added to the
vial. A condenser is attached, and the reactants are
heated to a gentle reflux for 30 min. The resulting solu-
tion can be diluted with DMF to measure the visible
spectrum.

Synthesis of NiII(TPP)
Anhydrous nickel(II) chloride must be used. The

green Ni(II) chloride hexahydrate is dehydrated by heat-
ing the crushed solid in an evaporating dish until the
color is yellow-orange. Dehydrated Ni(II) chloride should
be kept in an oven at 110 °C until used. The synthesis
of NiII(TPP) uses 10 mg of dry nickel(II) chloride but is
otherwise identical to the synthesis of ZnII(TPP).

Visible Spectra and Fluorescence
The visible spectra (490–660 nm) of DMF solutions

(0.1 mg/mL) of H2(TPP), Zn(TPP), and Ni(TPP) can be
obtained with any suitable spectrophotometer.

The three solutions in DMF can be tested for fluo-
rescence with a UV lamp (short wave) in a dark room.
The H2(TPP) and ZnII(TPP) will fluoresce, but NiII(TPP)
will not.

Results and Discussion

The absorption spectra are shown in Figure 3. The
red-violet H2(TPP) absorbs intensely between 500 and
550 nm and more weakly around 590 and 650 nm. The
more violet ZnII(TPP) absorbs between 550 and 600 nm,
whereas NiII(TPP) is red and absorbs at 525 nm.

Upon metalation the porphyrin ring system
deprotonates, forming a dianionic ligand. The metal ions
behave as Lewis acids, accepting lone pairs of electrons
from the dianionic porphyrin ligand. Unlike most tran-
sition metal complexes, their color is due to absorption(s)
within the porphyrin ligand involving the excitation of
electrons from π to π* porphyrin ring orbitals (Fig. 2).

When zinc binds to the porphyrin in ZnII(TPP), the ab-
sorption spectrum changes owing to symmetry effects
(discussed below), but the π to π* energy gap is little af-
fected and a regular metalloporphyrin spectrum results.

In contrast, the NiII(TPP) peaks are shifted to
shorter wavelength due to metal dπ (dxz and dyz) to por-
phyrin π* backbonding, as shown in Figure 4. The
backbonding raises the porphyrin π* orbitals to higher
energy, resulting in an increase in ∆E. The mixing of the
metal dπ orbitals with the π* orbitals on the porphyrin
ring also results in a decrease in the fluorescent yield.
The hypsochromic shift and loss of fluorescence are dis-
tinct characteristics of hypsoporphyrins.

 The change in the spectrum (fewer peaks) on
metalation is due to increased symmetry relative to the
free-base porphyrin (Fig. 5).  The two hydrogens on the
nitrogen atoms in the free base porphyrin reduce the ring
symmetry from square (for metalloporphyrins) to rect-
angular—that is, from D4h to D2h. In general, a more sym-
metrical molecule gives a simpler spectrum. The 22 pz

Figure 3.  Absorption spectra for H2(TPP), NiII(TPP), and ZnII(TPP).
Data obtained on a Spectronic 20.

Figure 5. The position of the pz orbitals used as a basis set for group
theory. A) is the free-base porphyrin. B) is the metallated porphyrin.

Figure 4.  The dπ metal orbital overlap with the π system of the
porphyrin ring.
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orbitals in the free-base porphyrin are the basis set of
orbitals combined to create the π molecular orbitals of
the porphyrin ring. The point group is D2h. This gives
the reducible representation:

D2h |  E  C2(z) C2(y)  C2(x)  i  σ(xy)  σ(xz)  σ(yz)

| 22      0     {2        0    0   {22       0       2

which reduces to 5 B2g + 6 B3g + 5 Au + 6 B1u. None of
these states are degenerate.

After metalation the symmetry is D4h, as all four
nitrogens are equivalent. The resulting basis set consists
of the 24 pz orbitals.

D4h | E  2C4  C2  2C2′  2C2′′  i  2S4  σh  2σv  2σd

| 24  0     0    {2      {2     0   0    {24    2     2

which reduces to 6Eg + 3A1u + 3A2u + 3B1u + 3B2u. With
the increased symmetry many of the molecular orbitals
are now doubly degenerate, which accounts for the re-
duction in the number of peaks in the visible spectrum.
Compared to ZnII(TPP), NiII(TPP) has a slight twist to
give a propeller-like S4 symmetry. The reducible repre-
sentation reduces to 6E + 6A + 6B, which is similar to
the D4h case.
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The study of metal-based polymers has become an area
of significant research interest. The metal centers may be
bound to the bridging ligands through heteroatoms of the
ligands (coordination polymers) or through the carbon atoms
of the ligands (organometallic polymers). The inclusion of
metal ions in the polymeric backbone offers materials with
novel structural, magnetic, electrical, and liquid crystalline
properties (1). Despite the ever-increasing level of research
activity involving metal-based polymers, experiments on these
materials are uncommon in the undergraduate curriculum
and are not found in common inorganic lab textbooks (2).
Thus, there is a need to develop experiments that introduce
students to this field. Recently, Manners and coworkers de-
scribed an experiment based on the synthesis of an organo-
metallic polymer containing ferrocene in the backbone, and
its characterization by proton NMR spectroscopy, differential
scanning calorimetry, gel permeation chromatography, and
cyclic voltammetry (3). In this paper we present an
experiment involving the preparation of three pyrazine-
bridged coordination polymers of copper(II) nitrate and their
characterization. This experiment is suitable for an advan-
ced undergraduate laboratory and will expose students to
several fundamentals of synthetic inorganic chemistry,
including reactant mole–ratio effects, solvent effects, crystal
growth, the manipulation of air-sensitive compounds, and
analysis by thermogravimetric analysis (TGA) and infrared
spectroscopy.

Procedure

The preparations require relatively inexpensive chemi-
cals. Pyrazine (pyz) and Cu(NO3)2�2.5H2O were purchased
from commercial sources and used as received. Three differ-
ent polymers were prepared from these reagents, depending
on the mole ratio. A 1:1 molar ratio—Cu(NO3)2�2.5H2O
to pyrazine—yields a polymer with an empirical formula of
Cu(pyz)(NO3)2, 1, a 1:6 molar ratio yields Cu(pyz)2(NO3)2,
2, while a 1:12 ratio yields Cu(pyz)3(NO3)2, 3. The poly-
meric nature of the products can be symbolized by the for-
mulas [Cu(pyz)(NO3)2]n, [Cu(pyz)2(NO3)2]n, and
[Cu(pyz)3(NO3)2]n for 1, 2, and 3, respectively. However, it
is typical to represent coordination polymers simply by for-
mulas showing the stoichiometry of the repeat unit.

The synthesis of these compounds also illustrates sol-
vent effects. With ethanol as the solvent, in all three cases
the product immediately precipitates from solution. If, on

the other hand, water is used, slow evaporation leads to single
crystals rather than an immediate precipitate. If exposed to
air, both 2 and 3 will slowly convert to 1. Despite their in-
stability, the synthesis and manipulation of these compounds
can be accomplished using very basic to highly sophisticated
techniques for handling air-sensitive compounds, depending
on available resources. Typical procedures are provided as
supplemental material.w Thermogravimetric studies were car-
ried out using a TA Instruments TGA 2950 thermo-
gravimetric-analyzer. Infrared spectra were recorded as
hexachloro-1,3-butadiene mulls (4) between KRS-5 plates
(International Crystal Labs, Garfield, NJ, 07026) on a Nicolet
Magna 560 FTIR spectrometer.

Hazards

Both the hexachloro-1,3-butadiene used as a mulling
agent and the thallium salts in the KRS-5 plates are highly
toxic. Gloves should be worn and mulls should be prepared
in a fume hood. The toxicological properties of pyrazine have
not been fully investigated, so contact with pyrazine should
be minimized.

Discussion

Synthesis
This experiment is ideal for teaching purposes because

it can be used to introduce the fundamentals of several as-
pects of inorganic chemistry. The synthesis and characteriza-
tion of 2 and 3 can be used to introduce inert-atmosphere
techniques such as the manipulation of inert-gas cylinders,
vacuum lines, Schlenk glassware, cannulas, or gloveboxes. In
making all three polymers from the same reagents, students
can clearly see how the mole ratio affects the nature of the
products. Solvent effects are also examined.

Polymer Structures
The structures of the three polymers are illustrated in

Figure 1. Both 1 and 3 are one-dimensional polymers with a
linear –Cu–pyz–Cu– backbone (5). However, in 1, six coor-
dination about each Cu is completed by two bidentate chelat-
ing nitrate groups, whereas in 3, it is achieved through two
monodentate pyrazine and two monodentate nitrate groups.
On the other hand, 2 is a two-dimensional polymer, with
four bridging pyrazines and two monodentate nitrates on each
copper ion (to be published).

Synthesis and Spectral and Thermal Properties W
of Pyrazine-Bridged Coordination Polymers of Copper(II) Nitrate

An Experiment for Advanced Undergraduates
Tom Otieno*
Department of Chemistry, Eastern Kentucky University, Richmond, KY  40475; *Tom.Otieno@eku.edu

Aaron R. Hutchison, Matthew K. Krepps, and David A. Atwood
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Infrared Spectroscopy
The uncoordinated nitrate ion has D3h symmetry and

group theory predicts four normal modes of vibration—�1
(A1´), �2 (A2˝), �3 (E´), �4 (E´). The �1 mode is infrared in-
active and only three bands are expected to be observed in
the spectrum. These spectral features are retained when the
nitrate group is coordinated in a tridentate fashion. When
the nitrate group coordinates through one or two oxygen at-
oms, however, the symmetry is lowered and the spectrum
changes; all bands become active, shifts in band positions
occur, and the degeneracy of �3 and �4 bands is lifted (6).
Although the band shifts and splittings for bidentate coordi-
nation are similar to those for monodentate coordination,
they are larger for bidentate nitrate. Curtis and Curtis (7)
suggested that this difference could be used to differentiate
between the two modes of nitrate group coordination, pro-
vided the same cation is involved. In particular, they observed
in a study of amine complexes of nickel(II) nitrate that the
splitting of �3 (observed at 1370–1405 cm�1 for uncoordi-
nated nitrate group, ref 6) was in the range of 105–125 cm�1

for monodentate coordination and 180–235 cm�1 for
bidentate coordination. The infrared spectra of the polymers
reported here are shown in Figure 2. The split components
of �3 are observed at 1488 and 1292 cm�1 (∆�3 = 196 cm�1)
in the spectrum of 1, at 1398 and 1295 cm�1 (∆�3 = 103
cm�1) for 2, and at 1401 and 1303 cm�1 (∆�3 = 98 cm�1) in

the spectrum of 3. These results indicate bidentate nitrate
coordination in 1 and monodentate coordination in 2 and 3.

Infrared spectroscopy may also be used to probe the
mode of pyrazine ligand coordination. Free pyrazine exhib-
its a coordination sensitive band at 417 cm�1. Shifts in the
position of this band to values of 470 cm�1 or higher indi-
cate bidentate coordination, whereas shifts to lower values
usually indicate monodentate coordination (8). The spectrum
of 1 shows only a single band at 491 cm�1 indicating that
this compound contains only bridging pyrazine ligands. The
spectrum of 2 shows two bands at 486 and 473 cm�1, both
in the bidentate region. In the spectrum of 3, two peaks

Figure 1. Schematic drawing of structures of Cu(pyz)(NO3)2 (1,
top), Cu(pyz)2(NO3)2 (2, center), and Cu(pyz)3(NO3)2 (3, bottom).
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Figure 2. IR spectra of 1(top), 2 (center), and 3 (bottom).
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appear at 490 and 459 cm�1 and indicate that this compound
contains both bridging and terminal pyrazine ligands. These
spectroscopic results are consistent with the structures as de-
termined by X-ray crystallography.

Thermal Properties
The thermogram for 3 (Figure 3, bottom) exhibits a

weight loss of 37.6% between 50 and 110 �C and a second
weight loss of 42.9% from 200 �C to 310 �C. The first
weight loss corresponds to the dissociation of two molecules
of pyrazine (calculated 37.4%). The loss of the remaining
pyrazine ligand is not observed prior to sample decomposi-
tion. These results suggest that 1 may be prepared by heating
3 in the 50–120 �C temperature range. In fact, the transfor-
mation can be achieved simply by leaving 3 exposed to air
at room temperature for about 24 hours. The thermogram

for a sample of 1 prepared in this manner is shown in Figure
3, top. The sample undergoes decomposition from 200 �C to
310 �C. A similar thermogram is obtained for a sample of 1
obtained directly by reacting aqueous solutions of
Cu(NO3)2�2.5H2O and pyrazine in a 1:1 mole ratio. In the
case of 2 a weight loss of 19.9% corresponding to one mol-
ecule of pyrazine (calculated 23.0%) is observed between 75–
120 �C. The weight of the residue in each case is consistent
with CuO being the final product. The observed (calculated)
values are 30.4% (29.7%), 24.7% (22.9%), and 19.5%
(18.6%) for 1, 2, and 3, respectively.

WSupplemental Material

Instructions and questions for the students, and notes for
the instructor are available in this issue of JCE Online.
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Figure 3. TGA thermogram of 1(top), 2 (center), and 3 (bottom).
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Materiales Inorgánicos. Complejos Luminiscentes. 

 

Síntesis de 8-Hidroxiquinolinatos de Aluminio: 
 

 

Objetivos: 

 

 Sintetizar complejos aluminio-quinolinato. 

 Estudiar los espectros de UV-Vis de los complejos sintetizados. 

 Comparar los resultados espectroscópicos obtenidos en función de los ligandos. 

 

Toxicidad y Riesgos: 

 

Las quinolinas pueden ser tóxicas por ingestión (T). El metanol es inflamable y tóxico 

(F, T).  

 

 

Procedimiento Experimental: 

 

 

1. Síntesis de 8-Hidroxiquinolinatos de Aluminio: 

 

En una fiola disuelva 500mg de 8-Hidroxiquinolina en 15mL de metanol. En otra fiola 

disuelva 250mg de Al(NO3)39H2O en 35mL de agua. Añada la solución de la quinolina 

adecuada a la de nitrato de aluminio, y agite la mezcla a temperatura ambiente por 5 

minutos. El pH de la solución debe ser ligeramente ácido (pH = 5-6). Prepare una solución de 

Na2CO3 en agua (2g en 30mL). Bajo agitación vigorosa agregue gota a gota, lentamente, la 

solución de Na2CO3 sobre la mezcla de reacción. Debería comenzar la precipitación de un 

polvo amarillo. Lleve el pH de la solución aproximadamente a 8. Después de terminar la 

adición de la solución de Na2CO3, deje la mezcla en agitación por 30 minutos. Filtre el sólido 

al vacío en embudo Bϋchner y lave con pequeñas porciones de metanol. Deje secar en el 

embudo, y registre la masa de complejo que obtuvo. Reporte su rendimiento. 

