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F O R E W O R D 
A D V A N C E S I N C H E M I S T R Y SERIES was f ounded in 1949 b y the 
A m e r i c a n C h e m i c a l Society as an outlet for symposia a n d c o l 
lections of data in special areas of t op i ca l interest that c o u l d 
not be accommodated i n the Society's journals. It provides a 
m e d i u m for symposia that w o u l d otherwise be fragmented, 
their papers d i s t r ibuted among several journals or not p u b 
l i shed at all . Papers are refereed c r i t i ca l ly accord ing to ACS 
ed i tor ia l standards a n d receive the care ful attention a n d proc 
essing characterist ic of ACS publ icat ions . Papers p u b l i s h e d 
in  A D V A N C E S IN C H E M I S T R Y SERIES are o r i g i n a l contr ibut ions 
not p u b l i s h e d elsewhere in who le or major part a n d inc lude 
reports of research as w e l l as reviews since symposia m a y 
embrace bo th types of presentation. 
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PREFACE 

T n January 1975, a sympos ium o n " Inorganic C o m p o u n d s w i t h U n u s u a l 
A Propert ies" was h e l d at the G e o r g i a Center for C o n t i n u i n g E d u c a t i o n 
of the U n i v e r s i t y of G e o r g i a as one of the b i e n n i a l symposia of the 
D i v i s i o n of Inorganic C h e m i s t r y of the A m e r i c a n C h e m i c a l Society. T h e 
purpose of this sympos ium was to st imulate interactions be tween s c i 
entists concerned w i t h the preparat i on a n d character izat ion of inorganic , 
coordinat ion , a n d organometal l i c compounds a n d scientists concerned 
w i t h the photochemica l , e lectr ica l , a n d other properties of compounds 
of these types. 

O f the 33 papers presented at the sympos ium 32 are i n c l u d e d i n this 
vo lume. T h e y are of t w o general types. O n e type discusses inorganic 
compounds exh ib i t ing a specific property , most f requent ly e lectr i ca l or 
photochemical . T h e second type reviews recent developments i n the 
synthetic chemistry of a class of inorganic compounds—most often t r a n 
s i t ion meta l or lanthanide c o m p l e x e s — w h i c h are of potent ia l interest to 
persons l ook ing for n e w systems w i t h u n u s u a l properties . Classes of 
compounds covered b y this second type i n c l u d e meta l a lkyls , meta l a lk -
oxides, meta l a lky lamides , m e t a l chelates, a n d m e t a l clusters as w e l l as 
meta l complexes w i t h polyboranes , po lyphosphines , macrocyc l i c d e r i v a 
tives, d i - a n d triketones, a n d po lypyrazo ly lborates as l igands . 

I w o u l d l ike to acknowledge the tremendous h e l p of m y U n i v e r s i t y 
of G e o r g i a colleagues, John K . Ruff , Char les R . K u t a l , a n d Rober t H . 
L a n e , w h o served o n the S y m p o s i u m P l a n n i n g C o m m i t t e e i n connect ion 
w i t h the p l a n n i n g a n d arranging of b o t h the scientific a n d non-scientif ic 
programs of the sympos ium. W e thank the A r m y Research Office ( D u r 
h a m ) , Pe t ro l eum Research F u n d of the A m e r i c a n C h e m i c a l Society, a n d 
the X e r o x C o r p . for sponsorship of the s y m p o s i u m t h r o u g h major finan
c i a l contr ibutions . F i n a l l y , I a m pleased to acknowledge assistance f r o m 
b o t h W i l l i a m Johns of the G e o r g i a Center for C o n t i n u i n g E d u c a t i o n a n d 
m y wi fe , M r s . Jane K . K i n g , w i t h the non-scientif ic p r o g r a m of the 
sympos ium. 

R . B R U C E K I N G 

Athens , G a . 
F e b r u a r y 1975 
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1 

Electrical Property Studies of Planar Metal 
Complex Systems 

L E O N A R D V . I N T E R R A N T E 

Physical Science Branch, General Electric Corporate Research and 
Development, P.O. Box 8, Schenectady, N . Y. 12301 

Electrical conductivity and thermopower measurements on 
single crystals of Pt(NH 3) 4PtCl 4 (MGS) and (TTF) N i S 4 C 4 H 4 

(TTF = tetrathiafulvalene) illustrate the application of elec
trical property measurements to the study of intermolecular 
interactions and electronic structure in planar metal complex 
systems. MGS is an anisotropic, p-type semiconductor; con
ductivity along the metal-chain direction (10-5-10-2 ohm-1 

cm-1 at 52°C) is 18-25-fold that perpendicular to this direc
tion. The importance of impurity effects in determining the 
conductivity of this compound is demonstrated, and a pos
sible extrinsic band model for the conduction process is 
presented. Conductivity measurements on the donor-accep
tor compound ( T T F ) 2 N i S 4 C 4 H 4 as a function of direction in 
the crystal are discussed in the context of a recent crystal 
structure analysis which suggests a two-dimensional inter
action among the constituent TTF units. 

' T i h e strong current interest i n inorganic a n d organic compounds w h i c h 
d i sp lay pseudo-one-dimensional solid-state properties is noted i n sev

era l other papers i n this vo lume. T h i s interest has been manifested i n 
the last f e w years i n a large n u m b e r of spec ia l symposia ( I , 2, 3, 4, 5) 
a n d publ i cat ions , par t i cu lar ly i n the physics journals. 

I n m a n y of these compounds, the one-dimensional so l id state p r o p 
erties der ive f rom interactions between p lanar molecular units w h i c h are 
stacked together to f o r m columns or even meta l atom chains a long one 
d irect ion i n the so l id . T h e tendency of p lanar molecules to stack i n 
columns can be understood s i m p l y f rom the standpoint of p a c k i n g effi
c iency considerations a l though, i n certain cases, specific b o n d i n g in ter 
actions are ev idenced b y unusual ly short intermolecular separations (6 , 
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2 INORGANIC COMPOUNDS W I T H UNUSUAL PROPERTIES 

7). I n p lanar transit ion meta l complexes, the interactions among the 
m e t a l a n d l i g a n d ir orbitals w h i c h occur w i t h i n these stacks can prov ide 
a continuous p a t h w a y for electron d e r e a l i z a t i o n a long one d i rec t ion i n 
the so l id w h i c h is detectable as anisotropic e lectr ica l conduct iv i ty . S u c h 
effectively one-d imensional solid-state interactions can result i n u n i q u e 
properties a n d proper ty combinations . 

F o r example, i n a d d i t i o n to meta l - l ike conduc t iv i ty a n d opt i ca l reflec
t i v i t y a long the stacking d i rec t ion a n d effectively insu lat ing character 
perpend i cu lar to this d i rec t ion , there is evidence of unusua l s tructura l 
distortions, analogous to Jahn-Te l l e r effects i n molecu lar systems, w h i c h 
result i n gradua l metal - to- insulator transitions at l o w temperatures ( 8 ) . 
I n certain cases, i t is be l i eved that these s tructural distortions g ive rise to 
cooperative electron transport via charge density waves w h i c h presum
ab ly enhance the conduct iv i ty at l ow temperatures above that w h i c h w o u l d 
be expected on the basis of o rd inary one-electron scattering theory (8,9). 

I n a d d i t i o n to systems w i t h one-dimensional meta l l i c properties , 
there are a considerably larger n u m b e r of p lanar m e t a l complexes where 
stacking interactions i n the so l id state give rise to unusua l properties 
i n c l u d i n g h i g h l y anisotropic conduct iv i ty behavior but where electronic 
or s tructural factors l ead to thermal ly act ivated conduct ivit ies (JO, 11). 
S u c h one-dimensional semiconductors constitute an important area of 
s tudy w i t h i n the general topic of solids w i t h one-dimensional interactions, 
a n d the ir study has p r o v i d e d m u c h useful in format ion regard ing s t r u c t u r e -
property relat ionships. 

T h e p r i m a r y objective of this paper is to i l lustrate b y specific ex
amples f r om our past a n d current research h o w electr ica l property 
measurements can be of value i n d e d u c i n g in format ion regard ing the 
solid-state electronic structure a n d i n s tudy ing intermolecular orb i ta l 
interactions i n such transit ion meta l complex systems. T o faci l i tate this 
discussion, a br ie f descr ipt ion of e lec tr i ca l conduct iv i ty a n d some other 
e lectr i ca l properties is i n c l u d e d . F o r a more deta i led account as w e l l as 
for a descr ipt ion of the various exper imental techniques w h i c h are used 
to determine these properties , the reader is referred to any of several 
excellent books on the subject (12,13). 

Measurement of Electrical Properties 

E l e c t r i c a l C o n d u c t i v i t y . T h e measurement of e lectr i ca l c onduc t iv i ty 
is essentially the determinat ion of the amount of charge transported per 
second across a u n i t area of sample as the result of an a p p l i e d u n i t e lectr ic 
field. I f i t is assumed that the conduct iv i ty is p r i m a r i l y e lectronic i n 
nature (as opposed to i o n i c ) , as seems to be the case for most transi t ion 
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1. INTERRANTE Planar Metal Complex Systems 3 

meta l complex solids, the charge carriers are either electrons or the ir 
posit ive counterparts, holes, a n d the conduct iv i ty is de termined b y the 
n u m b e r of such species a n d their ve loc i ty ( m o b i l i t y ) i n the a p p l i e d field, 
i.e. o-anfji, where o- is the conduct iv i ty , n is the n u m b e r of carriers, a n d fi 
is the ir m o b i l i t y i n c m 2 / v o l t sec. I n v e r y s imple terms, the m o b i l i t y 
reflects the fac i l i ty w i t h w h i c h the carrier can move through the sample, 
a n d thus, i n a crysta l compr ised of molecular units , m o b i l i t y provides a 
good measure of the intermolecular o r b i t a l interactions. 

T h e rec iproca l of conduct iv i ty is resist ivity , p, the resistance per un i t 
cube. Res ist iv i ty is measured i n o h m c m , a n d the un i t of c onduct iv i ty is 
thus o h m " 1 cm" 1 . T h e conduct ivit ies at 25° C of a n u m b e r of representa
t ive materials are g iven i n F i g u r e 1 on a l ogar i thmic scale of o h m " 1 c m - 1 . 
T h e terms meta l , semiconductor , a n d insulator i m p l y a certa in l eve l of 
conduct iv i ty , as i l lustrated b y the approximate ranges i n F i g u r e 1, but , 
moreover, they refer to the manner i n w h i c h the conduct iv i ty varies w i t h 
temperature as w e l l as other characterist ic e lectr ical , opt i ca l , a n d m a g 
netic properties. W i t h a meta l , c onduct iv i ty general ly decreases w i t h 
increasing temperature i n the manner aal/T whereas w i t h semiconductors 
a n d insulators, conduct iv i ty general ly increases w i t h increas ing tempera 
ture, often exponential ly , i.e. <ra exp ( — AE/kT). 

A s is ind i ca ted i n F i g u r e 1, molecu lar solids, a n d indeed most organic 
a n d meta l complex materials f a l l i n this category, usua l l y exhibit rather 
l o w e lectr ica l conduct iv i t ies (10~10 o h m " 1 cm" 1 ) that reflect the rather 
weak v a n der W a a l s interactions between the molecular units i n the so l id . 
There are a n u m b e r of molecu lar solids w i t h substantial ly h igher con 
duct iv i t ies , however , that range u p to ~ 800 o h m " 1 c m " 1 for tetraseleno-
fulvalene • tetracyanoquinodimethane ( T S e F • T C N Q ) (14). 

I n this c o m p o u n d a n d several other structural ly analogous organic 
a n d inorganic compounds , the conduct iv i ty is inversely dependent on 
temperature over a l i m i t e d temperature reg ion , a n d other character ist i 
ca l ly meta l - l ike properties are observed. I n c l u d e d i n this group are 
p o l y m e r i c sul fur n i t r ide , ( S N ) ^ , a n d a group of p a r t i a l l y ox id i zed , square 
p lanar p l a t i n u m a n d i r i d i u m complexes that are co l lect ive ly re ferred to 
as " K C P " i n F i g u r e 1; bo th are discussed elsewhere i n this vo lume. 

E x c e p t for these re lat ive ly f e w materials , most transi t ion meta l c o m 
plexes exhib i t properties more t y p i c a l of semiconductors w i t h c o n d u c t i v i 
ties usua l ly less than 10'2 o h m " 1 c m " 1 a n d a thermal ly act ivated conduc 
t iv i ty behavior . T h e thermal act ivat ion energy, w h i c h is d e r i v e d f r o m 
plots of l og cr vs. 1/T i n these cases, m a y result f r o m either the p r o d u c t i o n 
of charge carriers (as for example b y d irect b a n d gap excitat ion i n a n 
intr ins i c semiconductor ) or f r o m the carrier mot i on (as i n systems where 
the conduct ion proceeds b y a short range, thermal ly act ivated, h o p p i n g 
process) . 
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4 INORGANIC COMPOUNDS W I T H UNUSUAL PROPERTIES 

MOST 
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Imidazole 
DNA 
Ferrocene 
Phthalocyanines 
Riboflavin 

Napthalene 
Sulfur 
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M O L E C U L A R 

CRYSTALS 

Figure 1. Approximate conductivity scale for some representative 
solid state materials at 25°C 

I n either case, extremely s m a l l amounts of impur i t i es a n d crysta l l ine 
defects can p l a y a n impor tant role i n de termin ing bo th the magni tude of 
the conduct iv i ty a n d the act ivat ion energy. T h e e luc idat ion of such 
effects is often difficult, a n d care fu l contro l of sample p u r i t y a n d f o r m 
as w e l l as experiments o n samples i n various stages of pur i f i cat ion are 
r equ i red . 

Other Electrical Properties. A characterist ic feature of m a n y semi 
conductors a n d insulators is a n increase i n conduct iv i ty on absorpt ion 
of l i g h t i n a par t i cu lar f requency range. T h i s photoconduct iv i ty usua l ly 
reflects a n increase i n the n u m b e r of free carriers i n the so l id due to the ir 
photoexci tat ion f r o m filled bands, donor levels, or t r a p p i n g states. T h e 
spectral response a n d q u a n t u m efficiency of the photoconduct iv i ty can be 
used to deduce in fo rmat ion regard ing the energy b a n d structure of a 
semiconductor a n d the carr ier l i fet imes (or m o b i l i t i e s ) . 