 

Caracterización: 

 

- Registrar los espectros de UV-Vis (390-700nm) de todos los compuestos en CH2Cl2 

(0.1mg/mL).  

- Utilice una lámpara UV (  = 365nm) para observar el cambio de color de las 

soluciones anteriores, debido al fenómeno de luminiscencia. 

 

Para considerar: 

 

¿Por qué presentan luminiscencia los complejos de aluminio con ligandos quinolinato? 

 

Referencias: 

 

- Albert, J.; Cadena, M.; Granell, J. J. Chem. Educ., 2003, 80, 801-802. 
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Organic light-emitting diodes (OLEDs) are devices that
convert electrical energy to light (electroluminescence). Two
classes of materials widely used in OLEDs are organic poly-
mers and small organic or coordination compounds. A com-
pound must be an efficient photoluminescent emitter to be
able to function as an emitter in OLEDs. For organic or main
group coordination compounds such as AlIIIq3, where q is 8-
hydroxyquinolinolato, the luminescence originates typically
from π to π* transitions of a conjugate system or ligands (1,
2). Most organic and main group emitters in OLEDs are fluo-
rescent with a decay lifetime typically in the nanosecond
range. The fluorescent emission band from an organic mol-
ecule or an organic ligand is usually fairly broad as a result
of the vibronic couplings. For lanthanide compounds, the
luminescence typically originates from f to f electronic tran-
sitions, resulting in very narrow emission bands (3, 4). Lan-
thanide emission bands usually have long decay lifetimes (in
the microsecond and millisecond range) and low emission

intensities. To enhance the emission intensity of lanthanide
ions, a ligand capable of transferring energy to the lanthanide
center, and thus functioning as an activator for lanthanide
emission, is usually required. AlIIIq3 was used as a green emit-
ter in the first organic light-emitting device, which operated
at ∼ 10 V  and was reported by Tang and coworkers in 1987
(1). AlIIIq3 can also function as an electron-transport mate-
rial in OLEDs. EuIII(tta)3(phen), where tta is thenoyl-
trifluoroacetonato and phen is 1,10-phenanthroline, is one
of the brightest red emitters known in the literature and has
been widely used as a red emitter in OLEDs (4). This ex-
periment demonstrates the syntheses and properties of these
two well-known emitters in OLEDs (1, 5).

Experimental
The synthetic procedures for these two compounds are

shown in Scheme I. Alq3 was synthesized in nearly quantita-
tive yield from the reaction of aluminum nitrate with 8-hy-

Preparation of Two Luminescent Complexes: W
AlIII(8-hydroxyquinolinolato)3
and EuIII(thenoyltrifluoroacetonato)3(1,10-phenanthroline)
Qinde Liu and Suning Wang*
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Scheme I. Synthetic procedures for the two luminescent compounds.
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droxyquinoline in the presence of a base in a solution of
methanol and water. The yellow powders of Alq3 precipitate
from the solution and can be separated by simple filtration.
The entire process typically takes about 1 h to complete.
Eu(tta)3(phen) was synthesized by the reaction of europium
chloride with thenoyltrifluoroacetone (ttaH) in the presence
of a base in methanol, followed by the addition of 1,10-
phenanthroline (phen). Eu(tta)3(phen) is a colorless solid with
a poor solubility in methanol and therefore precipitates from
the solution. The typical isolated yield of Eu(tta)3(phen) is
about 80%. The entire process for the synthesis of
Eu(tta)3(phen) takes no more than 1 h to complete.

The luminescence of Alq3 and Eu(tta)3(phen) was
checked visually by using a UV lamp. Alq3 emits a bright
green color while Eu(tta)3(phen) emits a red glow like a fire.
The brilliant glow by both compounds has never ceased to
impress the students. UV–vis and fluorescent spectra for both
compounds were recorded, which showed the color origin
due to both absorption and emission of visible light and the
difference between ligand-based transitions and lanthanide
metal ion-based transitions. The ligands’ role in enhancing
EuIII emission of the Eu(tta)3(phen) complex was demon-
strated by visually examining the emission intensity differ-
ence between EuCl3 and the Eu(tta)3(phen) using a UV lamp.
Alq3 displays two geometric isomers (6), mer and fac, which
can be demonstrated by NMR.

Hazards

Methanol is highly toxic and an irritant. Dichlo-
romethane is a suspected carcinogen. The experiments should
be performed in a fume hood. Concentrated NaOH is cor-
rosive and irritating to the skin and eyes. Care should be taken
to avoid contact during the preparation of the solution. Other
chemicals involved in this experiment are also toxic if swal-
lowed.

Conclusion

In summary, a simple synthetic procedure for two im-
portant electroluminescent materials has been demonstrated.

This experiment illustrates the importance of coordination
chemistry in luminescent materials and the distinct differ-
ence between luminescence of main group compounds and
that of lanthanide compounds.

WSupplemental Material

A handout for students and notes for the instructor are
available in this issue of JCE Online.
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Organometallic chemistry courses typically introduce
students to a wide variety of both monohapto and polyhapto
ligands. Many experiments illustrating the reactivity of
polyhapto organic ligands exist (e.g., 1–7 ), of which the
majority focus on embellishment of the stable ferrocene unit.
In contrast, experiments containing transformations of im-
portant monohapto organic ligands are comparatively scarce.
We present below an experiment involving interconversions
of several monohapto organic ligands that are often met in
an advanced undergraduate organometallic chemistry course.
The reactions to be carried out are summarized in Scheme I,
the synthetic aspects of which can be comfortably accom-
modated in about 8 h of laboratory time. The experiment
can be performed utilizing a vacuum-line double-manifold
system, but can also be carried out successfully using a simple
nitrogen manifold. The latter conditions are described below.

Ru Cl

Ph3P
PPh3

Ru C

Ph3P
PPh3

Ru C

Ph3P
PPh3

Ru C

Ph3P
O

OMe

CH2CO2Me

OMe

CHCO2MeC

C

OMe

H

OMe

HC CCO2Me

MeOH, ∆ , 2 h

NaOMe
MeOH
RT, 5 min

CHCl3, ∆, 45 min

+

Scheme I

Experimental Procedure

General Considerations
We recommend carrying out all reactions and manipu-

lations in an efficient fume hood if possible. All reactions
should be carried out in nitrogen-purged flasks with nitrogen-
saturated solvents. Chloroform (AR grade, used as received)
and methanol (freshly distilled from magnesium/iodine prior
to the laboratory session) are distributed to students when
needed. RuCl(PPh3)2(η5-C5H5) (8, 9) can be prepared in
large (13 g) quantities before the laboratory class, stored under
air for months if necessary, and distributed to students as
required. Methyl propiolate can be obtained by published

procedures (esterification of commercially available [Aldrich]
propiolic acid) (10). It is distilled as an (approximately) 1:2
mixture with methanol (the exact ratio can be rapidly ascer-
tained by 1H NMR) and can then be nitrogen-saturated and
distributed by laboratory staff as needed. The sodium meth-
oxide solution can be prepared by students, or prepared by
laboratory staff to more efficiently utilize the students’ labo-
ratory time. Its preparation is straightforward: sodium metal
(0.2 g) is cut under petrol (40–60 °C boiling range) and then
added to dry methanol (20 mL); the resultant solution of
sodium methoxide is deoxygenated thoroughly by bubbling
N2 through it vigorously for 10 min. Although ruthenium is
a comparatively inexpensive platinum group metal, its use
in an undergraduate class can become costly. Consequently,
it is recommended that all residues be collected and the
ruthenium recycled by laboratory staff following established
procedures (11).

Preparation of [Ru{C(OMe)CH2CO2Me}(PPh3)2(η5-
C5H5)]PF6 (12)

RuCl(PPh3)2(η5-C5H5) + HC≡CCO2Me + MeOH + NH4PF6 →
    [Ru{C(OMe)CH2CO2Me}(PPh3)2(η5-C5H5)]PF6 + NH4Cl

A three-necked 500-mL round-bottomed flask is
equipped with a nitrogen supply (T-piece to an oil bubbler)
above a water-cooled condenser and magnetic stirrer. Place
RuCl(PPh3)2(η5-C5H5) (500 mg, 0.69 mmol), NH4PF6 (337
mg, 2.07 mmol), and methanol (150 mL) into the round-
bottomed flask, using the methanol to wash the solids into
the flask. A screw-cap adapter (“thermometer jack”) containing
a Pasteur pipet connected to a N2 supply is inserted into one
of the other necks of the flask, and N2 is bubbled through
the solution for 10 min to thoroughly deoxygenate it. The
screw-cap adapter is then replaced with a stopper.

Methyl propiolate (ca. 280 mg, excess, as a mixture with
deoxygenated MeOH as above) is added against a positive
pressure of N2. The mixture is heated to reflux and maintained
at this temperature for 2 h, during which time there is a slight
but perceptible darkening in color. It is then allowed to
cool to room temperature, affording a dark orange solution.
The mixture is transferred to a suitable one-necked flask and
the solvent is removed using a rotary evaporator. At this stage
the residue can, if necessary owing to time constraints, be
stored under N2. It is dissolved in a small amount of
dichloromethane and the solution is filtered (to remove
NH4Cl); the solvent is then removed on the rotary evapora-
tor. The residue is triturated with diethyl ether (to remove
unreacted methyl propiolate) to afford the carbene complex

[Ru{C(OMe)CH2CO2Me}(PPh3)2(η5-C5H5)]PF6

as a mustard-yellow powder (yields typically 70%).

Ruthenium Complexes with h1-Organic Ligands
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Preparation of Ru{C(OMe)=CHCO2Me}(PPh3)2(η5-
C5H5) ( 13)

  [Ru{C(OMe)CH2CO2Me}(PPh3)2(η5-C5H5)]PF6 + MeO{ →
    Ru{C(OMe)=CHCO2Me}(PPh3)2(η5-C5H5) + MeOH

A two-necked 100-mL round-bottomed flask is equipped
with a nitrogen supply (as above, but without the condenser)
and magnetic stirrer. Methanol (30 mL) is added to this flask
and is deoxygenated by purging with N2 for 10 min. The
carbene complex [Ru{C(OMe)CH2CO2Me}(PPh3)2(η5-
C5H5)]PF6 (300 mg, 0.315 mmol), prepared as above, is
added to the round-bottomed flask against a positive flow of
N2. This is quickly followed by the deoxygenated sodium
methoxide solution (see “General Considerations”). The carbene
complex dissolves and a fine yellow precipitate develops over
a few minutes; after stirring for 5 min, this precipitate is col-
lected by filtration to give a bright-yellow microcrystalline
solid of the σ-vinyl complex

Ru{C(OMe)=CHCO2Me}(PPh3)2(η5-C5H5)

A typical yield is 60%.

           |––––––––––––––––––––––––––|

Preparation of Ru{C(OMe)=CHC(O)OMe}(PPh3)(η5-
C5H5) (13)

    Ru{C(OMe)=CHCO2Me}(PPh3)2(η5-C5H5)] →
    |–––––––––––––––––––––––––|

         Ru{C(OMe)=CHC(O)OMe}(PPh3)(η5-C5H5) + PPh3

Ru{C(OMe)=CHCO2Me}(PPh3)2(η5-C5H5) (the σ-vinyl
complex) (100 mg, 0.124 mmol), prepared as above, is dissolved
in chloroform (20 mL) in a two-necked 50-mL round-bottomed
flask equipped with a nitrogen supply and a water-cooled
condenser, as above. The resultant solution is thoroughly
deoxygenated. It is then heated to reflux and maintained at
this temperature for 45 min, during which time the color of
the solution deepens to yellow-orange. The flask is then
cooled, the solution is transferred to a one-necked round-

bottomed flask, and the solvent is removed on a rotary evapo-
rator. At this stage the sample can, if necessary owing to time
constraints, be stored under N2. The residue is triturated with
the minimum quantity of diethyl ether (ca. 2–3 mL) for 10
min (to remove PPh3), to afford a yellow-orange powder of
the cyclic vinyl complex

        |–––––––––––––––––––––––––|

             Ru{C(OMe)=CHC(O)OMe}(PPh3)(η5-C5H5)

(NOTE: It may be necessary to triturate for longer periods.)
The product is washed with the minimum amount of cold
petrol (60–80 °C boiling range). Care needs to be taken with
this washing step because the product is slightly soluble in
petrol. Yields are typically 60%.

Results

The products can be identified from their 1H NMR
(CDCl3 or d6-acetone) and IR spectra (dichloromethane
solvent or KBr disc) (which the students are asked to obtain)
and their 13C NMR and mass spectra (which are supplied).
Some important data are listed in Table 1.

Students will observe the importance of IR and NMR
spectroscopy in the characterization of organometallic com-
pounds and obtain evidence for

Unusual chemical shifts of carbons formally multiply bonded
to metals. The carbene carbon resonates at 298 ppm, and
the metal-bound carbons of related vinylidene complexes
(see Scheme II) resonate around 360 ppm, both of which
are substantially downfield of the normal organic region.
Utility of the isotope distribution in the mass spectra in con-
firming product identity for many metal complexes. If the
students have not been exposed to the variety of ioniza-
tion techniques currently available, a short discussion
contrasting the more common soft ionization techniques
such as fast atom bombardment (FAB) with the classical
electron impact (EI) ionization may be useful.
Reduction of ester carbonyl stretching frequency on O-coor-
dination, on proceeding from the σ-vinyl complex to the
chelating cyclic vinyl complex.

hPP(XuR[ehtrofataDcipocsortcepStnatropmI.1elbaT 3)m(ηηηηη C- 5H5 ]) n+ sexelpmoC

X m n RI D mc/ata {1 a ataDRMN M ssa S -sortcep
ataDypoc cδ(1 )H mpp/ b δ( 31 )C mpp/ b

HC)eMO(C 2 OC 2 eM 2 1 ν 5371)OC(
ν 748)FP(

C5H5 48.4
CH2 35.4

COCuR H3 47.3
CO)O(C H3 14.3

CH2 1.35
OCH3 1.26,0.26
C5H5 1.29
C 2.561O=
uR C 3.892 d

M(708 +)

OCHC=)eMO(C 2 eM 2 0 ν 2961)OC( remosirojaM
C= H 83.5

C5H5 43.4
COCuR H3 76.3
CO)O(C H3 54.2

remosironiM
C= H 67.5

C5H5 32.4
COCuR H3 25.3
CO)O(C H3 80.3

remosirojaM
OCH3 3.85,0.55
C5H5 9.58
=C 2.201H
C 0.171O=

remosironiM
OCH3 7.26,7.94
C5H5 4.78
=C 4.301H
C 9.181O=

]H+M[(708 +)

eMO)O(CHC=)eMO(C 1 0 ν 0551)OC( C= H 50.5
C5H5 73.4

COCuR H3 95.3
CO)O(C H3 82.3

C5H5 2.29

a In CH2Cl2 solution. b In CDCl3/SiMe4 solution.c Fast atom bombardment, 3-O2NC6H4CH2OH matrix.
d JC- P 16 Hz.
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Z and E isomers of the vinyl complex, characterized by pairs
of resonances in the 1H NMR spectrum. NOTE: Some
reaction of the σ-vinyl complex to form the cyclic vinyl
complex occurs on acquiring the 13C NMR spectrum at
ambient temperature.

Discussion

Several important aspects of organometallic and inor-
ganic chemistry are illustrated in this experiment, around
which suitable exercises may be constructed:

The EAN rule. All complexes prepared here possess 18
valence electron configurations.
“Tailoring” coordination mode and reactivity by choice of
ligands. The steric bulk of the cyclopentadienyl and phos-
phine co-ligands favors η1-vinylidene rather than η2-
alkyne coordination and ensures that nucleophilic and
electrophilic reactivity are ligand centered rather than at
the metal.
The stabilization of reactive organic species (examples:
vinylidene, carbene) utilizing transition metal centers.
These ligands have minimal independent existence (e.g.,
the lifetime of free vinylidene is 10{10 s).
The significance of a transition metal in “directing” reac-
tivity to a specific carbon of the organic ligand. For the
present series of complexes, the neutral complexes add
electrophiles at the carbon β to the metal, the cationic
complexes add nucleophiles at the carbon α to the metal,
and the cationic complexes react with bases by proton
abstraction from the β carbon.

The last point can be understood by “pushing electrons”
to (cation) and from (neutral complex) the 18-electron metal,
as can the metal-promoted facile alkene isomerization (which
occurs on converting the 3:1 isomer ratio of the vinyl complex
to the all-Z geometry of the cyclic complex).

The carbene and σ-vinyl complexes prepared as above
belong to a set of important interconvertible η1-organic
ligands (see Scheme II). Reaction of a terminal acetylene with
RuCl(PPh3)2(η5-C5H5) proceeds by loss of chloride and
coordination of a vinylidene ligand (formed by a 1,2-hydrogen
shift at the acetylene). In the present case, the vinylidene
complex reacts quickly with methanol, by way of a formal
addition across the C=C bond. Note that the vinylidene
complex also reacts with O2, by means of a cycloaddition
across the C=C bond to afford [Ru(CO)(PPh3)2(η5-C5H5)]+,
easily identifiable from its IR (ν(CO) 1980 cm{1) and 1H NMR
spectra (δ(C5H5) 4.99 ppm). This provides a useful check
on how carefully students have conducted the work under an
inert atmosphere. For other terminal acetylenes (e.g., phenyl-
acetylene), it is possible to isolate the intermediate vinylidene
complex, which may be deprotonated to the corresponding
acetylide complex (9). Deprotonation of the carbene complex

affords a mixture of Z and E isomers in the present case, but
can be directed to one stereochemistry by varying the nature
of the co-ligands or acetylene precursor (13).

[M] C C R [M]+ C C

R

H

[M]

C CHR

MeO

+ H+

- H+

+ H+

- H+
[M]+

C CH2R

MeO

η1-acetylide η1-vinylidene

η1-vinyl η1-carbene

MeOH

Scheme II
Interconversion of some η1-organic ligands

The syntheses and some reactivity (phosphine substitution,
hydride formation, reactions with xanthates or tin(II) chloride)
of RuCl(PPh3)2(η5-C5H5) have been reported in this Journal
(8). It is clearly possible to link these complementary experi-
ments. Alternatively, extension of the chemistry described above
to the less reactive phenylacetylene, so as to permit isolation
and interconversion of representative η1-vinylidene and η1-
acetylide complexes, would also be useful (9).
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Carbon–Carbon Bond Formation Catalyzed
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Carbon–carbon bond-forming reactions are key steps in
many syntheses of organic chemicals and natural products,
as well as in a variety of industrial applications. Thus, these
reactions are important tools for synthetic chemists. Some
frequently used cross-coupling reactions of this type are
mediated by palladium catalysts, for example the Heck
vinylation of aryl halides (eq 1) and the Grignard cross-
coupling reaction (eq 2) (1–3).

  
+

Br Pd-Catalyst

CH3COONa

DMA, 130 °C, 6h

+    HBr
(1)

  
MgBr

+
Br Pd-Catalyst

THF, reflux, 2h

+    MgBr2 (2)

Nevertheless, catalytic reactions mediated by palladium
complexes are seldom scheduled for students during labora-
tory courses, although one article about the Heck vinylation
(4) and another one about the Sonogashira coupling (5) have
appeared in this Journal. We offer advanced fourth-year
undergraduate students who are particularly interested in
organometallic chemistry a practical introduction to catalysis.
The four-day experimental series described here has proved
to be a simple means of explaining the concepts of organo-
metallic chemistry and gives insight into catalysis for organic
synthesis. This laboratory has the students synthesize a phos-
phine ligand and the corresponding phospha-palladacycle and
then use this complex as a precatalyst for the Heck vinylation
(eq 1) and the Grignard cross-coupling reaction (eq 2). It
introduces students to the methodology of a research program
typical for a research degree in catalysis chemistry: they are
supposed to prepare a ligand and with it an organometallic
complex, and then test this complex as a catalyst for syntheti-
cally important reactions.

Experimental Procedures
CAUTION: The organic reagents, solvents and products

in these procedures are flammable. Flame-drying of glassware
must be performed in the absence of the reagents and solvents.
Use gloves with brominated compounds because they might
cause skin irritations.

NOTE: For the reactions involving tri-o-tolylphosphine,
degassing of solvents and reactants is necessary owing to the
ease of oxidation of arylphosphines in solution. Solvents and
solutions are degassed by bubbling nitrogen for 15 minutes
through volumes of 250 mL. Diethyl ether has to be cooled
during this procedure! Glassware and pipets also have to be
flushed with nitrogen before use.

THF is dried by refluxing under inert gas atmosphere
over sodium wire/benzophenone until the appearance of a
blue color and by subsequent distilling. An alternative pro-
cedure has been published (6 ).

All other solvents can be technical grade and used as
purchased.

Melting points were determined on a Büchi 530 appa-
ratus and are not corrected. NMR spectra were recorded on
a Bruker DPX 400 instrument. IR spectra were measured on
a Perkin Elmer 1600 FTIR spectrometer. IR and 1H- and
13C{1H}-NMR data for all products are available from the
corresponding author upon request and on JCE Online.W

Preparation of the Cyclometallated
Palladium(II)-Phosphine Complex
Synthesis of tris-o-Tolylphosphine,1 eq 3 (7)

   3
Br

+   3 Mg
THF

3
MgBr THF

+ PCl3

reflux, 1h reflux, 3h

P

3

+ 3 MgBrCl

(3)

All reagents and glassware used in this reaction must be dry.
For safety, students should have an ice bath ready for cooling
in case it is necessary to quench the reaction.

A 100-mL three-neck round-bottom flask fitted with a
reflux condenser and a separatory funnel is connected to a
nitrogen inlet and flame-dried under a constant flow of
nitrogen. Mg turnings (0.34 g, 14 mmol) are weighed in, and
a magnetic stirring bar and 20 mL of dry THF are added.
The funnel is charged with o-bromotoluene (2.05 g,
12 mmol) in 15 mL of dry THF, and approximately 2 mL
of this solution is added to the reaction flask with vigorous
stirring. Initial signs of exothermic formation of the Grignard
compound are warming of the solution and appearance of a
brown color. After the reaction has commenced, the remaining
solution in the funnel is added dropwise to produce a continu-
ous reflux of THF. After complete addition the reaction mix-
ture is refluxed and stirred for an additional 30 minutes (8, 9).

After the reaction mixture cools to room temperature,
the separatory funnel is charged with PCl3 (0.41 g, 3 mmol)
in 15 mL of dry THF. This solution is added dropwise over
a period of 30 minutes and the reaction mixture is refluxed
for an additional 3 hours. The solution is allowed to cool to
room temperature before 10 mL of saturated aqueous, degassed
NH4Cl solution and 20 mL of degassed water are added
slowly in sequence. The aqueous layer is extracted three times
with 15 mL of degassed diethyl ether and the combined
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organic phases are dried over anhydrous MgSO4. After fil-
tration and evaporation of the solvents, the crude phosphine
is recrystallized from degassed ethanol to afford a white solid.
Average yield obtained by students: 0.48 g (53%).

Analytical data: mp = 127 °C; 31P{1H} NMR (CDCl3)
δ = �28.9 ppm.

Synthesis of trans-Di(µ-acetato)-bis[o-(di-o-
tolylphosphino)benzyl]dipalladium(II) 1, eq 4 (10)

P

3

+  2 Pd(CH3COO)22
toluene

50 ºC rt, 1h

P
Pd

o-tol

O

O
o-tol

O

H3C

O

CH3

Pd
P

o-tolo-tol

+  2 CH3COOH (4)

A 50-mL one neck round-bottom nitrogen flask is con-
nected to a nitrogen reservoir and charged with palladium
acetate (0.22 g, 1.0 mmol) in 20 mL of degassed toluene. Tris-
o-tolylphosphine (0.40 g, 1.3 mmol) is added and the orange
mixture is heated to 50 °C for about 3 minutes until the color
changes to yellow. The mixture is rapidly cooled to room tem-
perature with the aid of an ice bath and stirred for an addi-
tional 45 minutes at room temperature. After evaporation of
approximately 15 mL of the solvent, 20 mL of hexane is
added to precipitate complex 1. Filtration and drying in vacuo
affords yellow microcrystals, which are recrystallized from
toluene/hexane (1:1). Average yield obtained by students:
0.33 g (71%).

Analytical data for 1: mp = 229–231 °C decomp.;
31P{1H} NMR (CDCl3) δ = 33.3 ppm.

Catalysis2

Synthesis of (E)-Stilbene via Heck Vinylation, eq 1 (10)
A 100-mL three-neck round-bottom flask is equipped

with a magnetic stirring bar, a reflux condenser, and a septum
inlet and connected to a nitrogen inlet. Bromobenzene
(1.57 g, 10.0 mmol), styrene (1.56 g, 15.0 mmol), anhydrous
Na(CH3COO) (1.00 g, 12.2 mmol), and palladium catalyst
1 (0.10 g, 0.1 mmol [0.2 mmol Pd]) are weighed in and
25 mL of degassed DMA (N,N-dimethylacetamide) is added.
The reaction mixture is stirred vigorously and heated to 130 °C
for 6 hours. The solution is allowed to cool to room tem-
perature before 20 mL of 5% HCl solution is added. The
aqueous layer is extracted three times with 15 mL of diethyl
ether and the combined organic phases are dried over anhy-
drous MgSO4. After filtration and evaporation of the solvents,
the crude (E )-stilbene is recrystallized from iso-propanol.
Average yield obtained by students: 1.41 g (79%).

Analytical data: mp = 123 °C.

Synthesis of Biphenyl via Grignard Cross-Coupling
Reaction, eq 2

A 100-mL three-neck round-bottom flask equipped with
a reflux condenser, a separatory funnel, and a magnetic stirring
bar is connected to a nitrogen inlet and flame-dried under a
constant flow of nitrogen. The flask is charged with bromo-

benzene (1.57 g, 10.0 mmol) and palladium catalyst 1
(0.10 g, 0.1 mmol [0.2 mmol Pd]) in 20 mL of dry THF. The
funnel is charged with ~30 mL of a filtered (under inert gas
atmosphere) ~0.4 M phenyl Grignard solution in THF, which
was produced by the reaction of bromobenzene (2.00 g,
12.7 mmol) with Mg turnings (0.62 g, 25.5 mmol) as in the
preparation of o-tolyl Grignard (see above) or literature (8).

The reaction mixture is stirred vigorously and heated to
reflux. Then the solution of phenyl Grignard is added dropwise
over 30 minutes and reflux is continued for an additional
2 hours. After cooling the mixture to room temperature,
10 mL of saturated NH4Cl solution and 10 mL of water are
added in sequence. The aqueous layer is extracted three times
with 15 mL of diethyl ether and the combined organic phases
are dried over anhydrous MgSO4. After filtration and evapo-
ration of the solvents, the crude biphenyl is recrystallized from
methanol. Average yield obtained by students: 1.34 g (92%).

Analytical data: mp = 70 °C.

Extension
For both catalysis experiments the students are encouraged

to determine the TON (turnover number) of the catalyst,
which is defined as moles of product per moles of catalyst.

Discussion

Phosphines are important ligands in the organometallic
chemistry of transition metals. Thus, it is crucial for chem-
ists to know the preparative procedures for these ligands. A
palladium complex with phosphine ligands is presented by
the square planar phospha-palladacycle 1. Other examples of
phosphine palladium complexes for educational use have been
published (11).

The catalysis experiments are closely related to the concepts
emphasized in the lecture series about organometallic com-
pounds in organic catalysis in our fourth-year course. The
catalytic cycles are presented in Figures 1 and 2 in a simpli-
fied and general way. They stress important organometallic
reaction types: catalysis is initiated by ligand dissociation after
the reduction of the Pd(II) precatalyst to a Pd(0) species.
Generally, an excess of the phosphine ligand or the olefin itself
serves as the reducing agent (12); in the case of catalyst 1 the
mechanism is not clear to date but we assume a thermally
induced reduction pathway takes place. The coordinatively
unsaturated palladium center thus formed adds the aryl halide
oxidatively. In the Heck vinylation (Fig. 1) catalysis continues
with olefin insertion into the metal-aryl bond to form a sec-
ondary metal alkyl moiety. After rotation of the former olefin
bond a cis-β-hydride elimination leads to the desired trans-
olefin product. The catalytically active Pd(0) species is then
reformed by reductive HX elimination due to base treatment.

The Grignard cross-coupling reaction (Fig. 2) proceeds
in a slightly different way after the oxidative addition of the
aryl halide. The organic residue of the Grignard reagent is
transferred to the palladium center via transmetallation. The
catalytically active Pd(0) species is then reformed by reductive
elimination of the desired coupling product.