A n o t h e r e lectr i ca l proper ty of fundamenta l importance is the thermo
electr ic power , or Seebeck effect. Its s ign , magni tude , a n d temperature 
dependence c a n p r o v i d e in fo rmat ion about the s ign of the charge carriers 
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1. INTERRANTE Planar Metal Complex Systems 5 

a n d their m o b i l i t y as w e l l as the b a n d structure of the so l id . I t is essen
t ia l ly the voltage generated between two junctions of a mater ia l w h e n 
the two junctions are h e l d at different temperatures; i t is de termined 
s i m p l y b y measur ing the i n d u c e d voltage a n d d i v i d i n g b y the tempera
ture difference. T h e s ign of the thermopower is defined as the po lar i ty 
of the c o l d junct ion, a n d i t usua l ly corresponds to the s ign of the major i ty 
carr ier (i.e. posit ive for holes a n d negative for e lectrons) . Its magni tude 
is character ist ical ly s m a l l ( < 100 / / V / d e g r e e ) for metals a n d considerably 
larger ( > 100 /xV/degree ) for semiconductors. T h e temperature depend 
ence is also usual ly larger for semiconductors where a re lat ion of the type 
S = B/T + K (where S is the thermopower a n d B a n d K are constants) 
is often observed. Var i ous theoret ical expressions of this general f o r m 
have been der ived on the basis of b a n d theory a n d have been used to 
relate the exper imental data to such features of the conduct ion process 
as the posi t ion of the F e r m i l eve l i n re lat ion to the b a n d edges, the 
effective mass of the carriers, the e lec t ron /ho le mob i l i t y rat io , a n d the 
nature of the carrier scattering mechanism. 

A var ie ty of other e lectr ica l measurements have been used i n the 
study of semiconductor materials . H a l l effect measurements have been 
used to determine the s ign a n d concentration of charge carriers as w e l l 
as, i n conjunct ion w i t h conduct iv i ty measurements, to deduce mobi l i t ies . 
T h e mobi l i t ies , w h i c h are qu i te sensitive to the intermolecular o r b i t a l 
overlaps i n molecular solids, can also be determined d irect ly , w i t h less 
ambigu i ty , b y inject ing a pulse of charge carriers, us ing fight or an electric 
field, a n d measur ing their transit t ime over a k n o w n distance i n a k n o w n 
field. A l t h o u g h such methods have proven qui te useful i n the s tudy of 
m a n y inorganic semiconductors, they have not f o u n d w i d e app l i ca t i on 
thus far i n w o r k on molecular solids as a result , perhaps i n part , of dif f i 
culties i n obta in ing suitable s ingle crystal samples of appropriate d i m e n 
sions, as w e l l as the somewhat h igher degree of sophist icat ion r e q u i r e d 
for the ir mean ing fu l appl i cat ion . F o r details regard ing these a n d the 
various other e lectr ical property measurement methods w h i c h are not 
discussed here, the c i ted reference sources (12, 13) shou ld be consulted. 

Application of Electrical Measurements to the Study of 
Some Metal Complex Systems 

Magnus* Green Salt. T h e crysta l structure of M a g n u s ' G r e e n Salt 
( M G S ) ( 1 5 ) , [ P t ( N H 3 ) 4 P t C l 4 ] , is i l lustrated i n F i g u r e 2. O f par t i cu lar 
interest are the l inear chains of P t atoms w h i c h result f r o m the c o l u m n a r 
stacking of the constituent p lanar complex units . T h e P t - P t separations 
w i t h i n these chains (3.25 A ) are substantial ly shorter than the separations 
between chains (6.39 A ) w h i c h suggests the poss ib i l i ty of h i g h l y d i rec -
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6 INORGANIC COMPOUNDS W I T H UNUSUAL PROPERTIES 

CL O 
N o 
Pt • 

z 

4c 

C-AXIS 
I 
i 

Figure 2. The crystal structure of Magnus* Green Salt 
[PtfNHsh2*] [P*CZ/ - ] (MGS). Left: chain structure. 
Right: atomic arrangement of MGS projected on (001); 

: z = 0; :z=V2. 

t i ona l solid-state interactions. T h e first evidence for the existence of such 
interactions was the green color of this c o m p o u n d w h i c h was not the 
expected consequence of the combinat ion of colorless P t ( N H 3 ) 4

2 + and 
p i n k P t C l 4

2 " ions. Spectra l studies of M G S d u r i n g the past 25 years have 
l e d to identi f icat ion of the source of the green color as a w i n d o w i n the 
absorpt ion spectrum at ~ 20,000 c m " 1 that arises f rom a r e d shift a n d 
intensif ication of the largely intramolecular d-> d transitions on the 
P t C l 4

2 " i o n (16,17,18,19, 20). 
I n one of the earlier studies of this absorpt ion spectrum, an apparent 

b road , strong, absorpt ion b a n d was observed i n the near - IR reg ion i n the 
v i c i n i t y of 6000 c m " 1 w h i c h was thought to be possibly intermolecular i n 
o r i g i n (21). T h i s observation l e d to the postulat ion of an energy b a n d 
descr ipt ion for the electronic structure of M G S w h i c h has been w i d e l y 
used i n subsequent w o r k on this a n d other meta l - cha in systems ( F i g u r e 
3 ) . 

T h e extended interact ion of the filled dz2 a n d empty pz orbitals on 
the p l a t i n u m atoms i n the l inear chains is v i e w e d here as g i v i n g rise to 
energy bands of apprec iable w i d t h i n the so l id , m u c h l ike the energy 
bands i n covalent inorganic semiconductors , on ly h i g h l y d i rec t iona l i n 
character. T h e near - IR absorpt ion b a n d was at t r ibuted to transitions 
across the f o rb idden energy gap between these bands , w h i c h t h e n pre 
sumably amounts to < 1 e V . 

T h e poss ib i l i ty that t h e r m a l or photoexcitat ion of electrons between 
these bands c o u l d l ead to mob i l e charge carriers i n either or b o t h bands, 
a n d consequently to anisotropic semiconduct iv i ty or photoconduct iv i ty , 
was ant i c ipated . Subsequent observations b y C o l l m a n a n d co-workers 
(22) a n d b y G o m m , Thomas , a n d U n d e r h i l l (23) veri f ied these predict ions 
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1. INTERRANTE Planar Metal Complex Systems 7 

and , moreover, their data seemed to be i n reasonable quant i tat ive agree
ment w i t h the intr ins i c b a n d m o d e l descr ipt ion i n F i g u r e 3. T h i s agree
ment was short l i v e d however ; later spectral studies on single crystals of 
M G S (24, 25) f a i l ed to substantiate the earlier c l a i m of a strong absorp
t i on b a n d i n the near - IR reg ion w h i c h w o u l d be expected f r o m the 
presumed b a n d gap of < 1 e V , a n d semiquantitat ive b a n d structure c a l 
culations (26) l e d to an estimate of 4.5 e V for the dz2-pz b a n d gap w h i c h 
w o u l d be characterist ic of a good insulator. 

T o e luc idate the or ig in of the conduct iv i ty i n M G S a n d the nature 
of the solid-state electronic interactions, suitable s ingle-crystal samples 
of M G S were grown , a n d their e lectr ica l properties were s tudied i n 
detai l . T h e development of a s i l i ca gel procedure (27) for g r o w i n g M G S 
crystals permi t ted for the first t ime the preparat ion of large, h i g h q u a l i t y 
crystals of apprec iable cross section. Rec tangular para l l e l ep iped crystals 
1-2 m m long a n d u p to 0.7 X 0.7 m m i n cross section were obta ined i n 
this manner , and , after screening for defects b y examinat ion under a 
microscope a n d study of the crysta l morpho logy b y x-ray precession 
methods, they were m o u n t e d for conduc t iv i ty a n d thermoelectr ic power 
measurements. Conduc t iv i t i e s were measured b y the standard four-elec-

<Pz> 

(<1X2 _ y2 ) b|, 

(dxy) b „ J L 

( M , f l " i ; 

PtCI4~ 

J L b 2 « < d x y > 

— % (d z 2) 

PKMH,)5* Pt(NH3)4PtCI4(s) 

Figure 3. Energy band model for MGS (adapted from Ref. 21) 
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8 INORGANIC COMPOUNDS W I T H UNUSUAL PROPERTIES 

trode, voltage probe method (13) w i t h two end contacts a n d t w o voltage 
probes attached a long one d i rec t i on i n the crystal , a n d also b y the M o n t 
gomery method (28) w i t h four electrodes at four para l l e l edges of the 
crysta l , to determine the conduc t iv i ty anisotropy. Contacts were made 
u s i n g D u p o n t s i lver pa int N o . 7941 a n d fine go ld w i r e leads. 

CO 
U J 

E i o 5 r -

3 4 5 6 7 8 9 10 

l/T C K " 1 X I0 3) 

Figure 4. Representative log p vs. 
I / T plot for an MGS crystal wired 
for dc voltage probe measurements 

along the c axis 

A t y p i c a l l og <T vs. l/T p l o t obta ined i n the voltage probe studies is 
presented i n F i g u r e 4. T h e l inear i ty of this p lo t over the w i d e tempera 
ture range s tud ied ( 1 2 0 ° - 3 5 0 ° K ) suggests that w e are dea l ing w i t h one 
thermal ly act ivated conduct ion process i n this temperature regime. 
Measurement of the conduct iv i ty anisotropy b o t h b y four-probe measure
ments on i n d i v i d u a l samples a n d b y the M o n t g o m e r y m e t h o d (28) gave 
values of 1 8 / 1 - 2 5 / 1 for the rat io of the c ( m e t a l c h a i n d i rec t ion ) a n d 
a axis conductivit ies . T h i s is somewhat less than the anisotropy exhib i ted 
b y other one-d imensional systems (8,29), b u t i t is s t i l l bas i ca l ly consistent 
w i t h the suggestion that the predominant solid-state interactions i n M G S 
are a long the p l a t i n u m chains. 
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1. I N T E R R A N T E Planar Metal Complex Systems 9 

C o n d u c t i v i t y as a funct ion of f requency was not s tud ied i n de ta i l ; 
however , p r e l i m i n a r y two-electrode ac measurements at r o o m tempera
ture on a single crysta l sample revealed essentially no change f r o m the 
dc conduct iv i ty va lue w i t h ac frequencies u p to at least 1000 H z . T h i s 
observation agrees w i t h expectations for band- type semiconductors where 
the carriers are re lat ive ly mob i l e i n an a p p l i e d field. 

I400 r 

700' ' ' 1 « " 1 1 
3.0 3.5 4.0 4.5 5.0 5.5 6.0 

l/T CK" 1 X I0 3 ) 

Figure 5. The thermopower of MGS as a function of 
1 / T . The slope of the log p vs. J / T curve for this same 

crystal is included for comparison. 

I n add i t i on to these conduct iv i ty studies, the thermopower of several 
crystals was measured as a funct ion of temperature b y u s i n g two s m a l l 
go ld -Advance thermocouples attached to the ends of the crysta l w i t h 
s i lver pa int . T h e crysta l a n d thermocouples were suspended f r o m single-
crysta l quartz b locks , one of w h i c h was e lectr ica l ly heated to prov ide the 
r e q u i r e d temperature gradient. I n each case, posit ive thermopower values 
were observed w h i c h suggests that holes are the major i ty carriers. T h e 
large magni tude of the thermopower a n d its essentially l inear dependence 
o n l/T ( F i g u r e 5 ) is consistent w i t h previous observations on semicon
ductors a n d w i t h the expression S = k/e[AE/kT + A ] der ived b y 
F r i t z s c h e for a semiconductor i n w h i c h on ly one b a n d is i n v o l v e d i n the 
conduct ion process (30 ) . T h e A E i n this expression is bas ica l ly the ac t i 
va t i on energy for charge carrier product i on , a n d , w i t h a band- type semi -
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10 I N O R G A N I C C O M P O U N D S W I T H U N U S U A L P R O P E R T I E S 

conductor , i t is equivalent to the t h e r m a l act ivat ion energy for c onduc 
t iv i ty . T h e substantial ly h igher va lue observed for the conduct iv i ty 
act ivat ion energy i n this same crystal c o u l d arise i n part f rom an act ivat ion 
energy associated w i t h the charge carrier mot ion , as i n a n a r r o w b a n d , 
h o p p i n g type semiconductor . 

T h e data f r o m the voltage probe dc conduct iv i ty measurements on 
19 different crystals of M G S obta ined f rom four crysta l g r o w t h p r e p a r a 
tions are s u m m a r i z e d i n T a b l e I. These data reveal several interest ing 
features regard ing conduct ion i n M G S . I n part i cu lar , whereas the r o o m 
temperature conduct iv i t ies of crystals obta ined f r om the same preparat ion 
are i n reasonably good agreement, the var iat ion f r o m one preparat ion to 
the next is as m u c h as three orders of magni tude . A m a r k e d var ia t i on i n 
the thermal act ivat ion energy for conduct iv i ty is also apparent between 
preparations w i t h a general ly l ower t h e r m a l act ivat ion energy for the 
samples of h igher conduct iv i ty . C a r e f u l examinat ion of these crystals 
under a microscope a n d b y x-ray precession methods revealed no appar 
ent s tructural or morpho log i ca l differences a m o n g the samples f r o m 
different preparations. Microana lys i s revealed smal l amounts ( p p m leve l ) 
of other transit ion elements ( p r i m a r i l y F e , C u , a n d P d ) but no obvious 
variat ions i n composi t ion f rom one preparat ion to the next. 

T a b l e I . D c C o n d u c t i v i t y D a t a f o r M G S C r y s t a l s " 

c-Aon's Thermal 
Number of Conductivity Activation 

Preparation Samples at 25°C, ohm~l cm~l Energy, eV 

A 6 4 . 7 ( ± 2 . 4 ) X l O " 5 0.352 ( ± 0 . 0 3 3 ) 
B 3 8 .5 (±4 .2 ) X l O " 4 0.257 ( ± 0 . 0 2 5 ) 
C 4 1 .3(±0.3) X l O " 3 0.255 ( ± 0 . 0 2 0 ) 
D 6 7 .5 (±1 .6 ) X l O " 3 0.212 ( ± 0 . 0 1 2 ) 

a Average values; average deviations are given in parentheses. 

A d d i t i o n a l experiments on the same P t ( N H 3 ) 4
2 + a n d P t C l 4

2 " solutions 
demonstrated that certain solutions consistently gave crystals of h igher 
conduct iv i ty , w h i c h suggests that differences i n the composi t ion of these 
solutions were responsible for the observed conduct iv i ty variat ions. O n 
the basis of these findings a n d the prev ious ly ment ioned arguments 
against the intr ins i c b a n d mode l , i t was suggested that the conduct iv i ty 
i n M G S was i m p u r i t y dominated (24, 31). 