The catalysis experiments can be expanded by (i) con-
ducting control reactions using all reagents except for the
palladium precatalyst; (ii) determining the TOF (turnover
frequency) by working up aliquots after 5 and 25 minutes of
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the reaction—the TOF is defined as moles of product per
moles of catalyst per hour (13); (iii) comparing the catalyst
activity towards bromobenzene and iodobenzene; or (iv)
comparing the effects of electron-donating and -withdrawing
groups on the aryl halide (e.g., 4-bromoanisole vs 4-nitro-
bromobenzene). Theoretical points of this course can be
stressed by having the students (i) identify the products of
the catalysis experiments by interpretation of the NMR spec-
tra, (ii) interpret the NMR spectra of the ligand and the com-
plex 1, including the explanation of 31P–13C coupling, which
can be observed, and (iii) analyze the catalytic cycles by
counting electrons on the metal centers of the intermediates
for each step of the catalytic cycles and assigning their formal
oxidation states.

Summary
These experiments introduce students to the preparation

of air-sensitive (Grignard reagents) and oxygen-sensitive
(phosphine ligand) compounds, concepts of organometallic
chemistry (ligand exchange, cyclometallation, oxidative ad-
dition, transmetallation, olefin insertion, reductive elimina-
tion and β-hydride-elimination), and practical catalysis by
carrying out two important carbon–carbon bond-forming
reactions. The advantages of this procedure in comparison
to the one described in the literature (4 ) are (i) the use of
bromobenzene, which is much less expensive than iodo-
benzene ($45/L compared to $130/L) and (ii) the enhanced
stability of the catalyst used (i.e., catalyst degradation to
palladium black is less likely).

WSupplemental Material
Supplemental material for this article is available in this

issue of JCE Online.

Notes
1. The full procedure for the preparation of tris-o-tolyl-

phosphine ligand needs 5-6 hours, depending strongly on the skill
and experience of the students. If it is necessary to cut down time
it would be appropriate to set up the reaction apparatus the day
before and shorten the reflux time to 2 hours (which reduces the
yield to about 40%).

2. These experiments also need more than 4 hours but they can
be stopped at any time, again, reducing the yield.
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Figure 1. Simplified general catalytic scheme for the Heck vinylation
(ArX = aryl halide, B = base, L = ligand, R = alkyl or aryl).
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cross-coupling reaction (ArX = aryl halide, L = ligand, R = methyl,
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Práctica 14: 

Catálisis Homogénea: 

Polimerización de Olefinas Catalizada 
por un  Carbeno de Tungsteno 



An Undergraduate Experiment in Homogeneous Catalysis 
Synthesis of Phenylethoxycarbene Tungsten Pentacarbonyl and Polymerization of 
Norbornene and Phenylacetylene 

Dider Villemin 
Unite Associee 403 C.N.R.S., Ecole Nationale Superieure de Chimie de Paris. 11 rue P. et M.%urie, 
75231 Paris Cedex 05-France 

One of the most interesting developments in transition 
organometallic chemistly and catalysis during the last de- 
cade has been the recognition that metal-carbene complexes 
( I )  play an important role in a large variety of different 
major catalytic processes such as olefin metathesis, cyclo- 
olefin ring opening polymerization, the Fischer-Tropsch 
process, alkyne polymerization to polyenes, alkane metal 
reactions, and alkane oxidations. Metal carbenes are highly 
reactive species. However, with a good choice of metal and 
ligands, and with heteroatoms bound to the carbene, they 
become less reactive. The first metal-earbene complex was 
isolated by E. 0. Fischer and A. Maashol(2) in 1964 with the 
preparation of phenylmethoxycarbene chromium pentacar- 
bonvl. Manv other carhenes of chronium, molybdenum, 
munganese,and rungsten wrre thereafter prepared using the 
same methodology 111. The novelty and the relatively com- 
mon occurrence of these species crrtainly justify a mention 
in an undergraduate course. However, the designing I I ~  lib 
oratory experiments to illustrate the chemistry of metal car- 
benes represents a challenging problem. We have chosen the 
nhenvlethoxvcarbene tunesten ~entacarbonvl. a Fischer- . - - 
type carhene. Tungsten ht:xucarhonyl was preferred to other 
metals for its price, toxicity, srahility, and catalytic activity. 

Synthesis of the Phenylethoxycarbene Tungsten 
Pentacarbonyl 

Tungsten hexacarbonyl is transformed into acylate with 
phenyllithium ( I ) ,  and the acylate is then alkylated with 
triethyloxonium fluoroborate (2). This type of synthesis, 
discovered by Fischer f2), can he extended to other carhonyl 

0 .&-magnetic 
stlrrer 

Figure 1. Preparation of phenylethoxycarbene tungsten psntacarbanyl. 

metal complexes (e.g., Cr, Mo, Mn) and other organolithium 
compounds. From an organic point of view the synthesis can 
be considered as a nucleophilic addition of the phenylcar- 
hahion to the complexed carhonyl carbon. The resulting 
acylate is very close to a pseudoenolate. I t  can he alkylated 
wit. a hard electrophile (oxonium fluoroborate or diazo- 
methane) at  the hard nucleophile site (oxygen) (3). 

enolate: 

hard soft 

pseudoenolate 

hard soft 

'I't~ngsten hexncarbonyl'.- phenyllithitun.' and triethy- 
luxmitun f luur~hora te :~~ar r  commercinllv avuilnhle. hut the 
latter two are expensive. Phenyllithium ib prepared'in ether 
from bromobenzene and lithium under argon (3). Phenyl- 
lithium (1 mL of solution) is titrated with a 0.1 N solution of 
benzhydrol(18.424 g/L) in toluene with 2,2'-biquinoleineaor 
1,3-diphenylacetone p tosylhydrazonebs indicator (4). 
Triethyloxonium fluoroborate is prepared from epichlorhy- 

' Caution: All these compounds are toxic and must be manipulated 
under a hood. Alkylating agents in general are extremely toxic. Et30 + 
BF,- is poorly volatile and less dangerous than classical alkylating 
agents. Gloves should be worn when handling Et30+BF,-. The latter is 
also extremely hygroscopic. 

Available from Merck. Fluka. 
Available from Aldrich. 
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scher carhene like nhenvlethoxvcarbene tunesten ~ e n t a c a r -  ~ ~ . . 
bony1 could be used as  catalyst (14). Aluminum trichloride 
rreatlv enhances the electro~hi l ic i tv  of t h e  carhene and its - .  
activity, h u t  i t  is not  necessary. 

Polymerization of Norbornene 

Experimental 

With Aluminum Trichloride Activator 
Under a hood, narbornene (1.88 g, 20 mmol), the carbene (21 mg, 

0.1 mmol), and a magnetic bar were placed in a round-bottom flask 
(50 mL) closed by a septum. Nitrogen is introduced by one needle 
connected with a Tygon-tube from a nitrogen bottle, and a second 
needle is connected to a bubbler filled with paraffin oil (Fig. 2) (gas 
flow 1-2 bubbles per second). 

A slow flow or nitrogen was passed in dichloromethane for 5 min 
before use. 

After 10 min of nitrogen purging, dichloromethane (40 mL) is 
introduced with a syringe into the septum. After complete dissolu- 
tion, pulverized aluminium triehloride (20 mg, 1.5 mmol) is quickly 
introduced. After 2 min the mixture is stirred under nitrogen in a 
water bath (30 'C). The viscosity increases rapidly, and after 5 min 
the mixture is jelled. 

After 30 min, the gel is drawn out with a spatula and extracted 
with THF in a soxhlet giving a yellowish elastic gel. The gel is dried 
under vaeeum (10Fmin-24 h) to give a dry elastomer (1.70 g, yield 
90%) suitable for ohvsical analvsis or swelling demonstration. The 
rourk-hottom flaik :is cleaned with a sulfoeh6mic mixture ~ ~ 

I R  r f i l m ,  ,,. I ll5cm-I and685cm-I Goiefin); 12'J>cm-' and975 
cm-! . - ~ l t . t i n )  111 NhlR (('DC'I:,, 'I'MS) 6 5 4 ppm multrplet. Frvm 
the IH udl.a mirture d Z  and E ole fin^. the pt,lym~r is nractic. 

With Thermal Activation 
Narbornene (4.42 g, 50 mmoi) dissolved in toluene (25 mL) is 

passed through a short column of basic alumina (dia = 15 mm, h = 
60 mm). The carbene (63 mg,0.15mmol) is placed under nitrogen in 
a round-bottom flask (50 mL) closed by a septum, and the norhor- 
nene solution is added (Fig. 3). The stirred solution is heated with a 
water bath under a very slow current of nitrogen for 4 days a t  50 'C. 
The gel is treated as above and gives the same spectroscopic results. 

Alkyne Polymerization to Polyenes 

T h e  second example is  t h e  phenylacetylene polymeriza- 
tion. T h e  polyacetylenes doped with electron donors o r  ac- 
ceptors exhibit a high electrical conductivity, a n d  a re  there- 
fore a n  important a n d  active research area (15). T h e  poly- 
merization of acetyelenes into polyenes was first discovered 
by G. Nat ta  in 1958, and,  like t h e  ring-opening polymeriza- 
tion, t h e  mechanism in t h e  propagation s tep involves a met- 
al-carhene complex intermediate (14) .  

Acetylene Polymerization to Polyenes 

2n R-C=C-H - (-(R)C=CH-(R)C=CH -1, 

propagation s tep  of acetylene polymerization: 

stirrer 5 

~i~~~~ 2. polymerization of norbarnene (with A I C I ~  activator). (1) Carbene inmduction. (2) nitrogen purging, (3) solvent preparation. (4) solvent inhoduction, (5) 
addition of AICI3. (6) polymerization. 
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Figure 3.  Polymerization w i th  thermal  a . (1) Carbene intraduction. (2) 
nitrogen purging. (3) solvent  inlroduclion.'~~popolymeri~ation. 

4 

We chose phenylacetylene becauseit is the  most easily avail- 
able liquid acetylene. However other acetylenes, which like 
t-butylacetylene can easily he prepared by any  s tudent  in  
organic chemistry from acetone by pinacolization, pinacol- 
pinacolone rearrangement, halogenation, a n d  dehalogena- 
tion (17) ,  could be used in  the  place of the  phenylacetylene 
(19). 

Polymerization of Phenylacetylene 

Phenylacetylene (3 mL, 2.79 g, 27.3 mmol) in heptane (20 mL) is 
passed through a short column of basic alumina (dia = 15 min, 60 
mm). The carbene (43 mg, 0.1 mmal) is placed under nitrogen in a 
round-bottom flask (50 mL) with a reflux condenser closed by a 
septum. The heptane solution is injected into the septum (three- 
needles technique) (Fig. 3). The mixture is stirred and refluxed 
under a slow current of nitrogen for 18 h. T h i  colloidal polymer is 
precipitated with methanol (15 mL) of the suspension centrifuged 
(3000 rpm, 10 min). The solid is suspended in deoxygenated ace- 
tone, centrifuged (3000 rpm, 10 min), and then dried in vacuum 
(10F mm, 10 h). The hlaek polymer (1.53 g, yield 55%) like other 
polyacetylenes is air sensitive and turns to a red-orange oxidized 
polymer in the presence of oxygen. 

Physical Data 
( 7 )  = 0.06 dllg (toluene) (19) Mw = 24.5 X 1W3 andMn = 10.4 X 

10-Vrom GPC in THF (weights are those of polystyrene refer- 
ences). The t-butylacetylene is polymerized under the same condi- 
tions, and physicoehemical and spectral data are described (18). 
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In the Laboratory

Synthesis of η2-Dihydrogen Complex,
trans-{Fe(η2-H2)(H)[1,2-bis(diphenylphosphino)ethane]2}[BF4]

An Experiment for an Advanced Inorganic Chemistry Laboratory Involving
Synthesis and NMR Properties of an η2-H2 Complex

Maria T. Bautista, Lynikka D. Bynum, 1 and Cynthia K. Schauer*
Department of Chemistry, University of North Carolina at Chapel Hill, Chapel Hill, NC 27599-3290

Activation of the dihydrogen molecule is an impor-
tant step in many catalytic processes (1). Reductive, ho-
molytic cleavage is achieved by an unsaturated metal cen-
ter to produce a metal–dihydride complex (eq 1):

    

(1)

In 1984, Gregory Kubas and co-workers reported the first
example of a complex recognized to contain a coordinated
H2 molecule, W(η2-H2)(CO)3[P(i-Pr)3]2 (2):

                           

Such molecular hydrogen complexes represent an “ar-
rested” form of the oxidative addition of dihydrogen. The
original report spawned a flurry of activity, and numer-
ous other complexes have been shown to possess
dihydrogen ligands (3).

           

In an effort to expose undergraduates to the excite-
ment of modern advances in organometallic chem-
istry, we have developed a laboratory experiment in-
volving synthesis of the molecular hydrogen com-
plex trans-[Fe(η2-H2)(H)(dppe)2][BF4], where dppe is 1,2-
bis(diphenylphosphino)ethane (1):

                                  

This complex is prepared from inexpensive starting ma-
terials. Its synthesis, together with its unique NMR prop-
erties, will expose a student to the manipulation of air-
sensitive compounds as well as the interpretation of het-
eronuclear and variable-temperature NMR data.

Experimental Procedure

General Considerations
All manipulations must be carried out in a well-ven-

tilated hood. Hexanes, tetrahydrofuran, toluene, diethyl
ether, and acetone-d6 were deoxygenated by purging with
argon and were dried over 4-Å sieves before use. Sodium
borohydride (Alfa), tetrafluoroboric acid etherate
(HBF4?O(C2H5)2, Aldrich), absolute ethanol, and 1,2-
bis(diphenylphosphino)ethane (dppe, Aldrich) were used
as received. Deuterium oxide was deoxygenated by purg-
ing with argon before use. Anhydrous iron(II) chloride was
prepared from iron(II)chloride tetrahydrate (Aldrich) by
heating thoroughly ground green FeCl2?4H2O at 110 °C
for 3–4 h at 0.1 torr over Drierite (4). The resulting tan
FeCl2 was stored in a desiccator. The 1H and 31P NMR spec-
tra were obtained on a Bruker AMX-300 spectrometer op-
erating at 300.133 MHz for 1H and 121.496 MHz for 31P.
All 1H chemical shifts were referenced to residual pro-
tons in the deuterated solvent and 31P chemical shifts were
referenced externally to H3PO4.

Preparation of cis-Fe(H)2(dppe)2?2C7H8

The preparation of cis-Fe(H)2(dppe)2 was derived from
the method of Peet et al. (4). A three-neck flask fitted with
a reflux condenser was placed under an argon atmosphere.
Samples of anhydrous FeCl2 (0.50 g, 3.9 mmol) and dppe
(4.0 g, 10 mmol) were dissolved in 50 mL of tetrahydrofu-
ran and stirred for 10 min, forming a tan suspension. So-
dium borohydride (0.80 g, 21 mmol) was added, causing
an instantaneous color change to purple-red due to for-
mation of Fe(H)(Cl)(dppe)2. The mixture was briefly heated
to reflux. Then an additional aliquot of sodium borohy-
dride (0.40 g, 11 mmol) was added to the reaction mix-
ture, followed by slow addition of absolute ethanol (5 mL).
The mixture was heated at reflux until the purple solu-
tion turned yellow and gas evolution ceased (ca. 15 min).
This reaction works reliably when the NaBH4 sample is
from a newly opened container. If the color change from
purple to yellow does not take place after 15 min, addi-
tional EtOH can be added to the mixture. The solution
was quickly filtered in air through Whatman 1 filter pa-
per. The solvent was removed from the filtrate using a
rotary evaporator and the solid was recrystallized from a
minimum amount of toluene under argon to form yellow
cubes of Fe(H)2(dppe)2?2C7H8 (1.80 g, 44% yield). During
crystallization, the solution was placed under a hydrogen

*Corresponding author.
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atmosphere to suppress decomposition by orthometallation
of a phenyl group of the dppe ligand (eq 2) (5).

       (2)

The literature yield (56%) is slightly higher, presumably
because the synthesis was performed under strictly
anaerobic conditions. The dihydride solid should be stored
under a hydrogen atmosphere in a container wrapped in
aluminum foil to exclude light. WARNING: Hydrogen is a
flammable gas and presents a potential explosion
hazard. It should only be used in a well-ventilated
hood with no open flames or other ignition sources.

Preparation of trans-[Fe(η2-H2)(H)(dppe)2][BF4] (1)

The preparation of trans-[Fe(η2-H2)(H)(dppe)2][BF4]
was derived from the method of Morris et al. (6). WARN-
ING: HBF4?O(C2H5)2 is extremely corrosive. Handle
under an inert atmosphere. A suspension of
Fe(H)2(dppe)2?2C7H8 (0.50 g, 0.48 mmol) in 25 mL of di-
ethyl ether was prepared under a hydrogen atmosphere
and  tetrafluroboric acid etherate [HBF4?O(C2H5)2, 85%,
200 µL, 1.2 mmol] was added dropwise by syringe. (Note:
contamination of Fe(H)2(dppe)2 with the orthometallated
complex is not a problem because protonation of the
orthometallated complex under a hydrogen atmosphere
yields the dihydrogen complex.) Immediate precipitation
of a pale yellow solid occurs upon addition of the acid.
The diethyl ether was decanted from the pale yellow solid
and the solid was washed three times with 20-mL por-
tions of ether, decanting the wash solution each time.
The solid was dried under a flow of argon (0.36 g, 80%
yield). The solid product should be stored under a hydro-
gen atmosphere.

Preparation of 1-d1 (6)

A suspension of Fe(H)2(dppe)2?2C7H8 (0.100 g, 0.096
mmol) in an Et2O (15 mL)/D2O (0.15 mL) mixture was
prepared under an argon atmosphere. The acid, DBF4, was
produced in situ by dropwise addition of tetrafluoroboric

acid etherate [HBF4?O(C2H5)2, 85%, 30 µL, 0.24 mmol] to
the above suspension. The monodeuterated complex 1-d1

immediately precipitated as a pale yellow solid. The solid
product was isolated as above for 1.

Results and Discussion

Bonding Considerations

The bonding between the dihydrogen ligand and a
transition metal center is a three-center, two-electron in-
teraction, as shown below (7):

        

The synergistic nature of the bonding is analogous to that
between a transition metal and a carbonyl ligand. Elec-
tron density flows from a dihydrogen bonding orbital to
an empty metal σ-type orbital concomitant with electron
donation from a filled metal dπ-orbital to the empty σ*
orbital of dihydrogen. Thus an elongated H–H bond re-
sults upon coordination of dihydrogen to a metal center
with an H–H stretching frequency that is considerably
reduced from the value of 4300 cm–1 characteristic of free
dihydrogen. In most cases, donation to the σ* orbital is
sufficient to result in cleavage of the H–H bond to pro-
duce a “classical” dihydride product. The H–H stretching
frequency is not readily observed for most H2 complexes.

Synthesis and NMR Properties of
trans-Fe(η2-H2)(H)(dppe)2][BF4] (1)

The complex [Fe(η2-H2)(H)(dppe)2][BF4] (1) is readily
prepared in high yield by protonation of the correspond-
ing dihydride complex (eq 3).

cis-Fe(H)2(dppe)2 + H+ → trans-[Fe(η2-H2)(H)(dppe)2]
+  (3)

The pale yellow product immediately precipitates from
solution upon addition of the acid. The protonation must
be carried out under a hydrogen or argon atmosphere
because N2 can displace the H2 ligand. 1H and 31P NMR
data for relevant iron hydride complexes are shown in
Table 1. Variable-temperature 1H NMR spectra in the
hydride region of 1 are displayed in Figure 1. For 1, a

aNujol mull.        bC6D6.        cRef 5.        dIttel, S. D.; Tolman, C. A.; Krusic, P. J.; English, A. D.; Jesson, J. P. Inorg. Chem. 1978, 17, 3432.
eHata, G.; Kondo, H.; Miyake, A. J. Am. Chem. Soc. 1968, 90, 2278.        fRef 6.        gAcetone-d6.        hTemperature = –20 °C.

sexelpmoCedirdyHnorIrofataDcipocsortcepS.1elbaT

xelpmoC (ataDRMN δ )mpp, ataDRI a (ν mc,)H–M( 1– )

13 {P 1 }H 1H

ic )H(eF-s 2 )eppd( 2 8.101,8.09 c,b )m(1.31– c,b 0581 c

C()eppd()H(eF 6H4 HChPP 2 HC 2 hPP 2) nrettapDCBA d,b

C(7.32 6H4 )m,P
hP(301–59 2 )m,P

)m(2.41– e,b 3981 e

snart (eF[- η2 H- 2 )eppd()H() 2 FB[] 4]
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fluxional process is apparent in the 1H NMR spectra in
which the hydrogen atoms of the hydride and dihydrogen
ligand exchange sites (eq 4).

(4)

The room temperature spectrum shows two broad singlets
at δ –7.9 and –12.6 ppm assigned to the hydride and di-
hydrogen ligands, respectively. Proton–phosphorus cou-
pling is not resolved for either resonance. At 50 °C, one
very broad resonance is observed at approximately δ –9.5
ppm. The fast-exchange regime, in which a single sharp
resonance is observed at the weighted average of the
chemical shifts for the three hydrogen ligands, has not
yet been reached. At lower temperatures (–20 °C and be-
low), spectra are in the slow-exchange regime. A binomial
quintet is observed for the hydride resonance, due to cou-
pling to the four equivalent phosphorus nuclei (2JPP = 47
Hz). The large line width for the dihydrogen ligand re-
sults from rapid dipolar relaxation, which gives rise to a
short T2 relaxation time constant. Unresolved phospho-
rus couplings are a second contribution to the linewidth.
The increase in the linewidth for the dihydrogen ligand
resonance at the lowest temperature (–40 °C) arises from
the expected temperature dependence of the T2 relaxation
time constant.

The measurement of the H–D coupling constant in
H–D complexes has emerged as a powerful tool for char-
acterizing dihydrogen complexes. This method of charac-
terization is based on the assumption that the JHD value
for a dihydride is very small (2–3 Hz) in comparison to
the JHD value for a dihydrogen complex. The JHD values
for dihydrogen complexes (as of 1992) range from 11 to 34
Hz, which are reduced from the JHD value observed in H–
D gas (43.2 Hz). A crude correlation is observed between
H–H distance and JHD value [3(a)]. For the case of 1, the
H–D complex can be readily prepared by protonation of
the dihydride complex suspended in a mixture of Et2O
and D2O (eq 5):

cis-Fe(H)2(dppe)2 + D+ →
[Fe(η2-HD)(H)(dppe)2]

+ + [Fe(η2-H2)(D)(dppe)2]
+    (5)

The 1H NMR spectrum of 1-d1 shows overlapping resonances
for the expected 1:1:1 triplet for [Fe(η2-HD)(H)(dppe)2][BF4]
(JHD ≈ 32 Hz) and [Fe(η2-H2)(D)(dppe)2][BF4] (see Fig. 2).2

The chemical shift of the (η2-HD)(H) complex is essen-
tially identical to 1, while the chemical shift for the
(η2-H2)(D) complex (δ –7.81) lies approximately 40 ppb
downfield. The downfield shift observed for the dihydro-
gen ligand in the deuteride complex is attributed to the
trans effect of the deuteride ligand (8).

A possible additional special project for a student is
the measurement of T1 relaxation time constants for the
dihydrogen ligand. Dihydrogen complexes typically have
very short T1 values because of the relaxation provided
by the H–H dipole–dipole interaction in the H2 ligand.
The relaxation rate is temperature-dependent, and a variable-
temperature experiment is performed to find the maximum
rate of relaxation characterized by T1 (min). The inverse de-
pendence of the T1 value on r6 allows extraction of an H–H
distance, assuming that H–H dipole–dipole interaction for
the dihydrogen ligand is the dominant relaxation mecha-
nism. The complex [Fe(η2-H2)(H)(dppe)2][BF4] conveniently
possesses both a dihydrogen ligand and a hydride ligand

Figure 1. Variable temperature 1H NMR spectra of trans-[Fe(η2-
H2)(H)(dppe)2][BF4] in the hydride region (acetone-d6).

Figure 2. The hydrogen ligand region of the 1H NMR spectrum of
1-d1 at –20 °C (acetone-d6).
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for comparison of T1 values.3 The literature describing the
controversy that emerged over the interpretation of T1

data presents an interesting illustration of how develop-
ments in science progress (9).

Acknowledgment

Alexander J. Marzec is acknowledged for acquiring
selected 1H and 31P spectra.

Notes

1. Project SEED student, supported by the American Chemi-
cal Society, from Hillside High School, Durham, NC.

2. For cases in which variable-temperature NMR capability is
not available, a full-size spectrum of 1-d1 is available from the au-
thors for distribution.

3. Extraction of a minimum T1 value for 1 is complicated by the
facile intramolecular exchange of the H ligands (6).
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Symposium on Catalysis and Organometallic Chemistry 

Alkane Activation with Mercury Vapor 
Steven H. Bmwn and Robert H. Crabtree' 
Yale University, New Haven, CT 06520 

Chemists have long been interested in the possibility of 
"activating" the small molecules of nature (such as CO, 
Con, CHa, CzH4, Hz, N2, etc.) with metals or metal com- 
pounds. The word activation implies that binding of these 
rather stable molecules to the metal tends to make them 
more reactive. The aim is to exploit this effect for useful 
conversions such as are shown in eqs 1-3 

Such reactions as these do not normally take place unless a 
metalis present to act as a catalyst. This happens by binding 
of the reagents (which are usually called "substrates" for the 
catalvst) to the metal to form an intermediate comnlex. The 
cherdic& transformation of the substrate happens within the 
coordination sohere of the intermediate comolex. and the 
products are released. The metal species is the; able to hind 
a second molecule of substrate to start a new catalytic cycle. 
In this way many thousands or even millions of catalytic 
"turnovers" can be brought about. In practice this means 
that a small amount of catalyst produces a large amount of 
product. Catalysts are commonly divided into two classes. 
Homogeneous catalysts are present in the same phase (usu- 
ally in solution) as the other reagents. An example is 
HCo(CO)a, a complex that catalyses eq 1 and was used 
commercially for many years before better homogeneous 
catalysts were discovered. Heterogeneous catalysts are 
present in a different phase from the reagents. Normally, a 
gas- or solution-phase reaction is catalyzed by a solid sur- 
face. For example, metallic silver and metallic iron, respec- 
tively, are the commercial catalysts for eqs 2 and 3. 

Of the common organic compounds, alkanes are currently 
attracting much interest as substrates for catalytic reac- 
tions. This is because they are abundant hut unreactive. The 
hope is that catalysts may he found that can functionalize 
alkanes to give useful products. 

CH, + %0, - CH,OH + H,O (4) 

CH, + CO, - CH3C0,H (6 )  

The functionalization reactions shown in eqs 4 4  illustrate 
some transformations that would he extremely useful but 
that cannot yet be carried out efficiently. Methane normally 
burns to give COz and water. The problem in trying to bring 
about eq 4 is that the methanol is more easily oxidized than 
is methane, and so any methanol that is formed is immedi- 
ately converted to COz. What we need is a way of protecting 
the methanol from further reaction. 

Alkanes have two types of bonds, C-H and C-C; of these 

Author lo whom correspondence should be addressed. 

the C-H bonds are the most accessible and least unreactive. 
It is usually the first step of alkane functionalization, G H  
hond breaking, which is the most difficult step. There are 
several strategies which can be adopted to do this. The C-H 
bond has a filled a level and an empty o* level and so a 
reagent has the choice of attacking one, the other, or both. 
Electrophilic reactions ( I )  involving Lewis acids like H+ are 
useful, especially in industrial applications. Attack by H+ on 
the C-H o bond can lead to loss of HZ, and the resulting 
carhonium ion rearranges by losing H+ to give an alkene (as 
shown in eq 7) or by a Wagner-Meerwein skeletal rearrange- 
ment to give a branched alkane. 

-H+ 
-+- (7) 

The a* orbital is attacked only by the strongest of bases 
(e.g., sec-hutyl potassium), but radical reagents are very 
effective a t  breaking C-H bonds. Radical halogenation and 
oxidation are well-known reactions of alkanes; once again 
the selectivity observed is 3 O  > ZO. 

Fenton was the first to activate alkanes with transition metal 
catalysts. Fenton's reagent (21, Fe2f/Hz02, is a source of 
.OH, and it hydroxylates alkanes, although rather ineffi- 
ciently (eqs 9-11). Electrophilic and radical reagents prefer- 
entially attack 3" C-H bonds rather than 2' or lo ones 
because carhonium ions and radicals are more stable the 
more highly substituted they are. 

Fez+ + H,Oz - Fe3+ + OH- + .OH , (9) 

RH + OH. - R. + H,O (10) 

R. + OH. - ROH (11) 

The importance of this pathway is that it is closely related 
to the one employed by the cytochrome P450-dependent 
enzymes in the liver (3), which eliminate fat-soluble toxins, 
such as hydrocarbons, by hydroxylation. The hydroxylated 
hydrocarbons, being more water soluble, are eliminated 
from the organism more easily. 