T h e first definit ive in format ion regard ing the nature of these i m p u r i 
ties was p r o v i d e d b y E P R measurements on b o t h s ingle-crystal a n d 
p o w d e r samples of M G S prepared under different exper imental c o n d i 
tions (32, 3 3 ) . A n ax ia l ly symmetr i c resonance was observed i n the 
s ingle - crysta l samples w h i c h was identi f ied, on the basis of the g values 
a n d the observed hyperf ine pattern, as ar is ing f r om an electron i n a 
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1. I N T E R R A N T E Planar Metal Complex Systems 11 

d / - l i k e state that extended over several P t atoms. Spectrophotometr ic 
analysis of the solutions used to prepare M G S a n d d o p i n g experiments 
suggested further that the source of these u n p a i r e d electrons was P t I V 

complexes present i n the solutions. These P t I V complexes apparent ly 
induce a p a r t i a l ox idat ion of the P t 1 1 ions i n the so l id w h i c h is c o m p e n 
sated b y the a d d i t i o n of negative ions (presumably ha l ides ) e ither at 
interst i t ia l sites or as a replacement for the neutra l N H 3 groups. T h e 
presence of such h a l i d e ions, par t i cu lar ly at interst i t ia l sites, c o u l d f a c i l i 
tate electron transfer between the p l a t i n u m chains a n d thus account for 
the observation of the substantial ly lower ( 1 8 - 2 5 X ) but s t i l l significant 
conduct iv i ty perpend i cu lar to the meta l - cha in d i rec t ion i n M G S . T h e 
existence of P t I V species i n the n o m i n a l P t 1 1 complexes used to prepare 
M G S was a general occurrence, p resumably the result of a ir ox idat ion or 
incomplete reduc t i on of the P t I V starting m a t e r i a l i n the preparat ion of 
the P t 1 1 complexes. 

E P R studies of some of the same crystals used i n the conduc t iv i ty 
studies revealed a general correspondence between the intensity of the 
E P R resonance a n d the conduct iv i ty of the crystals, thus establ ishing a 
re lat ionship between the i m p u r i t y - i n d u c e d conduct iv i ty effects a n d the 
presence of P t I H - l i k e states i n the so l id . 

U s i n g the avai lable in format ion regard ing the nature of the i m p u r i t y 
states i n M G S a n d the findings f r om the semiquanti tat ive b a n d structure 
calculations, a modi f ied b a n d m o d e l for the M G S electronic structure 
can be constructed w h i c h appears to account for m u c h of the avai lable 
data. T h i s m o d e l ( F i g u r e 6 ) is s imi lar to the intr ins i c b a n d m o d e l p r o 
posed b y M i l l e r (21) i n that dz2 a n d pz bands of significant w i d t h are 
postulated; however , consistent w i t h the theoret ical calculations (26) a n d 
spectral observations (16-20, 24, 25) here the dz2-pz b a n d gap is on the 
order of 4.5 eV , a n d acceptor levels, corresponding to the P t n i - l i k e states 
l o ca l i zed near the charge-compensating defects, have been in t roduced 
close to the top of the dz2 band . 

Intr ins ic M G S i n this context w o u l d be a good insulator , a n d the 
observed conduct iv i ty is a t t r ibuted entirely to the presence of the i m 
p u r i t y states. T h e r m a l excitation of electrons f rom the dz2 b a n d into these 
acceptor levels shou ld l ead to hole conduct ion i n the dz2 bands, w h i c h is 
consistent w i t h the observed p- type conduct iv i ty behavior . A l s o the essen
t ia l ly f requency- independent conduct iv i ty as w e l l as the w e a k character 
of the photoconduct iv i ty response observed b y C o l l m a n et al. (22) i n the 
near - IR region is understandable on this basis, as is the lack of any strong 
absorpt ion bands i n this region, consider ing the re lat ive ly l o w concentra
t i on of i m p u r i t y states present [200 p p m P t 1 1 1 sites est imated b y E P R 
(32,33)]. I t is also possible to account for the apparent ly smaller t h e r m a l 
act ivat ion energies observed for the crystals of h igher conduct iv i ty b y 
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12 I N O R G A N I C C O M P O U N D S W I T H U N U S U A L P R O P E R T I E S 

BANDS < 
(EMPTY) 
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H 9 M 
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Figure 6. Extrinsic band model description for the 
electronic structure of MGS. The acceptor levels 
correspond to localized PtIlr-like states, each con

taining one unpaired electron. 

cons ider ing the l i k e l i h o o d of i m p u r i t y b a n d i n g i n these presumably more 
h i g h l y doped samples. 

A l t h o u g h this extrinsic b a n d m o d e l can be used to account for m u c h 
of the avai lable in format ion concerning the e lectr ica l properties of M G S , 
especial ly i n v i e w of the thermopower data obta ined , the alternative 
poss ib i l i ty that convent ional b a n d theory is not appropr iate to M G S a n d 
that a more l o ca l i zed descr ipt ion of the electronic structure is r e q u i r e d 
c lear ly cannot be discounted at this point . A definite answer to this 
quest ion must awai t further studies on this system, i n c l u d i n g a direct 
determinat ion of the charge carrier mob i l i t y . 

( T T F ) 2 N i S 4 C 4 H 4 . Bis ( tetrathiafulvalene) -b is ( l ,2 -ethylenedithio lene) -
n i c k e l [ ( T T F ) 2 N i S 4 C 4 H 4 ] is a member of a n e w series of ^ - d o n o r -
acceptor compounds prepared b y the interact ion of tetrathiafulvalene 
( T T F ) w i t h neutra l b isdi thio lene m e t a l complexes (34, 3 5 ) . I t crysta l 
l izes f r om acetonitri le so lut ion as large ( ~ 2 m m on a s ide) s ingle crystals 
that are suitable for deta i led conduct iv i ty measurements. T h e data f r o m 
such measurements, w h e n examined i n the l ight of the other so l id state 
properties a n d in format ion obta ined f r o m a complete three-d imensional 
crysta l structure determinat ion , suggest specific interactions of a quite 
d i rec t iona l character among the constituent p lanar molecu lar units i n the 
so l id a n d thus prov ide a good i l lustrat ion of the u t i l i t y of e lectr ica l c on 
d u c t i v i t y as a tool for invest igat ing solid-state interactions. 
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1. I N T E R R A N T E Planar Metal Complex Systems 13 

I n add i t i on to the conduct iv i ty studies, electronic absorpt ion, spectral , 
magnet i c suscept ibi l i ty , a n d E S R measurements were made o n this c o m 
p o u n d (34). T h e findings indicate that charge transfer between the 
neutra l d iamagnet ic T T F a n d N i S 4 C 4 H 4 units occurs i n the so l id state 
to give paramagnet ic N i S 4 C 4 H 4 " ions. These were ident i f ied b y the ir 
characterist ic absorpt ion spectrum a n d b y their anisotropic g values. 
T h e magnet ic measurements ind i ca ted essentially C u r i e - t y p e p a r a m a g 
net ism but w i t h a C u r i e constant appropr iate for on ly one u n p a i r e d 
electron per ( T T F ) 2 N i S 4 C 4 H 4 f o r m u l a uni t . T h i s was ident i f ied as the 
electron on the N i S 4 C 4 H 4 " ions on the basis of the E S R a n d spectral data. 
T h e fate of the electron left on the T T F + units after charge transfer is 
suggested b y the structural invest igat ion ( 3 5 ) . T h i s c o m p o u n d c rys ta l 
l izes i n the monoc l in i c space group C2/m w i t h a = 25.80 A , b = 10.67 A , 
c = 9.99 A , a n d /? — 119.67 A . 

V i e w s n o r m a l to the (010) a n d (100) planes are presented i n F igures 
7 a n d 8, respectively. T h e structure consists of four ( T T F ) 2 N i S 4 C 4 H 4 

f o r m u l a units per u n i t c e l l w i t h the T T F a n d N i S 4 C 4 H 4 molecules ar 
ranged i n alternate strips p a r a l l e l to the (100) p lane. T h e N i S 4 C 4 H 4 

units are or iented w i t h their molecular planes para l l e l to the (100) p lane 
a n d are located at y = 0 a n d 1/2, w e l l separated f r om one another a n d 

Figure 7. The unit cell of the (TTF)2lsIiSuChHh crystal structure 
viewed down [010] . The molecules whose centers are at y = V2 
are darkened; except for those labeled II, all other molecules have 

their centers aty = 0. 
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14 I N O R G A N I C C O M P O U N D S W I T H U N U S U A L P R O P E R T I E S 

Figure 8. A view of the (TTF)2NiSJlC/tHjt structure normal 
to the (100) plane showing the three types of TTF molecules 

the other molecules i n the un i t ce l l . Three s tructural ly dist inct T T F 
molecules occur, labe led I , I I , a n d I I I i n the figures. 

Mo lecu les I a n d I I f o rm a co lumnar stack along [010] w i t h the two 
units at I I and I F i n F i g u r e 8 rotated b y 60° w i t h respect to those at I 
a n d i n a f u l l y ec l ipsed configuration. These two units ( I I a n d I F ) are 
separated b y 3.48 A w h i c h suggests a significant b o n d i n g interact ion. 
These are identi f ied as the T T F + ions i n the structure w h i c h are p resum
a b l y h e l d together i n an ec l ip ised configuration b y interact ion of the 
ha l f - f i l l ed blu orbitals (36) on the two units . T h e electrons left after 
charge transfer are thus presumably p a i r e d u p i n the resultant b o n d i n g 
molecu lar orb i ta l . These ( T T F + ) 2 d imer units are effectively connected 
to one another i n two-d imens ional sheets para l l e l to the (100) p lane b y 
the neutra l T T F molecules at I a n d I I I . Those at I are separated b y 
3.60 A f r om the ( T T F + ) 2 pairs a n d c o u l d potent ia l ly interact t h r o u g h 
overlap of the blu -K orbitals o n each uni t . T h e ones at I I I also m a k e 
close s u l f u r - s u l f u r contacts to the T T F + units i n the d imer (3.51 A ) thus 
b r i d g i n g these dimers together a long the [001] d irect ion ( F i g u r e 9 ) . I n 
this case the interact ion, i f indeed one occurs, must invo lve the ir orbitals 
of the I I I un i t a n d the o- orbitals of the ( T T F + ) 2 d imer . 

C o n d u c t i v i t y of single crystal samples cut into rectangular para l le le 
p ipeds ~ 1.0 X 0.7 X 0.4 m m was measured b y the M o n t g o m e r y method 
(28) w i t h contacts p laced at four p a r a l l e l edges of the samples. S ingle 
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1. I N T E R R A N T E Planar Metal Complex Systems 35 

crystal x-ray precession measurements were used to determine the r e l a 
t ionship to the p r i n c i p a l crystal lographic directions. I n this manner , the 
conduct ivit ies a long the [010] a n d [001] d i rec t ion a n d an approximate 
value for the conduct iv i ty perpendicu lar to the (100) p lane were deter
m i n e d as a funct ion of temperature. A thermal ly act ivated conduct iv i ty 
behavior m u c h l ike that i n M G S was observed w i t h a t h e r m a l act ivat ion 
energy of 0.23 ± 0.02 eV , w h i c h was approx imate ly independent of d i rec 
t ion. T h e conduct iv i ty , however , showed a strong d i rec t ion dependence 
a n d was highest a long the [010] or T T F - s t a c k i n g d i rec t ion i n the so l id . 
T h e value observed (7.4 X 10~3 o h m " 1 cm" 1 ) is re lat ive ly h i g h on the scale 
of molecular semiconductors a n d indicates an apprec iab le ir o rb i ta l in ter 
act ion among the T T F units i n the stack. T h e conduct iv i ty a long the 
[001] axis, a l though definitely lower than that a long the [010] axis, is 
also apprec iable w h i c h suggests that the T T F O—TT o rb i ta l interactions i n 
this d i rec t ion also prov ide a p a t h w a y for electron d e r e a l i z a t i o n i n the 
so l id . 

T h e lowest conduct iv i ty value determined ( ~ 5.0 X 10" 5 o h m ' 1 cm" 1 ) 
is that perpendicu lar to the (100) p lane t h r o u g h the N i S 4 C 4 H 4 ~ units 
where the interatomic separations are re lat ive ly large a n d the o r b i t a l 
interactions are weakest. 

T h e o r ig in of the conduct iv i ty i n this c o m p o u n d is not yet k n o w n 
w i t h certainty a l though i t is t empt ing to speculate that the electron p a i r 
presumably invo lved i n the ( T T F + ) 2 b i n d i n g can be t h e r m a l l y act ivated 
into conduct ion b a n d states to produce carriers. A l ternat ive mechanisms, 
perhaps even i n v o l v i n g i m p u r i t y species, certainly cannot be d iscounted 
at this po int , especial ly i n v i e w of the findings for M G S . F u r t h e r invest i 
gations of this u n u s u a l mater ia l are current ly i n progress. 
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Unusual Properties Associated with 
One-Dimensional Inorganic Complexes 

J O E L S. M I L L E R 

Physical and Chemical Sciences Laboratory, Webster Research Center, 
Xerox Corp., 800 Phillips Rd.-114, Webster, N . Y. 14580 

In recent years there has been increased interest in inorganic 
and organic materials which exhibit highly anisotropic 
properties arising from a one-dimensional or pseudo-one
-dimensional structure in the solid state. Besides being pleo-
chroic, such one-dimensional materials may exhibit coopera
tive magnetic interactions (ferro and antiferromagnetic cou
pling) as well as unusual electrical properties (e.g. high 
conductivity and low thermal electric power). The unusual 
properties of 1-D systems are surveyed while focusing is 
on the structural and electronic features of the materials to 
aid in predicting new classes of materials which may exhibit 
unusual electrical, magnetic, and optical properties. These 
properties are discussed in terms of transition metal (row 
and group), oxidation state, geometry, ligand field strength, 
stoichiometry, etc. 

/ ^ \ n e - d i m e n s i o n a l ( l - D ) systems (1, 2, 3, 4, 5, 6) are best defined i n 
terms of their anisotropic e lectr ical , magnet ic , a n d op t i ca l properties . 