In the last eight years, a new route, oxidative addition to a 
transition metal (4), has been found. In this process (eq 12) 
the pair of electrons in the C-H a bond are donated to a 
metal, and a lone pair of electrons on the metal is transferred 
to the C-H a* orbital, so breaking the C-H bond and form- 
ing an M-H and an M-C hond. 
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Note how the metal attacks hoth the a and the a* orbitals of 
the G H  hond. 

Transition metal surfaces readilv react with alkanes hv 
routes that are probably related tobxidative addition. ~ h k  
combination of a PtlIriRe catalvst and a zeolite (an acidic 
silicate mineral) is used for the ";eforming" of straight chain 
alkanes from crude oil to give the high-octane arenes and 
branched alkanes useful for making gasoline. Details of all 
the mechanistic pathways mentioned above are traced in a 
recent review (5). 

Although a catalyst can alter the kinetics of a reaction, i t  
cannot alter its position of equilibrium. Since alkanes are so 
stable, many of the functionalization reactions that one 
might like to see are thermodynamically unfavorable. Equa- 
tion 4 is very favorable thanks to the formation of water, hut 
hoth eas 5 and 6 are rather unfavorahle under standard 
- -. . -. .. . ... . 

Dimerization of alkanes (eq 13) would he a useful reaction, 
hut it, too, is normally thermodynamically unfavorahle. 

CH, CH,-CH, + H, (13) 

CH, + XO, 2 CH,CH, + H,O (14) 

Note how the thermodynamic situation is changed in eq 8 in 
which oxygen is used to drive the reaction. Considerable 
progress is currently being made in this area using metal 
oxides as catalysts. The intermediate is believed to he the 
methyl radical, which dimerizes to give the product ethane 
(6). 
\-,- 

One wav of getting an otherwise unfavorable reaction to ao 
is the use-of ih~ to~hemis t ry .  A good example is the photo- 
syntheticsplitting of water, observed in green plants. This is 
a-very important;eaction because i t  us hoth with 
food to eat and oxygen to breathe. 

4hu + CO, + H,O - (CH,O), + 0, (15) 
cellulwe 

Equation 15 is normally very unfavorahle thermodynamical- 
ly,~hut nature uses of the energy of four solar photons to 
drive the reaction in a complex and still incompletely under- 
stood way. 

Light can also he used to drive alkane reactions. In the 
1950's and 1960's, mercury photosensitization was exten- 
sively studied by physical chemists (7). The overall process 
is similar to eq 15 in the sense that a thermodynamically 
unfavorahle process is driven by ahsorbtion of a photon. 

The substrate vaoor is mixed with He vauor and irradiated 
at  the 254-nm~gline  witha~ow-~res&re'H~lamp. The 254- 
nm He line excites some of the Hz atoms in the reactor 
(electGnic configuration: [Xe core] d"'s2) up to the 3P, excit- 
ed state of mercury, designated Hg* (electron configuration: 
[Xe] dlOslpl). Hg* has 112 kcallmol of energy with respect to 
the ground state and can use some of its energy to break C-H 
bonds in the suhstrate alkane, for which the C-H hond 
strengths are usuallv around 90-95 kcallmol. A verv complex 
patte;n of was postulated by the early workers to 
account for their observations, hut a greatly simplified pic- 

ture is given by eqs 17-19. In the first step the excited 
mercury atom was thought to transfer its energy to the 
suhstrate in such a way as to break the C-H bond and 
produce two radicals, R. and H.. These could recombine, or 
the H. could abstract an H atom from RH to give another 
mole of R.. Radical recombination would then give Rg. 

Our entry into this area was quite accidental. We had 
developed a photochemical alkane dehydrogenation catalyst 
that hrings about the photochemical dehydrogenation of 
alkanes (e.g., cyclohexane to cyclohexene and Hz) by an 
oxidative addition pathway shown schematically in eq 20 
(8). 

The details need not concern us now, hut our catalyst is the 
complex [I~HZ(OZCCF~)(P(C~HII)~]~]. In the course of a 
mechanistic study on the reaction we decided to test for the 
presence of metallic iridium. We did this because the homo- 
geneous catalyst might have decomposed to give finely di- 
vided Ir, which could have heen the active hut now heteroee- 
neous catalyst. This is an important mechanistic distinrthn 
herause it affects the way one would think ahout the reaction 
and how to improve it. One test for this possibility is the 
addition of metallic mercury, which poisons the catalvtic 
activity of the surfaces of vlatinum erouD metals 191. We 
expected that the addition bf Hg wozd not affect the'reac- 
tion because we did not expect that metallic iridium would 
prove to be present. 

Mark Burk, the graduate student involved. found that 
metallic Ir was indeed absent, hut he made the' ohservation 
that in addition to the expected products, an involatile oil 
had also been formed. There is a natural reluctance for a 
student just finishing his thesis work to reveal the uresence 
of an extra product to his research advisor. To do so brings 
the risk that the advisor will delay the acceptance of the 
thesis until the observations are worked out. On the other 
hand Burk was quick to recognize the implications of his 
ohservation. He therefore decided to say, "I don't have time 
to work on this, but I think you ought to know that another 
product has been formed in the mercurv reaction." 

Steve Brown, a starting graduate student, agreed to follow 
up the initial ohservation. Being prevarative chemisu. and 
not heing conversant with the older literature, we were ied in 
a different direction from the previous workers. Thev had 
been much more interested in such things as energy transfer, 
kinetics, and mechanism than in the products of the reartion 
and their utility (7) .  The preparati\,e aspect of mercury 
photosensitized chemistry had therefore not heen exploited. 

Brown confirmed that the dehydrodimers R, are the ma- 
jor products of the reaction, as the early workers had shorn 
(7). for example, bicyrlohexyl is formed from cyclohexane. 
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catalvst. In none of the known catalysts of this type, report- 

(t homo dimers) (28) 

As we saw earlier, methane is one of the more important 
alkane substrates. Since its C-H bonds arenot evenprimary, 
we expected the reactivity to be substantially less than we 
saw for the other alkanes. In order to bring about a cross- 
dimerization, we therefore chose methanol as the cosub- 
strate because we found that it has a relatively low intrinsic 
reactivity. The more reactive alternative cosubstrate, 
ethanol, would have been less suitable because i t  would have 
heen morelikelv to be attacked bv the mercursand we would 
have seen less ittack of the methane, and hence less cross- 
dimerization. In addition, we kept the methanol concentra- 
tion low by saturating a strea& of methane a t  25 OC with 
methanol vapor and then passing this gas stream through 
the reactor. Richard Ferguson (7b) in our group found that 
both CH3CH20H and CH&H(OH)CHzOH are formed in 
this reaction. Ethanol is formed first and is sufficiently vola- 
tile to cross-dimerize with a second molecule of methanol to 
give propylene glycol, which is very involatile, and this pro- 
tects it from further reaction. 

Cross-dimerizations involving compounds other than al- 
kanes also work well. Silanes normally react with methanol 
to give a methoxysilane (RsSiOMe). This is a result of the 
much greater strength of Si-0 over Si-C honds. Equation 29 
shows that the mercury reaction leads to the formation of a 
Si-C bond instead. It is also notable that the Si-N bond is 
much more reactive than the C-H bonds of the silane and so 
essentially all the product derives from Si-H cleavage. 
Equation 30 shows the formation of a hydroxyethyl tetrahy- 
drofuran. 

R&H t CHsOH - R3SiGH20H + homo dimers (29) 

(+ homo dimem) 

In contrast to the millimolar amounts of alkenes formed 
and turnovers of <I00 ohserved in our original iridium- 
based system, we now have tens of grams of functionalized 
product and we have not yet found an upper limit to the 
number of turnovers that can be observed. 

This points out an important advantage of such a simple 
system over more complicated homogeneous catalysts such 
as [IrH2(02CCF8)(PR3)2], which have many deactivation 
pathways open to them, one we have identified being P-C 
cleavage in the phosphine to give RH and an unidentified, 
but catalytically inactive, metal species. On the other hand 
the iridium catalyst does have the useful property of selec- 
tively attacking the least hindered C-H bond in the alkane. 
This means that the selectivity is opposite to that ohserved 
in the Hg system and in the majority of "classical" alkane 
functionalization reactions. A recent result by Tanaka (10) 
illustrates this selectivity pattern very well. 

major product 

The problem is that no one has been able to discover astable 

ed h;ourselves (8),  by Felkin (10 ,  o; by Tanaka are the 
catalvsts stable enough to give even 100 turnovers of prod- 
uct. This severely limits their usefulness but suggests that a 
careful study of their deactivation pathways might lead to 
the synthesib of a more stable catalyst. 

The reason for the different selectivities of the two sys- 
tems is believed to be the steric hulk of a catalyst such as 
RhCI(CO)Lz, compared with the small Hg atom, as well as 
the sterically demanding side-on transition state for oxida- 
tive addition (left), compared with the end-on transition 
state (right) believed to operate for the Hg reaction. 

Certain hzzling features of the reaction made us think 
that the generally accepted mechanism for the Hg photosen- 
sitization reaction, based on eqs 17-19 did not adequately 
describe the situation. In particular, we felt that the high 
conversions, yields, and selectivities in the system would not 
normally be expected for radical reactions. Two free radicals 
should react, not only to give the dimer hut should also give 
the so-called disproportionation products: alkene and al- 
kane (e.g., 3 and 4 in eq 32). In the Hg system very little 
alkene is found amone the products. Deliheratelv addine 3 to 
the starting alkane inthe rkaction of eq 32 leadsto cons;mp- 
tion of the alkene, but hardly any change in the products. 
Normally we do not see the alkane product of disproportion- 
ation because it cannot he distinguished from the starting 
alkane. In the case shown in eq 32, we were able to start with 
a specific isomer of the alkane: cis-1,4-dimethylcyclohexane, 
and so disproportionation should give both cis and trans 
alkane back again. We do see trans 4, and so disproportion- 
ation does take dace. This means that the alkene is also 
formed but must'he rapidly destroyed again because we do 
not see it amone the ~roducts.  The most likelv reaction to do .. . 
this, as recognired by early workers (i j ,  is H.addition togi\.e 
back the R. tea 33). Alkene is therefore orobahlscontinuous- 
ly recycled back to R and so never buiids up. Equation 34 is 
a slower reaction that can lead to dimer, if the dimer radical 
finds an H., or to trimer, if a dimer radical finds an R.. There 
are still some puzzles that remain, however; for example we 
do not know why t-BuzCH2 can dimerize to give some t- 
BuzCH-CHt-Buz, when the known t-BuzCH. is said not to 
dimerize, a t  least under matrix conditions (12). 

(t isomers) 

Conclusion 

The mercury system is capable of rapidly assembling rela- 
tively complex molecules from simple starting materials and 
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doing so on a preparatively useful scale. Exxon Corporation 
has therefore taken an interest in possible commercial appli- 
cations of the "MERCAT" process. I t  remains to be seen 
what will develop from all this, but the moral of the story is 
clear: the importance of the unexpected observation. If Burk 
had ignored the oil formed in his control experiment, we 
would not have been led to reinvestigate mercury photoseu- 
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The widespread use of synthetic organic polymers in ev-
eryday life has led to the development of a range of practical
experiments designed for undergraduate laboratories. Al-
though polymers based on inorganic elements are of grow-
ing interest (1, 2), apart from the synthesis of poly(dimethyl-
siloxane) as “silly putty”, easily implemented experiments on
these materials are extremely rare. This laboratory experiment
involves the synthesis of an unusual organometallic ferrocene-
containing monomer and the subsequent ring-opening poly-
merization (ROP) of this species to afford a high molecular
weight organometallic polymer, a poly(ferrocenylsilane), which
can be easily handled in air (see Scheme) (3). The ROP can be
carried out using transition metal catalysis or, alternatively,
thermally (3–6).

Fe

SiFe Me
Me

Si

Me

Me

2
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ROP

heat or Pt catalyst

Fe Fe

Li

Li

n

1

BuLi.TMEDA Me2SiCl2

The first step involves the lithiation of ferrocene (to give
1) using two equivalents of n-butyllithium in the presence
of tetramethylethylenediamine (TMEDA), which functions
as a catalyst, breaking up the less reactive aggregated struc-
tures by coordinating to lithium (7). Reaction of 1 with
dimethyldichlorosilane yields the red crystalline [1]ferroceno-
phane 2 (8). This species has a strained structure in which
the cyclopentadienyl ligands are tilted with respect to one
another by about 21° (6, 9). Indeed, the strain energy of 2
has been measured to be 80 kJ mol{1 (3). In contrast to 2,
ferrocene has cyclopentadienyl ligands that are parallel to one
another. The monomer 2 can be isolated as a red-orange crys-
talline solid or subjected to ROP directly. Transition metal–
catalyzed polymerization of unpurified 2 to yield the amber-
colored poly(ferrocenylsilane) 3 can be performed at 25–80
°C during 2–24 h in solution by the addition of very small
amounts of a catalyst such as PtCl2. Alternatively, the mono-
mer can be isolated and then polymerized by heating to ca.
140 °C under N2 in an oil bath. The polymer 3 can be iso-

lated by precipitation from toluene or THF into an
antisolvent such as hexanes and can be cast into freestanding
films again from toluene or THF. After drying, characteriza-
tion of the poly(ferrocenylsilane) 3 can be achieved by 1H
NMR spectroscopy. If available, other techniques such as gel
permeation chromatography and differential scanning calo-
rimetry can be used to characterize the molecular weight dis-
tribution and the thermal transition behavior of the poly-
mer, respectively. The iron centers of 3 can be readily oxi-
dized by dipping a film of the material into a solution of io-
dine in hexanes; this leads to a blue coloration, as the mate-
rial is electrochromic. Reduction of the oxidized films to the
neutral amber state can be achieved by dipping the film into
a solution of a reducing agent such as methanolic hydrazine.
If the equipment is available, cyclic voltammetry gives in-
sight into one of the most interesting characteristics of these
polymers. Two reversible oxidation waves are detected, as the
iron centers are redox coupled (oxidation of one center makes
the neighboring iron centers more difficult to oxidize owing
to Fe…Fe interactions) (3, 6).

Most early syntheses of ferrocene-backbone polymers
gave very low-molecular-weight products (2, 6). This is a re-
sult of the condensation routes used to prepare the materials
where an exact 1:1 reaction stoichiometry of difunctional reac-
tants, a necessary condition for the production of high mo-
lecular weights, was very difficult to achieve. Indeed, the syn-
thesis of the poly(ferrocenylsilane) 3 via a condensation po-
lymerization of dilithioferrocene?TMEDA with Me2SiCl2 in
polar solvents such as THF has been reported (10). How-
ever, the molecular weight of the product is extremely low
(< 2,000), which means that the chains are not long enough
to take advantage of the processability characteristics of high-
molecular-weight polymers (11). When purified 2 is used,
the ROP route provides molecular weights of up to
4,000,000. This is an example of a chain-growth type of
polymerization that leads to high-molecular-weight polymers
much more readily than polycondensation, a step-growth
route (11). The mechanisms of the ROP reactions are not
known with certainty, but the different possibilities have re-
cently been considered (11). It is also noteworthy that this
type of ROP route can be applied to a wide range of strained
ferrocenophanes and other strained organometallic monomers
(6, 12, 13).

In summary, the experiment illustrates a combination
of organometallic and polymer chemistry and a useful prin-
ciple of polymer synthesis, that chain-growth polymerizations
provide easier access to high-molecular-weight polymers than
polycondensations.
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Experimental Procedure
Ferrocene, n-BuLi, tetramethylethylenediamine (TMEDA),

Me2SiCl2, and PtCl2 were purchased from Aldrich and used
without further purification. The catalyst platinum-
divinyltetramethyldisiloxane complex (3–3.5% Pt in vinyl-ter-
minated polydimethylsiloxane) was purchased from Gelest Inc.,
Tullytown, PA. All solvents were used without drying or purifi-
cation. The reactions were run under N2 but the polymer 3 can
be worked up in air. The dry solid adduct of dilithioferrocene
with TMEDA, 1, is pyrophoric in air and we do not recom-
mend its isolation. The use of a vacuum line can be replaced by
the use of a water aspirator equipped with a CaCl2 drying tube.

(a) Dilithiation of Ferrocene: Synthesis of 1
Weigh 2.0 g (11 mmol) of ferrocene and place it in a

dry 24/40 round-bottom flask equipped with a side arm. The
flask should be predried in a hot (120–150 °C) oven for at
least 30 min prior to use. Add 75 mL of hexanes (reagent
grade) to the flask from a measuring cylinder followed by
1.6 mL of TMEDA from a plastic disposable 2-mL syringe.
Flush the flask with nitrogen gas for 5 min and then place a
rubber septum in the 24/40 joint. Using a 20-mL dispos-
able syringe and a 120 (#16) syringe needle, measure out 13.5
mL of a 1.6 M butyllithium solution in hexanes and add it
quickly to the flask through the septum. The syringe needle
should now be rinsed with t-butanol to destroy unreacted n-
BuLi, in order to prevent clogging of the needle. The reac-
tion mixture is now left for 12–24 h, during which time the
initially cloudy orange solution turns clear red before the pre-
cipitation of orange dilithioferrocene. Close the stopcock and
ensure that the flask is sealed under a nitrogen atmosphere dur-
ing the reaction. NOTE: Excess BuLi must be avoided. Titra-
tion of commercial samples may be necessary.

(b) Synthesis of Silaferrocenophane 2
Under a flow of N2, replace the septum on the flask with a

small addition funnel and purge the system with nitrogen gas
for 5 min. CAUTION: Dry flakes of dilithioferrocene may be
blown out of the flask and will ignite; ensure that no flam-
mable materials are near the flask. Prepare a solution of
dichlorodimethylsilane (1.4 mL) in hexanes (20 mL) and
place it in the addition funnel. Cool the flask to ca. {10 °C
using an ice/salt bath and slowly add the dimethyldichloro-
silane to the orange precipitate over a period of about 20 min
with stirring. Continue stirring the reaction at 0 °C for ca.
30 min and then allow the flask to warm to room tempera-
ture and stir for a further 30 min. The resulting solution should
be red after allowing the LiCl precipitate to settle. (If isola-
tion of 2 is intended, see option 1 below to work up half of
the solution.) Remove the solvent in vacuo and dry under
vacuum for 30 min. Separation of the solution from the LiCl
precipitate is not necessary. At this stage, the product can be
left under N2 for 24 h to 1 week in a freezer.

(c) Platinum-Catalyzed ROP of [1]Silaferrocenophane 2:
Synthesis of Poly(ferrocenylsilane) 3

Add 15 mL of toluene to the red residue from (b) above
and stir the solution to ensure all of the red oil has dissolved.
(Note: insoluble LiCl will still be present). Using a spatula
add a few milligrams of PtCl2 or (preferably) 1 drop of Pt
catalyst and place the flask in an oil bath maintained at 80–
90 °C on a hot-plate. Ensure that the temperature does not

exceed 90˚, because this leads to poor yields of the polymer.
Stir the solution vigorously at this temperature for ca. 2 h,
during which time the red suspension fades to orange-amber.
Allow the flask to cool to room temperature and proceed im-
mediately with the isolation of the polymer 3.

(d) Isolation of Poly(ferrocenylsilane) 3
Filter the suspension through filter paper on a Buchner

funnel. (If the paper becomes clogged, decant the suspension
from the funnel, replace the filter paper, and continue filter-
ing.) Rinse the reaction flask and residues on the paper with
toluene (5 mL) and add this to the turbid filtrate. Discard
the paper and residues and add the filtrate dropwise by pipet
to a beaker of hexanes (300 mL) with rapid stirring. The fil-
trate should be added slowly dropwise to the edge of the vortex
of the vigorously stirred nonsolvent. An orange precipitate of
polymer should form. Continue stirring for 10 min and then
filter off the polymer on a filter paper (the clear red filtrate
contains unreacted ferrocenophane 2 and ferrocene, and can
be discarded). Redissolve the polymer in a minimum amount
of THF, filter if needed, and reprecipitate into hexanes (300 mL).
Filter off the polymer again, wash the polymer on the filter pa-
per with hexanes (20 mL), and suck air through the orange pow-
der for 10 min to dry it. Weigh the polymer and record your
yield (typically 0.5–1.0 g, 20–40% based on ferrocene).
1H NMR (CDCl3): 0.48 (s, 6H, Me), 4.03 (t, JH{H = 1.7 Hz, 4H, Cp),
4.23 (t, JH{H = 1.7 Hz, 4H, Cp) ppm.

DSC: Tg = 34 °C, Tm = 122–143 °C (not observed for all samples).

GPC (THF vs polystyrene) Mw typically ca. 15,000–20,000 ; Mn typically
ca. 10,000.

Cyclic Voltammetry: two reversible oxidation waves at 0.00 and 0.24 V vs fer-
rocene/ferrocenium in CH2Cl2 due to redox coupling between iron atoms.

Option 1: Isolation of [1]Ferrocenophane 2
This can be performed at the same time as part (c).
After allowing the LiCl to settle, remove about half of

the red hexane solution by cannula (a pipet can be used but
a cannula is preferred) to a 250-mL Schlenk flask. Evaporate
the solution in vacuo at 25 °C and dry under vacuum for 30
min. Replace the glass stopper with a sublimator or a water-
cooled cold finger and heat the flask under vacuum at ca. 50
°C for 10 min. Admit N2 to the flask, remove the finger,
and then wash off the orange ferrocene using hexanes from a
wash bottle. Dry the cold finger and replace it in the flask.
Continue heating at 70 °C under vacuum for 2 h. Red crystals
of the ferrocenophane 2 form on the cold finger. These can
be removed and stored in a vial under N2, preferably in a
glove bag. The crystals are moisture sensitive. NOTE: care
should be taken not to heat the sublimation flask above 70 °C
because this may melt 2, and then thermally induced ROP
to afford the poly(ferrocenylsilane) 3 will occur.
1H NMR data for 2 (dry CDCl3): 0.51 (s, 6H, Me), 4.08 (t, JH{H = 1.7
Hz, 4H, Cp), 4.48 (t, JH{H = 1.7 Hz, 4H, Cp) ppm; mp: 75 °C.

Option 2: Thermal ROP of [1]Ferrocenophane 2
Scrape the crystals of 2 from the cold finger into a 10-mL

round-bottom flask equipped with side-arm stopcock. Heat
the material in the flask under N2 in an oil bath to 140 °C.
The material melts at ca. 75 °C and changes from red to or-
ange. The melt becomes first highly viscous and then immo-
bile as polymerization proceeds. Polymer 3 can be dissolved
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in THF and precipitated into hexanes without filtration,  us-
ing the methodology described in (c). Generally, the lower
the purity of 2, the more easily thermal ROP will take place
and the lower the molecular weight of the product 3 will be.

Option 3: Oxidation of Films of Poly(ferrocenylsilane) 3
Freestanding amber films of poly(ferrocenylsilane) 3 can

be cast on glass in a large Petri dish by thinly spreading a con-
centrated solution in THF or toluene (ca. 0.4 g of 3 in 1 mL
of solvent) and allowing the solvent to evaporate for 2–24 h.
The amber films are then dipped in a hexane solution of I2
and the blue-black films are washed with hexanes from a wash
bottle. (Care is needed, as oxidation makes the polymer films
much more brittle.) The films change color as a result of oxi-
dation of the FeII sites to FeIII. Reduction back to the amber
form can be achieved by dipping the films in a solution of
hydrazine in methanol. Alternatively, the redox reactions can
be performed with the polymer film attached to a microscope
slide, which can be dipped in the solutions.

Suggested Time Frame
The experiments in parts (a) to (d) can be run during

three successive 3–4-h lab periods, reactions or products be-
ing left overnight (or longer) between labs.

Part (a): 3–4-h lab; ca. 45 min work, then leave reac-
tion to form 1 overnight. Part (b): 3–4-h lab; leave dry prod-
uct 2 overnight. Parts (c, d): 3–4 h lab; leave dry product 3.
Option 1: the isolation of 2; can be performed at the same
time as part (c). Options 2 and/or 3 and spectral character-
ization of 2 and 3 could be a 3–4-h lab.
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1H and 13C NMR are now commonly used in under-
graduate laboratories to determine chemical structure (1),
but although multinuclear magnetic resonance spectroscopy
is mentioned in many undergraduate chemistry courses as
a valuable tool in elucidation of bonding in molecules,
relatively few laboratory experiments using other nuclei have
been described (2). With use of Fourier-transform NMR
spectrometers, 31P{1H} NMR has become a widely applied
spectroscopic probe for the structure and dynamics of P-
containing compounds and the field has expanded greatly,
particularly in biochemical and medical applications, since the
first monograph devoted entirely to 31P NMR spectroscopy
was published more than 30 years ago (3). In addition to
providing an introduction to this important technique, this
experiment (i) demonstrates the ability of 31P{1H} NMR to
distinguish between cis and trans geometric isomers of coor-
dination compounds in solution, (ii) describes the concept
of spin–spin coupling for P atoms by assigning signals to
equivalent and nonequivalent P atoms, and (iii) offers an
introduction to synthesis and in situ NMR work requiring
semirigorous, inert atmosphere conditions. The experiment
is easily completed in one laboratory period of 4 h.

Experimental Procedure
General Methods

All materials are commercially available and were used
as received. The [RuCl2(PPh3)3] complex and the ligands,
dppb (1,4-bis(diphenylphosphino)butane) and phen (1,10-
phenanthroline monohydrate), were obtained from Aldrich.
The synthetic reaction and the in situ NMR experiment were
carried out under an inert atmosphere (N2 or Ar). The
31P{1H} NMR spectra were recorded at room temperature
in deoxygenated CH2Cl2.

Preparation of [RuCl2(dppb)(PPh3)] (1)
The preparation of 1 from [RuCl2(PPh3)3] is adapted from

literature procedures (4). In the solid state, the Ru(II) precursor
and 1 are air-stable, but their solutions are moderately air-
sensitive, resulting in decomposition of the complexes and
formation of phosphine oxides. The synthesis of 1 thus requires
reasonable, but not too rigorous, precautions to exclude air.
The solvent acetone (30 mL) is degassed by slow bubbling
of N2 or Ar for ~10 min. Under a flow of the inert gas, first
[RuCl2(PPh3)3] (100 mg, 0.1 mmol) is added (this partially

dissolves) and then dppb (45 mg, 0.1 mmol) is added, and
the reaction mixture is stirred at room temperature for 30
min. The initially purple solution/suspension becomes green
owing to the formation of 1; occasionally, a small amount of
the known green complex [{RuCl2(dppb)}2(µ-dppb)] (5)
is formed as an insoluble impurity, which can be removed
by filtering the solution using a sintered-glass funnel. The
solution or filtrate is then concentrated to ~1 mL, and 15 mL
of degassed EtOH is added to precipitate complex 1; the PPh3
coproduct remains in the filtrate. Complex 1 is filtered
through a sintered glass funnel (this can be done in air),
washed with 10 mL of EtOH and 10 mL of hexane, and
vacuum-dried for 15 min. Yield 71 mg (80%).

Figure 1. (a) 31P{1H} NMR spectrum of trans-[RuCl2(dppb)(phen)]
(2), freshly formed in situ. Spectra b and c represent a mixture of
trans-2 and cis-2, measured after the solution for spectrum a has
been left in daylight for ∼ 15 and 30 min, respectively.

http://jchemed.chem.wisc.edu/
http://jchemed.chem.wisc.edu/Journal/Issues/2001/Jan/
http://jchemed.chem.wisc.edu/Journal/
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In Situ Formation of trans-[RuCl2(dppb)(phen)] (2)
For the purpose of investigating the trans and cis isomers

of 2, the trans species can be made in situ from 1 by addition
of phen. Even though trans-2 is air-stable in solution and can
be readily isolated in the solid state (6 ), nevertheless in situ
formation of trans-2 in an NMR-tube still requires an inert
atmosphere technique because of the air-sensitivity of 1.
About 1 mL of CH2Cl2 in a 5-mm NMR tube is degassed by
bubbling of the inert gas for about 10 min, and ~10 mg of 1
and ~20 mg of phen (roughly a 10-fold excess) are then added
sequentially. The color of the solution changes immediately
from the green of 1 to the purple of trans-2 (6 ).

Measurements
The 31P{1H} NMR spectra were recorded as a function

of time on Bruker ARX 200 or DRX 400 FT spectrometers.
The spectrum of trans-2 (Fig. 1a) shows just a singlet at δ 33.2
(relative to external 85% H3PO4(aq), positive shifts being
downfield). The free PPh3 liberated during the in situ for-
mation of trans-2 from 1 (Scheme I) is seen at δ about �5.3.
The trans-to-cis isomerization process, which is promoted by
heat or light, occurs for example when the sample is left in
daylight (laboratory light) at room temperature for 1–2 h,
depending on “local conditions”. After 30 min, when the
solution is more reddish, cis-2 is present in high proportion
and the spectrum shows a doublet of doublets centered at δ
44.7. and 32.4 (Fig. 1c); this represents a standard AX pattern
(3, 7 ) with 2JAX = 31.0 Hz. If necessary, the isomerization
process can be accelerated by warming the solution in the
NMR tube, or placing it close to fluorescent lighting.
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Hazards

There are no significant hazards associated with the
experimental procedures.