A l l noncub i c crystals w i l l exhib i t such anisotropic properties b y v i r tue 
of the symmetry , but for this discussion a 1-D system is defined b y an 
intensive proper ty w h i c h is pronounced i n a single d irect ion w i t h respect 
to the r e m a i n i n g orthogonal directions—e.g. the e lectr ica l conduct iv i ty 
(7 ) a n d op t i ca l (8) a n d reflectance (9 ) spectra of K 2 P t ( C N ) 4 B r 0 . 3 o o • 
3 H 2 0 (10, 11). These pronounced anisotropic properties arise f r o m 
stronger intermolecular interactions i n one d imension i n the crysta l t h a n 
i n the r e m a i n i n g directions. I n the context of the b r o a d subject of inor 
ganic chemistry , the complexes w h i c h exhib i t strong anisotropic proper 
ties are re lat ive ly f ew i n number , and , h a v i n g been s tud ied i n de ta i l on ly 
recently , they are classified as unusual . T h e most extensively s tud ied 1-D 
inorganic complex K 2 P t ( C N ) 4 B r o . 3 o o * 3 H 2 0 , is dep i c ted i n F i g u r e 1. 

18 
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2. M I L L E R One-Dimensional Complexes 19 

T h i s paper focuses on the u n u s u a l properties associated w i t h 1-D 
inorganic complexes w h i c h makes them w o r t h y of spec ia l study. A l t h o u g h 
a var ie ty of properties are unusua l because of intermolecular interactions 
i n the so l id , on ly those most f a m i l i a r to inorganic chemists are discussed 
— n a m e l y , the opt i ca l , magnet ic , a n d e lectr ica l properties. Top i c s more 
f a m i l i a r to physicists (2, 3, 6)—e.g., thermoelectr ic power , neutron scat
ter ing , piezoresistance, a n d specific heat—are not discussed. I n add i t i on , 
spec ia l features of structure, sto ichiometry, l i g a n d field strength, a n d 
oxidat ion state are discussed since they f requent ly y i e l d clues that a 
complex m a y exhib i t unusua l properties. T h e survey is not in tended to 
be exhaustive b u t rather to give an ind i ca t i on of w h i c h properties are 
most use fu l i n the character izat ion of n e w and , i n par t i cu lar , h i g h l y 
conduct ing 1-D complexes. 

T h e f o l l o w i n g is a case history of the one-d imensional inorganic 
complex, K ^ o . 5 l r ( C O ) 2 C l 2 , w h i c h exhibits h i g h conduc t iv i ty at r oom t e m 
perature. T h i s complex exhibits a var ie ty of unusua l properties w h i c h 
indicate a co lumnar structure a n d a p a r t i a l l y ox id i zed character i n spite 
of the o r i g ina l proposals for its structure. T h i s mater ia l serves as a n 
instruct ive example to po int out several features w h i c h make the complex 
w o r t h y of deta i led study. T o date, the deta i led study of its e lectr ica l , 
magnet ic , a n d opt i ca l properties has not been reported . 
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I n 1961 Malates ta a n d C a n z i a n i (12) reported the react ion of potas
s i u m h e x a c h l o r o i r i d a t e ( I V ) w i t h carbon monoxide a n d a copper catalyst 
above 100°C at high-pressure to y i e l d K I r 2 ( C O ) 4 C l 4 a n d K 2 I r ( C O ) 4 C l 4 . 8 , 
w h i c h suggests a m i x e d valent character for the materials . These c o m 
plexes h a d a meta l l i c luster a n d were reported to be d iamagnet ic i n the 
so l id a n d i n acetone. T h e b romo analogs, K I r 2 ( C O ) 4 B r 4 a n d K 2 I r 2 ( C O ) 4 -
B r 5 , were also prepared as were a var iety of salts w i t h different cations. 
T h e former bromo complex exhib i ted v c o at 2092 a n d 2053 c m " 1 w h i c h 
agrees w i t h the v c o absorptions of various ha lo carbony l I r 1 a n d I r 1 1 c o m 
plexes. A n almost complete a n d continuous I R absorpt ion was also noted 
w h i c h presumably arises f r o m the h i g h ref lect ivity of the mater ia l . T h e 
authors f ormulated d inuc lear structures to account for the sto ichiometry 
a n d the t e r m i n a l carbony l groups. H o w e v e r , these structures do not 
account for the two c a r b o n y l absorptions i n the I R , the solid-state a n d 
so lut ion d iamagnet ism, or the meta l l i c color of these complexes w h i c h 
is i n contrast w i t h the colors of other i r i d i u m complexes. 

A decade later C leare a n d Gr i f f i th (13) reported that the react ion of 
concentrated hydroha l i c a n d formic acids w i t h h e x a c h l o r o i r i d a t e ( I V ) 
results i n the format ion of d iamagnet i c needle crystals of [ I r 2 ( C O ) 4 X 4 ] 1 " 
sto ichiometry w h i c h exhib i t meta l l i c reflections. I n accord w i t h the w o r k 
of Malates ta a n d C a n z i a n i (12), they prepared the bromo complexes as 
w e l l as complexes conta in ing different cations, but they d i d not prepare 
complexes containing more than four hal ides. T o account for the ob
served d iamagnet ism, they proposed a p lanar tetranuclear structure based 
on the structure of the isoelectronic R e 4 ( C O ) i 6

2 + i on (14). 
I n 1972 B u r a v o v et al. (15) reported the temperature-dependent 

four-probe po lycrysta l l ine dc conduct iv i ty of K I r 2 ( C O ) 4 C l 4 a n d K 2 I r 2 -
( C O ) 4 C l 4 8 p repared b y the method of Malates ta a n d C a n z i a n i (12). 
B o t h complexes h a d h i g h conduct iv i ty , w h i c h impl ies intermolecular 
interactions a n d a p a r t i a l l y ox id i zed character i n the so l id . T h e p r e v i 
ously proposed d inuc lear a n d tetranuclear structures lack intermolecular 
interactions a n d thus must be discounted. 

Recent ly K r o g m a n n et al. postulated a cation-deficient, par t ia l l y 
o x i d i z e d f o rmulat i on for this mater ia l , K ~ 0 . 5 l r ( C O ) 2 C l 2 , a n d a co lumnar 
structure i n the so l id (16). T h i s one-dimensional structure is consistent 
w i t h the observed d iamagnet ism, stoichiometry, I R spectra, dc conduc 
t i v i t y , a n d v i sua l appearance of the complexes. P r e l i m i n a r y p o w d e r x-ray 
d a t a support this f o rmulat ion w i t h a short 2.86 A I r - I r distance. T h i s 
in format ion sets a basis for the interpretat ion of deta i led opt i ca l , e lec tr i 
ca l , a n d magnet ic measurements that w i l l he lp i n further unders tanding 
of the chemistry a n d physics of one-dimensional inorganic complexes. 

I n add i t i on to a discussion of the p h y s i c a l propert ies , a short descr ip 
t i o n of the features impor tant i n the understanding of h i g h l y conduct ing 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
6 

| d
oi

: 1
0.

10
21

/b
a-

19
76

-0
15

0.
ch

00
2

In Inorganic Compounds with Unusual Properties; King, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1976. 



2. M I L L E R One-Dimensional Complexes 21 

materials is presented. These inc lude crystal lographic , sto ichiometric , 
t ransi t ion meta l , ox idat ion state, a n d l i g a n d field strength artifacts asso
c iated w i t h p a r t i a l l y ox id i zed inorganic systems. 

Optical Properties 

So lu t i on . Inorganic complexes t y p i c a l l y exhib i t e lectronic absorpt ion 
spectra i n the U V - v i s i b l e reg ion w h i c h are assigned to w -> ir, d-d, M —> L 
charge transfer a n d L —> M charge transfer absorptions. N e a r - I R absorp
tions have been reported for fewer complexes, a n d they are general ly 
assigned to d-d a n d charge transfer absorptions [e.g. of N i ( S 2 C 2 ( C N ) 2 ) 2

z ~ 
(17, 18)1 or to intravalence transfer ( I V T ) absorptions (19, 20, 21, 22, 
23, 24) ar is ing f r o m the F r a n c k - C o n d o n barr ier to electron transfer be
tween meta l sites of a m i x e d valent d i m e r [e.g. ( H s N J s R u N ^ O ^ N R u -

( N H 3 ) 5
5 + ( C o m p l e x I ) , E q u a t i o n 1 (25, 26)]. I n terms of the R o b i n a n d 

D a y classification, this is a Class I I mater ia l i n w h i c h the meta l ions are 
dist inguishable (21, 24). 

T h e properties of the m i x e d valent complexes typi f ied b y I are 
u n u s u a l because of the nature of the l o w energy absorption, a n d u n u s u a l 
magnet i c a n d e lectr ica l properties w o u l d be expected i f the discrete 
d imer molecules interacted i n the sol id . U n u s u a l opt i ca l , magnet ic , a n d 
e lectr ica l properties are expected for m i x e d valent complexes of infinite 
length, i.e. go ing f r o m R o b i n a n d D a y Class I I I - A to Class I I I - B (21, 24). 

A n o t h e r unusua l opt i ca l proper ty is so lvatochromism (27, 28). M o s t 
inorganic complexes have s m a l l solvent-dependent absorpt ion spectra. 
Pronounced so lvatochromism has not been extensively character ized for 
inorganic complexes i n solut ion w i t h the exception of a recent report o n 
the electronic spectra of a var ie ty of d ipo lar dithio lene a -d i imine n i c k e l 
complexes (29). 

Sol id . M o s t inorganic complexes have solid-state electronic spectra 
that are v i r t u a l l y superimposable w i t h the solut ion spectra. F o r these 
complexes i t can be stated that the same species (same electronic struc
tures) exist i n bo th states. Dev iat ions f r o m the ident i ty of solut ion a n d 
solid-state data m a y result f r o m (a ) e q u i l i b r i a ar is ing f r o m association, 
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e.g. 

R u [ S 2 C 2 ( C F 3 ) 2 ] 2 P P h 3 + P P h 3 ^ Ru[S 2 C 2 (CF 3 )2 ]2 (PPh3)2 (30) 

or f r o m different conformations i n the so l id than i n solutions [e.g. 
R u ( S 2 C 2 ( C F 3 ) 2 ) ( C O ) ( P P h 3 ) 2 (30, 3 1 ) ] or ( b ) intermolecular inter -
actions ar is ing f r o m m e t a l - m e t a l b o n d i n g [e.g. M ( H D P G ) 2 ( H 2 D P G = 
d i p h e n y l g l y o x i m e ; M — N i (32, 3 3 ) , P d ( 3 2 , 3 3 ) , P t (34))], f r o m d i m e r i -
zat ion [e.g. N i ( S 2 C 2 ( C N ) 2 ) 2 1 " (17, 18, 3 5 ) ] , f r o m infinite m e t a l - h a l o 
interactions [e.g. [ P t n ( e n ) X 2 ] [ P t I V ( e n ) X 4 ] ( 3 6 ) ] , or f r om the d e r e a l i 
za t i on of free electrons resu l t ing i n a D r u d e behav ior a n d a p lasma 
absorpt ion characterist ic of a m e t a l [e.g. K 2 P t ( C N ) 4 B r o . 3 o o * 3 H 2 0 (2,6, 
9)"\. I n aqueous so lut ion K 2 P t ( C N ) 4 B r 0 . 3 o o * 3 H 2 0 has an absorpt ion 
spectrum w h i c h can be decomposed into the spectra associated w i t h P t n -
( C N ) 4

2 " a n d f r a r w - P t I V ( C N ) 4 B r 2
2 " . N e i t h e r of these latter species i n 

so lut ion or i n the so l id exhibits the absorptions observed for K 2 P t ( C N ) 4 -
Br 0 .3oo • 3 H 2 0 i n the so l id ( J O ) . 

Single crystals w h i c h do not have cub i c symmetry shou ld exhibi t 
d i chro i sm or p leochro ism. Pronounced d i chro i sm is general ly associated 
w i t h large anisotropic properties a n d is characterist ic of one-dimensional 
materials , e.g. M ( C O ) 2 ( a c a c ) ( M — R h , I r (37) a n d K 2 P t ( C N ) 4 B r 0 . 3 o o • 
3 H 2 0 (8,9). B a n d semiconductors should have an absorpt ion that corre
sponds to the b a n d gap, but i t m a y be diff icult to observe. H i g h l y con
d u c t i n g one-d imensional materials have a p lasma edge w h i c h is the 
signature of a meta l l i c state. 

C o l o r . I n a d d i t i o n to w h i t e , inorganic complexes exhib i t colors 
reminiscent of components of the ra inbow. A t y p i c a l l y some complexes 
have h i g h ref lect ivity i n the v i s ib le reg ion a n d a meta l l i c luster. A meta l l i c 
luster need not ind icate a meta l l i c state since a p lasma absorpt ion is 
necessary for the existence of a meta l l i c state. F o r example, whereas 
crystals of K 2 P t ( C N ) 4 are l i g h t y e l l o w a n d crystals of K 2 P t ( C N ) 4 • 3 H 2 0 
are w h i t e , the crystal faces of K 2 P t ( C N ) 4 B r 0 . 3 o o ' 3 H 2 0 are copper co lored 
a n d have a p lasma absorpt ion ( a n d meta l l i c state) above 620 n m . S u r 
faces of semiconduct ing (38) crystals of I r ( C O ) 2 ( a c a c ) are also meta l l i c 
g o l d i n appearance a n d have a strong reflectance at 568 n m (16, 37). T h e 
eye cannot d i s t inguish between the sources of strong reflectances, a n d a 
meta l l i c luster is a necessary b u t not sufficient cond i t i on for a meta l l i c 
state; thus " A l l is not go ld that gl istens" ( 3 9 ) . 

Magnetic Properties 

C o o r d i n a t i o n complexes t y p i c a l l y exhib i t i dent i ca l magnet ic behavior 
(d iamagnet i sm or paramagnet i sm) i n b o t h the so l id state a n d i n solution. 
Dev iat ions f r o m solution a n d solid-state magnet ic data suggest e q u i l i b r i a 
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2. M I L L E R One-Dimensional Complexes 23 

[e.g. Td N i ( I I ) ^± D4h N i ( I I ) ] or association w i t h ferromagnetic or a n t i -
ferromagnet ic coup l ing . Temperature independent ( P a u l i ) p a r a m a g 
net ism ar is ing f r om the magnet i c moment of conduct ion electrons usua l ly 
is not observed for inorganic complexes i n the so l id state b u t is charac 
teristic of a meta l l i c system (40). T h u s the mo lar magnet i c suscept ib i l i ty 
shou ld be posit ive i n sign a n d lower i n value than w o u l d be expected for 
one u n p a i r e d electron per meta l site, i.e. fiett < 1.73 B M . A one -d imen
s ional meta l l i c system should exhib i t temperature- independent paramag 
net ism. A var iety of first-row paramagnet ic meta l complexes, e.g. 
M e 4 N M n C l 3 , forms co lumnar structures i n the so l id state w h i c h exhib i t 
ant i ferromagnetic c o u p l i n g (6, 41, 42). E x a m p l e s of systems w i t h ferro
magnet ic c oup l ing have also been reported (6, 41). 