Discussion

Formation of the 5-coordinate complex [RuCl2(dppb)(PPh3)]
1 from [RuCl2(PPh3)3] involves simple replacement of two
of the monodentate phosphines by the chelating dppb ligand
(4). The subsequent in situ synthesis of the 6-coordinate com-

plex trans-[RuCl2(dppb)(phen)], trans-2, by addition of phen
to 1 is a further substitution reaction involving liberation of
free PPh3 (Scheme I) (6 ).

The syntheses require exclusion of air to a moderate
degree because [RuCl2(PPh3)3] and 1 are somewhat air-
sensitive in solution. The conversion of trans-2 to cis-2 provides
a good example of kinetic versus thermodynamic control of
a reaction product, the kinetic trans product being converted
irreversibly to the more thermodynamically stable cis product
by a photochemical and (or) thermochemical pathway. All
the complexes are low-spin, d6, diamagnetic species. As well
as considering the interpretation of the 31P{1H} NMR spectra
and the demonstration of geometrical isomerism, students
should be encouraged to become more familiar with the use
of coupling constants for determination of structure in mol-
ecules (3, 7 ). Each of the forms, cis-2 and trans-2, exists as a
unique isomer in that there is only one possible geometry
within it. Of several possibilities for the structure of 1, the one
shown in Scheme I has been elucidated by spectroscopic and
X-ray structural data (4b). As further exercises, students could
consider a possible mechanism for the isomerization process, or
the number of possible geometric isomers for complexes akin
to 2 but having one or both of the chelating moieties replaced
by two corresponding monodentate P- and N-atom donors. If
sufficient spectra are run with reasonably controlled exposure
to consistent external light and heat sources between collection
of the spectra, an attempt might also be made to analyze the
spectral changes as a 1st-order kinetic process.
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I of the Cobalt(lll)-lminodiacetate System 
Melbourne 3001, Australia I An inorganic laboratory experiment 

Inorganic coordination chemistry is now a well established 
nart of t h e  undereraduate chemistrv curriculum. For  t h e  
common oc tahed~ar~eomet ry ,  a great deal of interest has been 
focused on  t h e  isolation a n d  characterization of the  geomet- 
rical isomers theoretically availahle t o  a metal ion upon 
r o d i n a t t o n  of multidentate ligands. H~,wever, there are few 
annrooriate undereraduate exoeriments which allow t h e  .. . 
s tudent  t o  prepare a n d  assign a particular stereochemistry to 
each different isomer isolated in a reaction of metal ion a n d  
multidentate ligands. Modern instrumental methods are used 
for the  elucidation of geometric forms, and i t  is both desirable 
and appropriate t o  use these as a means of introducing s tu-  
dents to the  techniques of modern coordination chemistry. 

Previously an experiment describing the preparation and ion- 
exchange chromatographic separation of twn isomers of cobalt(lI1) 
with the tridentate iminudiacetatochelate (NH(CH2COO-)*,IDA2-) 
has been reported in this Journal (I). Although threegeometric forms 
can be drawn, only two isomers have been isolated.This provides the 
student with the exercise of assigninga structure to each geometrical 
isomer from the three possibilities. Although chromatographic sep- 
aration provides some evidence ( I  ), it is important to realize that these 
experimental observations alone do not constitute proof of the geo- 
metric structures of the isomers but only lend evidence to  their as- ~ ~ 

S I T U L ~ U W S  Howwer. use of proton mnynerw rcionanrr (pmrl 
and v ~ s ~ h l *  ~bsurp t im spectrmcopy pruride s definitive mrnns of 
unequivorallv naswnmg the gwmetrv OI each isurnrr in soluticm'l'hr 
particular experiment that we report here has been used successfully 
for several years in this and other chemistry departments, and it ef- 
fectively illustrates the need to combine more than one physico- 
chemical technique to successfully complete a structural assign- 
ment. 

The possible geometrical isomers of co(1DA)~- have the forms il- 
'lustrated below. The structure of the hexadentate complex 

liogllrml -,--I Or emA" 
Co(EDTA)- (EDTA4- = ethylenediaminetetraaeetato) is also drawn 
for comparison. We recommend that the examination of malecular 
models of all three possibleisomers be an integral part ofthisexper- 
iment. The models can be supplied, or constructed hy the student, 
depending on the time available. The inexpensive Ben]amin/Maruzen 
or Prentice-Hall Molecular Model Sets have been found to  be quite 
satisfactory for this purpose. 

The experiment involves the following procedures 

(1) preparatibn and isolation of two differently cnlored geometrical 
isomers of Co(1DA)z- 

(2) measurement of the 60 MHz pmr spectrum of each isomer in 
D20 

(3) measurement of the visible absorption spectrum of each isomer . . 
in water 

(4) comparison with the pmr and visible absorption spectra of 
Co(EDTA)- 

A comhinatiun of the experimenrnl data with an examination of thr 
molerular modrls cnahles the s t t~lent  I(, S U C C ~ S S ~ U I I )  establish the 
identity of the two geometric forms. 

Preparation of Isomers 

The purple and brown isomers can be prepared using the methods 
described previously in this Journal (I) .  If neutralization of HdDA 
with sd ium hydroxide is not performed accurately in the preparation 
described for the purple isomer, we have found that a mixture of 

isomers may be obtained. To overcome this problem, use of com- 
mercially available NazIDA may be substituted for the above neu- 
tralization step. For the preparation of the brown isomer, i t  is sug- 
gested that potassium hydroxide be used in place of sodium hydrox- 
ide, since crystallization is then more successful. Both isomers can 
be recrystallized if necessary from hat water by cooling in ice and the 
addition of alcohol, although we have generally found that students 
isolate pure products directly from each preparation. 

In our laboratory students are supplied with a sample or appro- 
priate spectra of Co(EDTA)-. The experiment can be extended if 
desired by including the preparation of this complex reported by 
Dwyer and coworkers (2). 

PMR Spectra 

A good quality room temperature pmr spectrum of eaeh complex 
can be obtained from a saturated solution in DzO using NaTMS (so- 
dium 2,2,3,3-tetradeutero-3-trimethylsilyl-proonate as internal 
reference. Spectra obtained using a simple 60 MHz instrument, such 
as the Perkin-Elmer R12 used in our laboratories, are of appropriate 
quality, and typical spectra are shown in Figure 1. Mlrturesof isomers 
due to poor preparative techniques can be detected readily by pmr 
since a composite spectrum arising from overlap of the pattern of each 
isomer can be recognized by the operator. 

The spectrum of the free IDA2- ligand in D20 shows unly one 
methylene (CHZ) resonance as a result of averagmg of the methylene 
environment due to free rotation about C-C andC-N bonds. Upon 
coordination to cobalt(III), eaeh tridentate ligand adopts a fixed 
stereochemistry with two five-membered amino acid chelate rings. 
For eaeh of the two ligands coordinated in the complexes, the central 
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Figure 1. (left) 60 MHz pmr specha 
of (a) iranS(fac)Eo(IDA)p- and (b) 
cis-Co(lDA),- in D,O. 

i p p m  L 3 
Figure 2. Wight) 60 MHz pm specIra of 
(a) trans(fac>Co(lDA).- and (b) cis- 
C$IDA)Z- in D2S04. 
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not be performed. A further resonance in the region E-10 ppm for both 
isomers in DzS04 not observed in D20 can be readily assigned tothe 

I 
LCC -m 600 iml 

Figure 3. Visible absaptian specha of a 0.025 Msolution of tram(fac)Ga(lDAh- 
(-1 and a 0.01 Msolution of cisCo(lDAh- (- - - -) in water, re- using 1-cm 
palhlength glass cells. 

amino proton is exchanged readily in D20 and hence no vicinal mu- 
pling with the methylene protons is observed. However, analysis of 
each molecular model shows that both protons of any one methylene 
group considered are magnetically non-equivalent and hence these 
two spin-coupled geminal protons give rise to an AB quartet. 

Examination of the molecular model of the trans (facial) isomer 
shows that all four methylene groups are symmetry related and in 
equivalent environments. Therefore only one AB quartet can be ex- 
pected for this particular isomer (3,4). For the trans (meridional) and 
cis isomers, however, molecular models reveal that the lower sym- 
metry leads to each methylene proton in a ligand being in a slightly 
different chemical environment. Two overlapping AB quartets should 
thus result, since both tridentate ligands are equivalent (3 ,4) .  In DzO, 
the observed pmr of the brown isomer shows a single quartet in the 
methylene region. An analysis of this pattern using the method de- 
scribed in Dver (5) allows the determinationof both the chemical shift 
( ~ A B )  and thk co&ling constant (JAB) in this simple case. On the other 
hand. the ourole isomer nroduces a omr mnsistin~ ofeieht resonances 

constants can be extracted from the spectrum if desired. 
The pmr in DzO is consistent, therefore, with the brown isomer 

having the trans (facial) geometry. However, from pmr evidence alone, 
conclusive assignment of the purple isomer as either cis or trans 
(meridional) cannot be made easily. I t  should be clear from a study 
of molecular models that the trans (meridional) isomer is most 
stra:ntd, nnd hc~lce i t  might hr rraumahlc tuns-ign the purple )comer 
a i  thec~svmnplrx. It muit br rrme~nbered that nr thi-stage rh~soq- 
signment is not conclusive. 

Further informntilw rt laling tc~tharc~~~f~~rm~r~c~nnlnrrangemcnts 
u,ithitn each lwc-mvmherrd chelate rmg mn lbv dmtned if dv,ircd by 
r r n d n y  the pmr spectrum of each iwmer in d i l u t ~  D1S04 ~ldlllion. 
(Dilute DsSO* can be prepared simply by adding a drop of concen- 
trated H2S04 to -2 e m k f  DIO). Amine proton exchange in acid so- 
lution is slow, and the simple patterns observed in D20 now increase 
in complexity as a result of the NH, - CH,Hb vicinal coupling. 
Analysis of the spectrum of the brown isomer is quite straightforward, 
since the quartet now appears as a simple eight line pattern (Fig. 2). 
The two high-field resonances of the initial quartet now exhibit a small 
vicinal coupling constant (of about 1 Hz) and theinitial twoat lower 
field now show a larger vicinal coupling constant (of about 7.5 Hz). 
Application of the simple Karplus relationship (5, 6) of coupling 
constant and dihedral angle can be used together with the molecular 
model of the trans (facial) isomer to show that NH-CH dihedral angles 
of about 10' and 100' for the two different methylene protons are 
consistent with the observed vieinal couoline constants. This infor- . "~ ~ 

~ ~ 

mdtmn provides stme ev~drnre 181 the amfi,rrnationd nrr:wgemmt 
of the five-m~mlwrd chelate my;% 01 thii isomer in solutlm Awl) i i i  
of the cis k m c r  patfwe uth.t.n.ed in I).%), ~i mow complex nnd need 

NH resonance. 
Further, the isornerization of the metastable purple isomer to the 

thermodynamically stable trans (facial) isomer can be demonstrated 
using pmr. This is achieved by simply heating the pmr tube containing 
the solution ofthe nurnle isomer in D70 at  80°C for a t  least 1 hr. and 
subsequently re-re-cording the pmr s&trum. Major resonances are 
now those of the trans (facial) isomer. 

Vislble Absorption Spectra  

The visible absorption spectra of each isomer dissolved in water 
can be recorded in the range 700 nm-325 nm using l-em pathlength 
glass cells. Concentrations of 0.01 M for the purple isomer and 0.025 
M for the brown isomer are appropriate. A simple recording spec- 
trophotometer such asa Unieam SP8W issatisfaetory. Spectra afthe 
two geometrical isomers are quite different in band positions, band 
profiles, and extinction coefficients (7). 

Neglecting chelate ring geometry in each case, consideration of the 
symmetry of the CoNzOl ehromophore for each possible geometrical 
isomer indicates that the cis isomer will be of Cz, symmetry, while 
both trans (facial) and trans (meridional) will possess the higher D4h 
symmetry. Therefore the two trans forms will not differ greatly in 
band positions or profiles. On this basis alone, the distinctly different 
absorption spectra (Fig. 3) observed for the two isomeric forms of the 
complex isolated indicate that one isomer is cis and the other a trans 
isomer. Since the brown isomer has been assiened the trans (facial) ~ ~ 

geometry alrmd) on the h.ii~s ul'tts pwr rpcrtrum. we nrr now ahle 
tonoiin the purple i A m w  ai theck I s m e r  with l'., symmetry mlhrr 
than the trans (meridional) form ofD4h symmetry. Although this was 
predicted earlier on the basis of sterie considerations alone, the visible 
absorption spectra provide excellent confirmation in this ease 

A dlwu-si<m 01 the expected sphttinr patrernr of the ' 4 1 ,  - 
T I I  a d  1 - '7'~,111,,1 d-<I traniitlms 01 thr low-spin d" 
Cotlllr romnlcrw under the l w r r  ( ' 0 .  c,r [ la,  ivmmerri~.softhe irw 
mers can be;sed to interoret the band orofiiisin the visihle absoro- . 
rwn qprctra in] It isnlwnppwpri;itc t<,relnlr the rrlati\emngnitudrs 
of extinction i w f f i w n t s  t c l  thr different symmcrrv nfcnch Isomer. 
Sote, huwww, I hat it 15 possihlv 11) arc~gn the wrrwt gewmelrws i u  
a qualitative manner without recourse to detailed theoretical eon- 
sideratians. 

S p e d r a  of Co(EDTA)- 

The hexadentate ligand in Co(EDTA)- must adopt a cis-CoNzOd 
geometry, similar to the crs-Co(1DA)z- complex geometry except for 
the extra -CH2-CH2- linkage between the two amine donor atoms. 
Consequently, it is possible touse thiscomplex to further confirm the 
geometrical assignments already made. The color of this complex is 
similar to the purple IDA isomer, to which we have assigned also a cis 
geometry. Thevisibleabsorption spectraofthe Co(EDTA)-complex 
is comparable to that of the purple Co(lDA)z- isomer, consistent with 
similar eis-CoNzOl (Czu) geometries in each case. Further, the pmr 
spectrum of the C d E D T A )  complex in D20 ean be analyzed in terms 
of two overlapping AB quartets, similar to the pattern observed for 
the purple Co(lDA)%- isomer, complicated by the superposition of 
the resonances from the additional protons of the -CH2-CH,- linkage. 
We have found that provision of a 100 MHz spectrum of the 
Co(EDTA)- complex is best to enable the student to rationalize the 
overall spectrum in terms of the above analysis. 
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