Electrical Properties 

M o s t inorganic a n d organic materials have l o w conduct iv i ty i n either 
s ingle-crystal or po lycrysta l l ine form. Va lues t y p i c a l l y less than 10" 1 0 

o h m ^ c m " 1 are observed, a n d the complexes are labe led as to insulators. 
These materials are probab ly large gap semiconductors w i t h large i m 
p u r i t y contr ibutions , a n d only a careful , deta i led study of the temperature 
dependence of the e lectr ica l c onduct iv i ty ( i n c l u d i n g electric field de
pendence) on single crystals can adequately characterize them. A p lo t of 
l og conduct iv i ty vs. inverse temperature shou ld result i n a straight l ine for 
a semiconductor (assuming that the m o b i l i t y is temperature independent ) . 
Some inorganic complexes a typ i ca l l y have a m u c h larger conduct iv i ty at 
room temperature w h i c h m a y arise f rom a meta l l i c state. I n contrast to a 
semiconductor , the conduct iv i ty of a meta l increases w i t h decreasing t em
perature a n d exhibits a more complex temperature dependence. T h u s a 
deta i l ed study of the temperature dependence is necessary to d i s t inguish 
between a smal l gap semiconductor a n d a meta l l i c state (6). K 2 P t ( C N ) 4 -
Br0.3oo • 3 H 2 0 ( a n d possibly the chloro analogue) is the on ly 1-D trans i 
t i on meta l complex w h i c h has been character ized so far as a meta l (2,6). 
A t r oom temperature, K 2 P t ( C N ) 4 B r 0 . 3 o o * 3 H 2 0 has a corrected conduc 
t iv i ty (43) of ~ 5 . 5 X 10 3 ohrn^cm" 1 (7) [ c ompared w i t h values of ~ 9 X 
10" 6 for K 2 P t ( C N ) 4 • * H 2 0 ( 44) a n d 9.4 X 10 4 for p l a t i n u m meta l (45)] 
a n d an anisotropic conduct iv i ty ratio (o- | | /o- j_ ) of 10 5 ( 7 ) . I n a d d i t i o n to 
h i g h conduct iv i ty , a l o w value for the thermoelectr ic p o w e r also charac 
terizes a meta l l i c state (6). 

Crystallography 

B y def init ion, 1-D complexes have a co lumnar structure. T h e p r o p 
erties associated w i t h these complexes arise f r o m the electronic a n d steric 
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properties of the molecules i n the c h a i n a n d the inter - a n d i n t r a c h a i n 
interactions. F o r 1-D square p lanar complexes w h i c h have co l l inear 
m e t a l atoms, the spacings characterize the resultant properties . T h e 
spacings m a y be equiva lent (Structure I I ) or inequiva lent (Structure 
I I I ) throughout the cha in . 

I I I I I 

W i t h equivalent spac ing the shorter the spacings, the stronger the 
anisotropic properties. Complexes w h i c h have short equivalent spacings, 
i.e. ^ 3.0 A , have been character ized as p a r t i a l l y ox id i zed as they have h i g h 
e lectr ica l conduct iv i ty as w e l l as strongly anisotropic properties , e.g. 
K 2 P t ( C N ) 4 B r o . 3 o o ' 3 H 2 0 w i t h ~ 2 . 8 8 A spacings (46) (see T a b l e I ) . 
F o r moderate spacings, ~ 3 . 0 ~ 3.5 A , the observed anisotropic properties 
are not as dramat i c a n d l o w conduct iv i ty is observed, e.g. K 2 P t ( C N ) 4 • 
x H o O [ ~ 3 . 5 A (49)~\. F o r crystals w i t h spacings w h i c h exceed the v a n 
der W a a l r a d i i , the complexes do not exhib i t enhanced properties. U n i 
f o r m short spacings are not sufficient to w a r r a n t enhanced propert ies . 
Strong m e t a l - m e t a l interactions are important . T h u s , square p lanar t h i r d 
r o w transit ion meta l complexes w i t h the greater spat ia l extent a n d interac 
t i o n w i t h ne ighbor ing complexes of the 5dZ2 o r b i t a l enhance the aniso
trop ic properties w i t h respect to the first a n d second r o w congeners (4,6). 

A var ie ty of d iva lent 1-D inorganic complexes are compr ised of alter
n a t i n g cations a n d anions. T h e most extensively s tud ied member of this 
class is M a g n u s ' G r e e n Salt, [ P t ( N H 3 ) 4 ] [ P t C l 4 ] (4, 6). Complexes of 
this type, as w e l l as complexes compr ised of chains of i dent i ca l neutra l 
molecules (6) [e.g. P t n ( e t h y l e n e d i a m i n e ) C l 2 or M ( H D P G ) 2 ( M = N i , 
P d , P t ) ] conta in ing metals w i t h filled valence shells exhib i t moderate 
(^3 .5 A ) to l ong (^3 .5 A ) spacings, d i chro i c op t i ca l propert ies , d i a m a g 
net ism, a n d l o w conduct iv i ty . 

Several 1-D inorganic complexes are compr ised of a l ternat ing m i x e d 
valent complexes w i t h l ong equivalent m e t a l - m e t a l spacings. Complexes 
of this type have been observed for A u T - A u i n , P d n - P d I V , a n d P t n - P t I V 

(4, 6). T h e complexes of [ M ( a m i n e ) 2 X 3 ] ( X = h a l i d e ) s to ichiometry 
have ha l ide atoms b r i d g i n g the M 1 1 a n d M I V atoms, b u t they are c lear ly 
associated w i t h the tetravalent m e t a l (6). T h e resultant properties are 
best descr ibed i n terms of the sum of the i n d i v i d u a l molecules a n d are 
p l a c e d i n Class I I b y R o b i n a n d D a y (21, 24). L o w conduct iv i ty has been 
observed for compounds of this type. 
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2. M I L L E R One-Dimensional Complexes 25 

Some col l inear complexes d o not have co l l inear m e t a l - m e t a l atoms, 
e.g. P ( C 6 H 5 ) 3 C H 3 + N i [ S 2 C 2 ( C N ) 2 ] 2

1 - ( C o m p l e x I V ) ( 5 0 ) . C o m p l e x I V 
does not have equivalent interp lanar spacings. T h i s complex exhibits a 
single g round state w i t h a l o w l y i n g t r ip le t excited state (51). Its e l e c t r i 
c a l properties characterize C o m p l e x I V as an intr ins i c semiconductor 
a long the c h a i n axis w i t h an anisotropic conduct iv i ty ( 3 5 ) . 

Structures of 1-D ant i ferromagnet ica l ly coup led paramagnet i c first 
r o w transit ion metals exhib i t l i g a n d b r i d g e d po lymers w i t h equivalent 
l ong m e t a l - m e t a l spacings (6, 41, 42). F o r example, N M e 4 M n C l 3 has a 
c h a i n w i t h three b r i d g i n g ha l ide atoms between the d5 M n 1 1 atoms that 
provides a p a t h w a y for magnet i c coup l ing . 

I n summary , c rysta l structure d i rec t ly relates to the t y p e a n d extent 
of intermolecular interactions w h i c h character ize the properties of the 
system. I n general , p lanar molecules of the t h i r d r o w transit ion m e t a l 
w i t h short equivalent spacings exhib i t the strongest anisotropic properties . 
These 1-D crystals are dark, d i chro i c needles w h i c h m a y appear meta l l i c . 
C h a i n complexes of the first r o w paramagnet i c ions f requent ly exhibi t 1-D 
anti ferromagnetic coup l ing . 

Stoichiometry 

A n important art i fact of h i g h l y conduct ing 1-D materials is the p a r 
t ia l ly ox id i zed character of the m e t a l w h i c h results f r om nonsto ichiometry 
of ions i n the un i t ce l l ( T a b l e I ) . F o r example, K 2 P t ( C N ) 4 B r 0 . 3 o o • 3 H 2 0 
m a y be made r e p r o d u c i b l y w i t h a 0.300:1: : B r : P t (11) rat io : thus the sys
tem is nonstoichiometric . H i s t o r i c a l l y this was exp la ined b y the invocat ion 
of m i x e d valence states for the meta l . Recent w o r k has revealed u n e q u i v o 
ca l ly that a l l the meta l atoms are equivalent (1, 2, 3, 4,5,6) a n d they are 
classified b y R o b i n a n d D a y as Class I I I - B (21, 24). T h e u n u s u a l c o n 
duc t iv i ty of these systems arises d i rec t ly f r o m the electronic properties 
associated w i t h the par t ia l l y o x i d i z e d (nonsto ichiometr ic ) system. 

Nonsto i ch iometry can be assessed b y precise e lemental analysis. 
E x t r e m e care must be taken to ensure that reproduc ib le nonsto ichiometry 
is character ized . F o r example, absorption spectra, x-ray fluorescence, 
neutron act ivat ion, a n d mass spectral analysis w e r e used to determine the 
0.300 ± 0 . 0 0 6 : 1 : : B r : P t ratio for K 2 P t ( C N ) 4 B r 0 . 3 o o • 3 H 2 0 ( 1 0 ) . T h e 
errors associated w i t h rout ine e lemental analysis a l l o w significant differ
ences i n the sto ichiometry of nonstoichiometr ic materials . I n order to 
unders tand f u l l y the physics of 1-D systems, it is imperat ive that the exact 
sto ichiometry be k n o w n as this relates d i rec t ly to the b a n d filling w h i c h , 
i n general , cannot be obta ined b y alternative techniques. 

A pa i r of computer programs was w r i t t e n to a i d i n the interpretat ion 
of chemica l analysis (52, 53). F o r example , ox idat ion of b i s ( d i p h e n y l -
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Table I. Classes of Highly Conducting 

Complex M-M, A 

(Cat ion) 2 P t ( C N ) 4 X ^ 0 . i • 2 / H 2 0 2.88-2.95 

K 1 . 7 4 P t ( C N ) 4 - 2 / H 2 0 ~ 2 . 9 5 
(Cat ion) J?t (0rf3t0*) , - »Hrf ) 2.88-2.9 

I r ( C O ) M i C l i . w or I r ( C O ) 3 C l i . 1 2.85 
(Cat ion) J r (CO) 2 X 2 ~ 2 . 8 6 

C a P t 2 0 4
6 2.8-3.0 

H g 2 . 8 6 A s F 6
6 2.64 

(Cat ion) x P t 3 ( V <~2.85 
( S N ) X 

• Poorly characterized. 
* 1-D in two dimensions (see footnote/). 
' From Ref. 47. 
d 1-D in three dimensions (see footnote / ) . 

C ations/A nions 

K + , R b + C ( N H 2 ) 3 + 
C I - B r -

a l k a l i + 

alka l ine e a r t h 2 + 

H + , K + , Cs+, NMe+4 , 
AsPh+4, L i + 

M g 2 + , B a 2 + 

C 1 - , ( B r - ? , I -? ) 

N a + , M g 2 + C d 2 + , N i 2 + 

NIIHDP0)2(BR>X 

1 : THF M5LECULAR WEIGHT IS 600.352 FOR! 

PERCENT 56.02 3«69 9.33 9.78 10.52 
EMP. FORM. 35.** 27.85 5.06 .00 1-00 
FORMULA 28.00 22.00 4.00 1.00 .79 

601.151 FOR: 

PERCENT 55.9* 3.69 9.32 9.77 10.63 10»b5 
EM». FORM. 35.00 27.50 5.00 .00 LOO .00 
FORMULA 28.00 22.00 4.00 1.00 .80 4.00 

601.950 FOR! 

PERCENT 55.87 3.68 9.31 9«75 10.75 
E.1P. FORM. 3*.57 27.16 4.94 -00 1.00 
FORMULA 28.00 22.00 4.00 1.00 .81 

602.749 FOR: 

PERCENT 55.80 3.68 
EMP. FORM. 34.15 26.83 
FORMULA 28.00 22.00 

NI(HDPGl2(BRIX 

THERE ARE 4 POSSIBILITIES. 3 OUT OF 4 AT .30 PER-CENT, WHILE ALL ARE LESS THAN OR EQUAL TO .30 PER-CENTt 
THE TOLERANrE FOR THE EMPIRICAL FORMULA COMPARISON IS 999.00. 

.00 IS THE TOLERANCE FOR THE MOLECULAR HEIGHT COMPARISON WITH .0 

PERCENT 55.76 3.61 9.36 .00 10.58 .00 .00 .00 
EMPIRICAL FRRMULA 3S.06 27.05 5.05 .00 1.00 .00 .00 «00 

UNITS VARIEO 
NAMF CHARGE M.rf. C H N NI BR 0 FROM TO BY 

UNIT«1 NI(H0P0I2 0 537*22 28 22 4 1 0 4 0 0 1*00 1.00 1*00 
UNIT.2 BR 0 79.91 0 0 0 0 1 0 0 0 .00 1.50 «0l 
•STOP* 0 

Figure 2. Sample computer output characterizing Ni(HDPG)2BrJ0.79 < x < 
0.82). The numbers on the right side indicate deviations from the observed 
microanalytical data (%: C 55.76, H 3.61, N 9.36, Br 10.58). Only possibilities 
in which all four analyses fall within 0.30% of the calculated values (left side) 
are printed. Note that in formulations #2 and #3 all four analyses fall within 

0.20% of the calculated values. 
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2. M I L L E R One-Dimensional Complexes 27 

Inorganic Complexes (6) 

x 

^3.2 

y 
Conductivity 

c273°, ohmrlcmrl 

<300 

1.8 a 
•1.65 
•0.83 

a 

0.5 
'0.2° 
> 1 ° 

? 

0.5 

<1, >0 

> 1 0 « 
8 X 10 3 c 

>10 3 a 

>10Ze>d 

* From Ref. 48. 
1 Anisotropy is suggested by crystallographic data, but it has not been confirmed 

experimentally. 
9 A superconducting transition has been observed at ~0 .3°K, Ref. 61. 

g l y o x i m a t o ) n i c k e l ( I I ) , N i ( H D P G ) 2 , w i t h halogen (54, 55, 56) y ie lds a 
series of materials of M ( H D P G ) 2 X y (X = B r , I ; 0 < y < 1.15) s to i ch i -
ometry i n contrast to previous l iterature reports. A p r e l i m i n a r y report 
suggests s imi lar properties for bis ( 1,2 -benzoquinonedioximato) complexes 
of the n i c k e l t r i a d (57). F i g u r e 2 depicts a sample computer output w h i c h 
characterizes a set of analysis as N i ( H D P G ) 2 B r 0 . 7 9 - o . 8 2 . M i c r o s c o p y a n d 
crysta l lography demonstrated that this mater ia l is not a mixture of 
N i ( H D P G ) 2 a n d N i ( H D P G ) 2 B r as is suggested b y the data that ap 
peared prev ious ly i n the l i terature (58). 

A n e w mater ia l m a y or m a y not be nonstoichiometr ic . M o s t c o m 
plexes are sto ichiometric . I f an inorganic complex exhibits h i g h aniso
tropic conduct iv i ty , the complex m a y be nonstoichiometric . 

U p o n r e v i e w i n g the properties of inorganic complexes w h i c h exhib i t 
h i g h conduct iv i ty , one notices several trends w h i c h m a y be instruct ive i n 
the pred i c t i on of n e w materials . T h e inorganic 1-D materials that are 
character ized b y h i g h conduct iv i ty ( T a b l e I ) are compr ised of p a r t i a l l y 
ox id i zed square p lanar I r 1 a n d P t n complexes w h i c h contain r igorous ly 
p lanar l igands. T h e overa l l geometry al lows for short intermolecu lar 
spacings a n d strong intermolecular interactions ( p r o v i d e d for b y the 
greater spat ia l extent of the 5dz* o r b i t a l w i t h respect to the 4dz* a n d 
3(2*2 orb i ta l s ) . P a r t i a l ox idat ion seems to be necessary for h i g h conduc 
t i v i t y a n d seems to requ i re a p a i r of stable ox idat ion states, b u t p a r t i a l 
ox idat ion m a y stabi l ize a prev ious ly uncharacter ized ox idat ion state of a 
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metal . T o date no par t ia l l y ox id i zed A u m complexes have been reported. 
T h i s m a y be at tr ibutable to the instabi l i ty of A u I V or to the higher charge 
w h i c h w i l l decrease the spat ia l extent of the 5dz* o rb i ta l . T h e l igands 
(1,4,6) w h i c h have been successful i n s tab i l i z ing p a r t i a l l y ox id i zed mate 
r ials range f r om monodentate ( C O , C I , C N ) to bidentate (oxalate) a n d 
f r o m a strong field l i g a n d ( C O ) to a weak field l i g a n d (oxalate ) . T h u s no 
conc lus ion can be made about the l igands except for their p lanar i ty . 
Complexes conta in ing macrocy l i c l igands are poor candidates for f o rming 
a h i g h l y conduct ing 1-D materials as the v a n der W a a l r a d i i for the 
intermolecular ir interactions (i.e. > 3.3 A ) is greater than the spacings 
r e q u i r e d for strong metal -metal overlap (i.e. < 3.0 A ) . C a t i o n i c square 
p lanar complexes are also poor candidates for the format ion of a h i g h l y 
conduct ing complex as the plus charge w i l l contract the 5dz* o r b i t a l 
d i m i n i s h i n g the over lap between adjacent molecules i n the cha in . T h u s a 
l i k e l y candidate for the format ion of a n e w h i g h l y conduct ing mater ia l 
w o u l d be based on I r I ( C N ) 4

3 ~ . T h e 3— charge on this d 8 complex shou ld 
increase the spat ia l extension of the 5dz* o rb i ta l enab l ing stronger inter 
molecu lar over lap a long the cha in . I n i t i a l attempts at prepar ing I r ( C N ) 4

3 ~ 
has l e d to the iso lat ion of I r n i ( C N ) 5 H 3 ~ f r om alcohol a n d water solutions 
(1, 59) a l though the R h 1 analog has recently been isolated as the salt of a 
b u l k y cat ion (60). 

N e w materials are necessary to characterize the inorganic parameters 
associated w i t h the h i g h l y conduct ing materials as w e l l as to understand 
the physics of one d imens ion (2,3,5,6). 
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Binuclear Transition Metal Complex Systems 

U L R I C H T. M U E L L E R - W E S T E R H O F F 

Physical Sciences Dept., IBM Research Laboratory, San Jose, Calif. 95193 

The search for organic materials with high electrical con
ductivity has led to the highly anisotropic charge transfer 
complexes of the TTF-TCNQ type (one-dimensional metals) 
as an interim goal. Intermolecular exchange interactions be-
tween π-electron systems are limited but may be increased 
by use of planar complexes of transition metals in either the 
donor or the acceptor part of the charge transfer system. 
There is ample precedent for extended interaction in square 
planar inorganic complexes, but simple mononuclear organo-
metallic compounds of this type cannot be conductive since 
they form only dimers. However, binuclear planar com
plexes offer all the needed advantages to synthesize stable 
anisotropic conductors: their particular combination of intra
-and intermolecular interactions may prevent the distortion 
(Peierls instability) that leads to metal-to-insulator transition 
in other one-dimensional materials. 

O ome recent w o r k of our group has concerned the synthesis of b inuc lear , 
^ complete ly p lanar trans i t ion m e t a l complexes a n d their react ion w i t h 
donor or acceptor molecules to give charge transfer complex systems w i t h 
strong intramolecular as w e l l as intermolecular interactions. W e or ig ina l l y 
became interested i n such systems several years ago because of the as
sumpt ion that they w o u l d have unusua l p h y s i c a l properties. T h i s assump
t i on is based on o u r — c e r t a i n l y not comple te—unders tand ing of the 
s tructura l requirements on the molecu lar l eve l needed to produce the 
op t i ca l a n d electronic phenomena that are associated w i t h h i g h l y aniso
t rop ic molecular crystals of organic charge transfer complexes ( i n c l u d i n g 
also salts of the tetracyanoquinodimethane ( T C N Q ) r a d i c a l an ion) ( J , 2, 
3) of inorganic m i x e d valence systems ( such as K C P , K 2 P t ( C N ) 4 0 . 3 B r 
• 3 H 2 0 , c ommonly ca l l ed K r o g m a n n s salt) (4,5) a n d of our o w n m i x e d 
valence ferrocenophane complexes (6). A n art ic le on the design of or
ganic metals appeared recently (7). I n order to present a l og i ca l reason-

31 
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i n g for our assumptions, w e preface this discussion w i t h a br ie f a n d gen
era l in t roduct i on to the pecul iar it ies of organic conductors. 

Conductivity 

E l e c t r i c a l c onduct iv i ty a (expressed i n Q ^ c m " 1 a n d defined as the 
rec iproca l of the exper imenta l ly determinable res ist iv i ty p of a sample) is 
p r i n c i p a l l y a funct ion of the product of two m a i n var iables : the concen
trat ion of charge carriers n a n d their m o b i l i t y fi. T h i s statement holds for 
a l l n o r m a l conductors, exc lud ing superconductors (a in f in i te ) . W i t h the 
latter, a l l e lectr i ca l resist ivity vanishes be low a certa in c r i t i c a l tempera
ture Tc where a different conduct iv i ty mechanism takes over. T h e gen
era l ly accepted B a r d e e n - C o o p e r - S c h r i e f f e r theory (8 ) of superconduct iv 
i t y is based on the existence be low Tc of C o o p e r Pairs of electrons w h i c h 
t rave l w i t h a c o m m o n m o m e n t u m a n d w h i c h therefore are not sub
ject to the same scattering processes as single electrons, w h i c h l i m i t 
the conduct iv i ty of n o r m a l metals. F r e e electrons are the carriers i n 
metals l ike C u a n d A g , and , since their p r o b a b i l i t y for coll isions w i t h 
scatterers increases w i t h temperature, for metals a ~ l/T. T h i s means 
that even i f the carrier concentrat ion remains approx imate ly constant, 
their net ( f o r w a r d ) m o b i l i t y a n d therefore also n • fi decrease w i t h i n 
creasing T. T h e opposite is true for other conduct ive materials l ike semi
conductors. I t is obvious that w h e n a certain act ivat ion energy is re 
q u i r e d for the h o p p i n g of an electron f rom one site to the next, the 
m o b i l i t y is propor t i ona l to T; therefore, w h e n n = const, a ~ T. W h e n 
b o t h n a n d are var iab le , a m a x i m u m i n a m a y result at some i n t e r m e d i 
ate temperature. 

M o s t organic a n d organometal l i c materials are c losed shel l systems 
a n d as such are insulators because there are no carriers unless impur i t i es 
or injected carriers are present. E v e n then , mobi l i t ies are usual ly l o w , 
since the i n d i v i d u a l molecules i n the so l id are spaced re lat ive ly far apart. 
It therefore seems necessary to fu l f i l l b o t h of two condit ions i n order to 
create conduct ive organics or organometall ics . These are (a ) carriers 
must be generated b y t ransforming the usua l c losed shel l ( a l l electrons 
p a i r e d ) materials into open shel l ( u n p a i r e d sp in ) free r a d i c a l or m i x e d 
valence systems; a n d ( b ) the over lap between these species ( a n d w i t h i t 
the carr ier m o b i l i t y ) must be increased b y dense p a c k i n g i n the crysta l 
(s ince para l l e l over lap of ir systems is most efficient, dense p a c k i n g i n 
l inear stacks is the most advantageous arrangement for creat ing h i g h 
m o b i l i t i e s ) . 

T h e intermolecu lar spacing, i n a d d i t i o n to b e i n g close, must also be 
u n i f o r m along the entire stack w i t h i n the crystal . A n y dev iat ion f rom 
equidistance w i l l l e a d to the open ing of a gap at the F e r m i surface so that 
a semiconductor or insulator rather t h a n a meta l w i l l be formed. I n 1955, 
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3. M U E L L E R - W E S T E R H O F F Binuclear Transition Metal Complexes 33 

Peierls (9 ) p r e d i c t e d that no str ic t ly one-d imensional m e t a l c o u l d exist 
because there w o u l d a lways be a distorted state of l ower energy w i t h 
pairs , (or , more general , mu l t ip l e s ) of the basic u n i t ( F i g u r e 1 ) . 

Density of States Density of States 

Figure 1. The Peierls instability. A lattice distortion opens 
a gap, and a lower energy state is reached which has a com
pletely filled valence band; the distorted state is insulating. 

A crysta l composed of such densely p a c k e d independent stacks of 
p lanar molecules must necessarily have u n i q u e anisotropic properties. 
T h e r e are indeed a n u m b e r of p u r e l y organic a n d also organometal l i c 
materials w h i c h fu l f i l l the above requirements a n d w h i c h seem to be one-
d imens iona l metals. A t present, these materials prov ide excitement a n d 
st imulus to physicists since they a l l ow the study of physics i n one d i m e n 
sion (anisotropic e lectr ical , opt i ca l , a n d magnet ic propert ies ) a n d also 
offer the only promis ing poss ib i l i ty of ob ta in ing h i g h temperature super
conductors. F o r technica l appl icat ions , anisotropic properties m a y be a 
p r o b l e m as w e l l as a par t i cu lar ly useful asset. 

I n T T F - T C N Q , a n organic charge transfer salt w h i c h at present is 
the most prominent example of an organic meta l l i c system (2,3), because 
of the suggestion (3) that i t shows superconduct ing fluctuations, an elec
t ron is transferred f r o m the strong donor T T F to the strong acceptor 
T C N Q thereby creat ing a r a d i c a l c a t i o n - r a d i c a l an ion salt: b o t h partners 
become open shel l systems. I n add i t i on , b o t h the donor a n d the acceptor 
moieties f o r m independent stacks (10) a l l o w i n g the transport of electrons 
a n d holes i n the respective columns. T h e exact amount of charge transfer, 
a l though i t is one of the most c r u c i a l quantit ies , is s t i l l d i sputed (11, 12) 
T T F - T C N Q has a m a x i m u m conduct iv i ty at about 60°K w h i c h is more 
pronounced i n some samples t h a n i n others (3). A l l samples, however , 
become insu lat ing b e l o w 50 °K. T h e concentrat ion of free spins as deter
m i n e d b y E S R does not have such a m a x i m u m : i t decl ines monoton i ca l ly 
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as the temperature is l owered (12). T h i s w o u l d ind icate that either the 
carr ier m o b i l i t y has a very sharp a n d so far unexpla inable m a x i m u m , or 
that indeed there are superconduct ive fluctuation at 60 °K. T h a t T T F -
T C N Q a n d re lated one-d imensional conductors become insu lat ing at 
l ower temperatures has been at t r ibuted to the Peierls instab i l i ty , b u t other 
mechanisms were also proposed. A n apparent exception to this ru l e is 
the T C N Q complex of bis-tr imethylene-tetraseleno-fulvalene that has been 
prepared a n d s tudied b y C o w a n a n d co-workers (13); i t maintains con
s iderable conduct iv i ty even at 1.8 °K. 

T h e conduct i on mechan ism a n d the nature of the m e t a l - i n s u l a t o r 
transitions i n organic charge transfer compounds w i t h h i g h anisotropics 
have been w i d e l y discussed. N u m e r o u s publ i cat ions on T T F — T C N Q a n d 
re lated salts appeared d u r i n g the past three years; i t w o u l d be i n a p 
propr iate to discuss t h e m i n this context. T h e unambiguous quant i ta 
t ive determinat ion of conduct iv i ty i n anisotropic m e d i a is at present a 
task frought w i t h m a n y pit fa l ls . A n a d d e d dif f iculty i n assessing exactly 
the absolute m a x i m u m of the conduct iv i ty (e.g. i n single crystals of T T F -
T C N Q ) is the var ia t i on i n sample p u r i t y a n d crystal perfect ion. E a c h 
crystal defect amounts to a n in terrupt ion i n the conduct ive one -d imen
s ional strand, and , since each j u m p b y an electron to an adjacent strand of 
these h i g h l y anisotropic materials (anisotropy ratios of the conduct iv i ty as 
h i g h as 10 5 have been f o u n d ) requires considerable energy, the conduc
t ive properties of these materials are sensitive to even the smallest 
amounts of impur i t ies . 

Observat ions were s imi lar for inorganic m i x e d valence materials w i t h 
l inear stacks of transit ion meta l complex ions such as K C P (14,15,16, 17, 
18,19). K C P is a P t ( I I - I V ) m i x e d valence system that is prepared b y the 
p a r t i a l ox idat ion of K 2 P t ( C N ) 4 w i t h bromine . T h e most interest ing con
sequence of this ox idat ion is the shr ink ing of the interp lanar spacings of 
the square p lanar P t ( C N ) 4

2 ' units f r om 3.35 to 2.88 A , so that there is a 
sharp ly increased overlap of the p l a t i n u m 5dz

2 A O ' s . T h e i n i t i a l dz 

b a n d widens considerably a n d , because of the remova l of electrons f rom 
the dz

2 l eve l u p o n ox idat ion , this b a n d is on ly par t ia l l y filled, thus g i v i n g 
rise to meta l l i c properties a long the stacking axis ( F i g u r e 2 ) . A l t h o u g h 
o n a n absolute scale the value of a (about 500 O ^ c m " 1 ) is not extraordi 
n a r y w h e n compared w i t h that of t y p i c a l metals l ike C u or A g (<r ^ 10 6 

O ^ c m " 1 ) a n d is even less than the conduc t iv i ty of T T F - T C N Q (o- ~ 2000 
O ^ c m " 1 at r oom temperature ) , this type of l inear interact ion is w h a t w e 
w a n t to exploit . 

T h e p r i n c i p l e of creat ing l inear stacks of organometal l i c complexes 
a n d dep le t ing the valence b a n d of electrons b y t rans forming the c o m 
plexes into m i x e d valence cat ionic species seems tempt ing , especial ly i f 
the counterions can also f o rm independent stacks. T o real ize this , w e 
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3. M U E L L E R - W E S T E R H O F F Binuclear Transition Metal Complexes 35 

5 d,2 AO 

6 P 7 

5 d , 2 

I 
7 < n < 8 

Figure 2. KCP and related com
plexes. Overlap of 5dz* AO's creates 
linear stacks. Removal of electrons 
from the 5d~t band shortens the in-
termetallic distance from 3.2 to 2.9 
A, the band widens, and, since it is 
not completely filled, this gives rise 

to anisotropic metallic properties. 

considered the combinat ion of organometal l i c m i x e d valence systems as 
open she l l cations w i t h the T C N Q r a d i c a l an ion as the counter ion. ( W e 
sha l l not discuss here the re la ted series of charge transfer salts d e r i v e d 
f r om organic donors a n d organometal l i c acceptors.) T h e first a i m then is 
to prepare organometal l i c p lanar a n d ster ical ly not d e m a n d i n g donor 
molecules , w h i c h , either b y themselves or u p o n ox idat ion b y T C N Q or 
another strong acceptor that is k n o w n to be able to f o r m segregated 
stacks, w o u l d arrange themselves into co lumns w i t h i n w h i c h the over lap 
of the dz

2 atomic orbitals w o u l d produce the desired extended interactions. 

Mononuclear Transition Metal Charge Transfer Systems 

F o r the sake of s i m p l i c i t y i n the f o l l o w i n g discussion, w e sha l l c on 
sider on ly the very p o p u l a r T C N Q as the example of a n acceptor, a n d w e 
sha l l also l i m i t ourselves to the square p lanar P t complexes as organo
meta l l i c donors. T h e simplest example of a C T complex of the type w e 
w o u l d w a n t to have w o u l d t h e n be a d irect c ombinat i on of the two . 
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A c c o r d i n g to the equat ion 

n P t 2 + + 2 r a T C N Q - » (n - m ) P t 2 + + m P t 4 + + 2 m T C N Q " 

w e w o u l d create P t ( I I - I V ) m i x e d valence stacks i n w h i c h the rat io of 
P t ( I I ) to P t ( I V ) w o u l d d e p e n d on the amount of T C N Q that c o u l d be 
accomodated i n the p a r a l l e l stack ( the rat io a/b i n F i g u r e 3 determines 
the rat io n / r a ) . 

Figure 3. Linear stacks of 
mixed valence Pt complex cations 
and TCNQ anions (the inter
chain spacing determines the 

stoichiometry) 

Pt 

l 

Pt 

i 
i 

Pt 

Pt 

Pt 

Pt 
i 

Pt 

Pt 

Pt 
i 

Pt 

Figure 4. Linear stacks of transition 
metal square planar complexes with 
organic ligands. Left: uniformly 
spaced; no significant interactions. 
Right: strong pairwise interactions in 

the distorted state. 

Unfor tunate ly , such a s imple system has to be insulat ing . I n order 
to create sufficient over lap be tween the P t atoms ( P t - P t distance 2 . 7 -
2.9 A ) , the molecules w o u l d have to distort so that the l igands c a n m a i n -
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3. M U E L L E R - W E S T E R H O F F Binuclear Transition Metal Complexes 37 

t a i n the ir m i n i m u m distance of 3.1 A ( F i g u r e 4 ) . T h i s d i m e r structure is 
reminiscent of the d istorted Peierls state discussed above. I t c o u l d pos
s ib ly also induce a d is tort ion i n adjacent T C N Q stacks so that the con 
d u c t i v i t y w o u l d d r o p to the l eve l of poor semiconductors or insulators. 
S u c h a distort ion, through w h i c h pa i rwise m e t a l - m e t a l interactions are 
m a x i m i z e d , was observed (20) w i t h the unsubst i tuted d i th iene complexes 
P d ( C 2 H 2 S 2 ) 2 a n d P t ( C 2 H 2 S 2 ) 2 . B o t h compounds f o rm dist inct d imers i n 
the so l id state a n d m a y b e i n so lut ion also. 

O n e w a y to a v o i d this d i l e m m a is to use some so l id state aggregates 
l i k e TIC5H5 ( C p T l ) . A s a gas, C p T l is monomeric , b u t i t forms an ex
tended , somewhat i r regular p o l y s a n d w i c h c h a i n i n the so l id phase. T h e 
two stable ox idat ion states for T l are + 1 a n d + 3 so the f ormat ion of 
m i x e d valence systems b y the ox idat ion of C p T l is conceivable ( F i g u r e 5 ) . 
Exper iments at our laboratory to produce such species were unsuccessful . 

Tl 

Tl 

Tl 

Tl 

CpTl TCNQ 

Figure 5. Thallium cyclo-
pentadienide as its TCNQ 
complex—a possible alterna

tive to distortion 

i i Pt 

1 r Pt 
Pt i i 

1 21 3.2 

Pt 1 f 
i i Pt 

1 r Pt 

Figure 6. The ladder-type ar
rangement of binuclear complexes. 
While the ligands retain their mini
mum distance, transition metals can 
interact strongly in a pairwise fash
ion. Strong intramolecular coupling 
will lead to significant extended 

interactions. 
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Binuclear Charge Transfer Systems 

W e consider the use of complete ly p lanar , b inuc lear transit ion m e t a l 
complexes as donors ( w i t h T C N Q as acceptor) to be the most promis ing 
approach to synthesiz ing organometal l i c metals. T h e m a i n reason is that 
the d istort ion just descr ibed for mononuclear complexes is no longer a 
detr iment , but rather i t is a requirement for extended interactions. O f the 
several ways i n w h i c h such b inuc lear complexes can stack i n the crysta l 
(21), let us consider just the ladder - type arrangement ( F i g u r e 6 ) . M e t a l -
meta l bonds can f o r m w i t h o u t creat ing a gap i n the b a n d s tructure—the 
d istort ion on one side of the system has its symmetr ic counterpart o n the 
other half . I f there is significant intramolecu lar interact ion between the 
trans i t ion metals, then this arrangement ( i n the p a r t i a l l y ox id i zed m i x e d 
valence state) must l ead to pseudo one-d imensional behavior . T h i s ar 
rangement m a y also prec lude a further distort ion of the Peierls k i n d , thus 
a v o i d i n g the m e t a l - i n s u l a t o r t rans i t ion ; these systems w o u l d be metals i n 
the sense of the def init ion g iven i n the introduct ion . 

E v e n w i t h o u t extended intermolecular interactions, the intramolecular 
exchange processes of m i x e d valence systems appear to have a signif icant 
effect on the conduct iv i ty of adjacent T C N Q r a d i c a l an ion stacks. I n the 
complex ( T C N Q ) 2 - salt of b i s fu lva lene -d i i ron , B F D ( 1 ) ( 6 ) , the p o l a r i z -
a b i l i t y associated w i t h the strong m e t a l - m e t a l interactions apparent ly 
modulates the C o u l o m b repuls ion w i t h i n the T C N Q r a d i c a l an ion stack 
as an e lectron passes along. I n this sense, B F D ( T C N Q ) 2 is a m o d e l for a 
L i t t l e superconductor (22). A t 10 ft^cm-1, the r oom temperature con 
d u c t i v i t y of B D F ( T C N Q ) 2 pellets is comparable to that of compressed 
disks of T T F - T C N Q . Unfor tunate ly , i t is exceedingly diff icult to obta in 
reasonably s ized, single crystals of this mater ia l so that a complete study 
has l o n g been impossible . O n l y recently were w e able to obta in a f ew 
sufficiently large crystals of reasonable q u a l i t y to beg in a s tructura l study. 

i + 

1 

l c : n 

l a : n 

l b : n 

m = 2,i = 0 

2, m = 3 ; i! — 1; X = B F 4 , p icrate , ( T C N Q ) 2 

m — 3, i = 2, X = B F 4 
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T h e conduct iv i ty at 300°K a long the l ong axis of one such crysta l ( o n l y 
one sample has been invest igated so far ) was 40 Q^cm" 1 . T h i s va lue 
seems l o w for the m a i n axis c onduc t iv i ty of this mater ia l i f one considers 
the h i g h value f o u n d for the compressed pel let measurement. I t m a y be 
that the axis a long w h i c h this measurement was made is not the b axis 
b u t one of the other crysta l lographic axes. X - r a y w o r k to e lucidate the 
structure is under w a y . 

I n the m i x e d valence B F D salts ( i n a d d i t i o n to the T C N Q c o m 
p o u n d , the p icrate a n d tetrafluoroborate were also s t u d i e d ) , the m e t a l -
meta l interactions are so strong [Class I I I i n the classif ication of R o b i n 
a n d D a y ( 2 3 ) ] that the metals are equiva lent i n every measurable re 
spect. T h e d o u b l y o x i d i z e d (24) F e ( I I I ) - F e ( I I I ) species is d iamagnet i c 
w h i c h is further evidence for strong interactions. Since the irons i n B F D 
are 3.98 A apart ( 2 5 ) , d irect m e t a l - m e t a l interactions are not l ike ly . W e 
must then assume that i n this case there exist m e t a l - l i g a n d - m e t a l inter 
actions of the magni ture i n w h i c h w e are interested. W e propose that 
the B F D system be considered a de loca l i zed aromatic species. 

E q u a l l y strong interactions do not necessarily have to exist i n square 
p lanar b inuc lear complexes, a p r o b l e m that is of great concern to us. 
There is very l i t t le in format ion i n the l i terature about the synthesis or 
properties of such materials . Poss ib ly p lanar b inuc lear systems are the 
ethanetetraaldehyde-br idged n i c k e l aminotroponeiminato complexes, 2 , 
reported b y Tro f imenko (26 ) . T h e preparat ion of the b i s imidazo le c o m 
plexes 3 was descr ibed (27) of w h i c h the tetracarbonyl derivatives m i g h t 
w e l l be the very first example of complete ly p lanar b inuc lear t rans i t ion 
meta l compounds that are capable of extended interactions. 

R R 

R R 

2 

R = M e , E t , n - P r 

UJ 

M = Rh , Ir 

L = C O , C O D / 2 
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I n our work , w e considered three approaches to the synthesis of 
b inuc lear square p lanar systems: (a ) p re f o rming f u l l y conjugated A f u n c 
t i ona l macrocyc l i c l igands a n d then i n t r o d u c i n g the transi t ion m e t a l ( this 
is a complete ly n e w field); ( b ) c o u p l i n g appropr iate mononuclear species 
[a b inuc lear nonplanar complex was prepared this w a y recent ly (28)]; 
a n d ( c ) us ing b r i d g i n g l igands as i n 2 a n d 3. A considerable par t of our 
efforts has gone into the first approach. 

K n o w i n g the difficulties i n the synthesis of porph ine - l ike l igands , we 
expected that the synthesis of b isporphines w o u l d be no s imple task but 
that i t w o u l d also offer some synthetic rewards . T h e results exceeded our 
expectations i n m a n y respects except for the u t i l i t y of the products i n 
complex - forming reactions. W e c o u l d synthesize compounds l ike 4 a n d 5 

a n d thus demonstrate the feasibi l i ty of our proposal , but the complexes 
were most ly too b u l k y a n d insoluble to be of m u c h use. I n the area of 
one-d imensional conductors, product p u r i t y is of c r u c i a l importance since 
even minute amounts of impur i t i es w i l l cause interruptions i n the conduc
t ive strands. Therefore , compounds w h i c h are diff icult to p u r i f y are of 
l i t t l e value. Because of these considerations, w e h a v e — a t least tempo
r a r i l y — p l a c e d less emphasis on this approach . T h e idea of generating 
b inuc lear complexes w i t h f u l l y conjugated b i func t i ona l r i g i d l igands s t i l l 
has its merits since, i n complexes of this type, strong m e t a l - l i g a n d - m e t a l 
interactions are guaranteed. 

T h i s is certa inly not the case for l i g a n d - b r i d g e d b inuc lear species. I t 
is w e l l k n o w n f rom the w o r k of T a u b e (29) a n d others that, i n systems 

4 5 

n+ 

( N H 3 ) 5 R u — N O N — R u ( N H 3 ) 5 
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l ike the p y r i d a z i n e - b r i d g e d r u t h e n i u m pentammine complex 6, there is 
only very l i t t le interact ion between the t w o metals. O n e of the reasons 
for this might be the T T - M O symmetry properties of this b r i d g i n g l i g a n d . 
T h e important M O ' s have n o d a l planes t h r o u g h the nitrogens so there is 
no d irect over lap between the l i g a n d ir system a n d the m e t a l d orbi ta ls ; 
m e t a l - m e t a l interactions are thus restr icted to the o- f ramework of the 
l i g a n d . 

F o r our o w n b inuc lear complexes, w e prefer b r i d g i n g l igands w i t h 
two coord inat ion sites for each meta l . N e u t r a l b r i d g i n g l igands such as 
2 , 2 ' - b i p y r i m i d y l ( 7 ) , T T F ( 8 ) , a n d the ethylene tetrathioethers ( 9 ) , a l l 
r equ i re d inegat ive outer l igands i n order to f o r m neutra l P t ( I I ) species. 
A l t h o u g h calculations to pred i c t the extent of the m e t a l - m e t a l interact ion 
i n such systems are s t i l l incomplete , w e explored some of the possibi l i t ies 
for us ing these l igands. O n e a d d i t i o n a l considerat ion is that our final 
products should have electron donor properties . A l t h o u g h i t is k n o w n 

s ^ s 0 « 1 I 
s ^ s s ^ s 

W 

R = CH3, C2H5, CH2C6H5 

R R 

C I ^ N C > N .Col . . I8 l 
C l 

v N \ / S // r^s\ / Y 

10 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
6 

| d
oi

: 1
0.

10
21

/b
a-

19
76

-0
15

0.
ch

00
3

In Inorganic Compounds with Unusual Properties; King, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1976. 



42 I N O R G A N I C C O M P O U N D S W I T H U N U S U A L P R O P E R T I E S 

(30) that the d i th iene complexes are reasonably strong acceptors instead, 
one of our first attempts was to synthesize the b i p y r i m i d i n e - b r i d g e d 
d i th io late p l a t i n u m complex 10. T h e react ion of P t C l 2 or K^PtCLt w i t h 
b i p y r i m i d i n e ( b i p y i ) produces only the m o n o b i p y i - P t C l 2 complex. A p 
parent ly , the presence of one transit ion meta l reduces the donor properties 
at the other two coord inat ion sites sufficiently to p r o h i b i t complexat ion 
w i t h a second metal . Reac t i on w i t h ethylene d i thio late produces the 
m i x e d b i p y i - d i t h i o l a t e complex i n w h i c h there is enough b a c k b o n d i n g 
f r o m the d i th io late l i g a n d to a l l ow the b i p y i to coordinate to a second 
m e t a l : P t C l 2 adds to f o rm C l 2 P t - b i p y i - P t - d i t h i o l a t e . So far w e have 
been unable to convert this mater ia l to 10 ; a l l attempts l ead to the i so la 
t i on of the mononuc lear b i p y i - P t - d i t h i o l a t e . A l t h o u g h w e f o u n d that 
P d C l 2 coordinates to bo th sides of the b r i d g i n g l i g a n d , the chemistry of 
this system has not yet been explored. 

I n general , the preparat ion of b inuc lear complexes w i t h the features 
i n w h i c h w e are interested is h a m p e r e d b y the poor so lub i l i ty of the 
intermediates. F u r t h e r m o r e , there are only a few l igands w h i c h w i l l 
enhance the donor properties of, e.g., P t ( I I ) . T h i s l e d us to investigate a 
n e w l i g a n d system, p r o p e n e - t h i o n e - t h i o l ( P T T ) or d i th iomalona ldehyde , 
11. T h e P T T complexes are re lated to the w e l l k n o w n SacSac compounds 
12, they but offer a better poss ib i l i ty for intermolecular interactions be
cause of the absence of ster ical ly unfavorable m e t h y l groups. Schrauzer 
p r e d i c t e d (31, 32) that complexes l ike P t ( P T T ) 2 w o u l d not be as stable 
as the dithienes since h i g h - l y i n g filled l i g a n d M O ' s w o u l d cons iderably 
increase their react iv i ty . W e bel ieve that i n P T T complexes the l i g a n d 
H O M O is b o n d i n g a n d is further s tab i l i zed b y complex formation. H o w 
ever, its energy is s t i l l h i g h enough to prov ide the P T T complexes w i t h 

reasonably strong donor properties. I n the last section of this paper , w e 
describe this n e w class of compounds . 

T h e N i , P d , a n d P t P T T complexes are h i g h l y co lored, crystal l ine , 
stable compounds w h i c h can be obta ined b y react ing tetraethoxypropane 
w i t h gaseous H C 1 - H 2 S i n the presence of the appropr iate transi t ion m e t a l 
ch lor ide ( 3 3 ) . T h e i r N M R spectra ind i cate extensive d e r e a l i z a t i o n . A s 
can be seen f r o m the c h e m i c a l shift data for the acac, SacSac, ma lona lde -

11 
12 
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hyde , a n d P T T complexes of P d ( I I ) ( T a b l e I ) , bo th the strong downf ie ld 
shift a n d the large c o u p l i n g constant i n the P T T complex are ind i ca t ive 
of a n aromatic , de loca l ized , e lectronic g round state. T h e difference be
tween the spectra of P d ( P T T ) 2 a n d of its malona ldehyde congener 13 is 
par t i cu lar ly s tr ik ing . W e prepared 13 f r om tetraethoxypropane w i t h 

13 

P d C l o / H C l , f o l l owed b y treatment w i t h t r i e thy lamine ; the ye l l ow needles 
( m p 1 3 7 ° C ) are considerably less stable than the P T T analog. A d d i t i o n a l 
evidence for the aromat ic i ty of the P T T complexes is the magn i tude of 
the 1 9 5 P t - H c o u p l i n g constant i n P t ( P T T ) 2 : the ^-hydrogens couple w i t h 
J = 104 H z , a n d even a l ong range c o u p l i n g to the /^-hydrogen of 8 H z 
is observed. F o r the unsubst i tuted d i th iene P t ( C 2 H 2 S 2 ) 2 , a 1 9 5 P t - H 
coup l ing of 103 H z was reported (20). 

T a b l e I . R i n g P r o t o n 

Compound 

Pd(acac)o 
P d ( S a c S a c ) 2 

P d ( C 3 H 3 0 2 ) 2 

P d ( P T T ) 2 

D a t a f o r P d Compounds 

Chemical Shift, T Units 

S 4 . 6 2 
S 3 . 0 1 
D 2.90, T 4.44, J = 4 H z 
D 0.98, T 2.52, J — 9 H z 

T h e donor properties of P t ( P T T ) 2 are sufficiently pronounced to a l 
l o w the direct f o rmat ion of a T C N Q complex of 1:1 sto ichiometry b y 
react ion w i t h an acetonitr i le so lut ion of the acceptor. I t was noted w i t h 
i n i t i a l satisfaction that, i n accord w i t h our earl ier pred i c t i on concerning 
the d istort ion of mononuc lear species, the T C N Q complex is i n s u l a t i n g : 
its m a i n crystal axis conduct iv i ty at 300 °K is 5 • 10" 8 a _ 1 c m _ 1 . H o w e v e r , 
p r e l i m i n a r y x-ray di f fract ion data for P t ( P T T ) 2 - T C N Q indicate that the 
crysta l consists not of independent but of a l ternat ing D - A - D - A stacks. 
Therefore , there is s t i l l no proof for the d istort ion that w e postulated i n 
charge transfer salts of monouclear complexes. 

T h e obvious extension of the P T T synthesis to inc lude the tetrathio 
der ivat ive of ethanetetraaldehyde as the b r i d g i n g l i g a n d i n order to ob ta in 
the b inuc lear species 14 has not yet been successful. W e are current ly 
invest igat ing complexes of P T T w i t h other b r i d g i n g l igands a n d also the 
charge transfer complex f o rmat ion of P t ( P T T ) 2 w i t h the dithienes as 
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14 

acceptors. W e expect these materials to be better conductors than the 
p u r e l y organic charge transfer species because they have an un interrupted 
conduct ion p a t h along the stacks of the b inuc lear complexes. H o w e v e r , 
even i f the absolute value of <r at r oom temperature should be no h igher 
than for example that i n T T F - T C N Q , these compounds w i l l offer the 
poss ib i l i ty of a ch iev ing anisotropic conduct i on w i t h o u t the transi t ion to 
an insu lat ing state at l o w temperatures since the conduct ive state is 
a lready fixed into a distort ion. Therefore , these materials are metals i n 
the exact sense, and , regardless of the magni tude of their r oom tempera
ture conduct iv i ty , they m a y even lead to a superconduct ing state. 
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Mixed Valence, Semiconducting Ferrocene-
Containing Polymers 

CHARLES U. PITTMAN, JR., B. SURYNARAYANAN, and 
YUKIHIKO SASAKI 

The University of Alabama, University, Ala. 35486 

A series of mixed valence, ferrocene-containing polymers of 
varying structural types was prepared. Their bulk con
ductivity was examined as a function of the FeII/FeIII ratio. 
Polymers prepared included polyvinylferrocene, polyferro-
cenylene, polyethynylferrocene, and poly(3-vinylbisfulva-
lenediiron). Each was oxidized with electron acceptors 
such as dichlorodicyanoquinone, iodine, and TCNQ. The 
FeII/FeIII ratio was controlled by varying the stoichiometry. 
The unoxidized polyvinylferrocenes, polyferrocenylenes, and 
polyethynylferrocenes were insulators (σ = 10-14Ω-1cm-1). 
Conductivities increased rapidly upon partial oxidation. 
Maximum conductivities, always obtained at 35-65% FeIII, 
were 10-8-10-6Ω-1cm-1 and were largely independent of the 
anion. Treatment of poly(3-vinylbisfulvalenediiron) with 
TCNQ gave FeIIFeIII (TCNQ)2- salts. Increasing the per
centage of monooxidized bisfulvalenediiron moieties in
creased the conductivity. At 71% oxidation, σ = 6 X 
10-3Ω-1cm-1. 

/ ^ V r g a n i c po lymers are usual ly insulators, but h i g h l y conjugated po ly -
mers ( I ) a n d organic charge-transfer complexes (2) can be 

semiconduct ing . Indeed , the p o l y ( N - v i n y l c a r b a z o l e ) - t r i n i t r o f l u o r e n o n e 
complex is an excellent photoconductor . It was even demonstrated 
recently that several organic salts have metal l i c properties ( 3 ) . F o r 
example, the salt f ormed b y tetrathiafulvalene a n d tetracyanoquino-
d imethane ( T C N Q ) , 1, has a room temperature conduc t iv i ty of 1 0 3 Q _ 1 -
c m 1 , a negative temperature coefficient, a n d a negative thermoelectr ic 
power w h i c h is l inear w i t h temperature above 100°K (4, 5, 6,7). S i m i 
la r ly , the ( b i s f u l v a l e n e d i i r o n ) + ( T C N Q ) 2 ~ salt, 2, has a h i g h conduct iv i ty 
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(a = ^ l O Q ^ c m " 1 ) (8,9). T h u s , m i x e d valence cations i n systems where 
the an ion T C N Q " can f o rm ordered stacks, improves the conduct iv i ty . 
T h e conduct iv i ty of 2 was measured on a powder , a n d i t w o u l d be 
expected to increase i f a single crystal c ou ld be obtained. 

T h e in troduct ion of m i x e d valence states can also induce semicon-
duct iv i ty . C o w a n a n d K a u f m a n (10, 11) demonstrated that the conduc
t iv i ty of bi ferrocene [ F e ( I I ) F e ( I I I ) ] p icrate , 4, was six orders of 
magni tude greater than that of bi ferrocene, 3, itself. C o u l d this be 
extended to po lymer i c systems? W e previous ly reported (12) the syn 
thesis of m i x e d valence [ F e ( I I ) F e ( I I I ) ] po lyv inyl ferrocene a n d 
polyferrocenylene systems w i t h signif icantly enhanced conduct iv i t ies 
( l O ^ - l O - ^ c m - 1 ) as compared w i t h the [ F e ( I I ) F e ( I I ) ] analogs 
( l O - ^ c m " 1 ) . 

T h u s , i t was of interest to prepare, po lymer ize , a n d copolymerize 
v iny lb i s fu lva lened i i ron a n d then to convert the pendant b i s fu lva lened i i ron 
( B F D ) groups to m i x e d valence T C N Q salts i n order to examine the 
conduct iv i ty of the result ing polymers. I n add i t i on , i t was considered 
important to see i f the complete ly conjugated system, po lyethynyl ferro -
cene, w o u l d exhibi t greater conduct iv i t ies t h a n po lyv inyl ferrocene i n 
m i x e d valence systems. 

HO T C N Q - ( T C N Q 2 ) -

a ~ 10 3 Q - ' c m - 1 a ~ 10 Q " 1 c m " 1 

F e F e F e F e + P i c ~ 

3 4 

a ~ 1 0 - 1 3 Or1 c m - 1 , = 2.3 X 10~ 8 LI'1 c m - 1 

Results and Discussion 

cene (13), po lyferrocenylene (14), a n d nolyethynyl ferrocene (15) have 
i — ' - c h f - " ' " 

T h e synthesis, pur i f i cat ion , a n d character izat ion of p o l y v i n y l f e r r o -
Dcenylene (14), a n d DO 

American Chemical 
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been thoroughly descr ibed. Po lyv iny l ferrocene was made b y the azo-
b i s ( i s obutyron i t r i l e ) ( A I B N ) - i n i t i a t e d r a d i c a l po lymer i za t i on of v i n y l -
ferrocene, a n d various molecu lar w e i g h t d istr ibut ions were obta ined b y 
fract ionat ion (13). Po ly ferrocenylene was prepared b y the po ly recom-
b i n a t i o n technique us ing di-tert-buty\ peroxide i n mo l ten ferrocene (14). 
Polyethynyl ferrocene was obta ined b y r a d i c a l ( A I B N - i n i t i a t e d ) p o l y m 
er izat ion of ethynylferrocene (15). 

P o l y ( 3 - v i n y l b i s f u l v a l e n e d i i r o n ) , 10, never prev ious ly reported , pre 
sented an especial ly dif f icult synthesis because of log ist ica l prob lems 
(see F i g u r e 1 ) . B F D , 6, was prepared b y the i m p r o v e d M u e l l e r - W e s t e r 
hoff method ( I I , 16) i n y ie lds as h i g h as 1 4 % . W e were unab le to 
atta in the 1 8 - 2 2 % yie lds prev ious ly reported . T h e N M R spectrum of 6 
h a d two triplets at T 4.78 a n d 6.27 as reported , a n d its I R spectrum was 
ident i ca l to that of an authent ic sample. N u m e r o u s attempts to mono-
acylate 6, us ing a var iety of condit ions, f a i l ed i n d i lu te C H 2 C 1 2 solutions. 

12 

Figure 1. Synthesis of poly(3-vinylbisfulvalenediiron) 

B F D is on ly s l ight ly soluble i n benzene, C S 2 , t e trahydro furan ( T H F ) , 
CCI4, acetone, C H 2 C 1 2 , a n d other organic solvents. T h i s contr ibuted to 
the dif f iculty i n c a r r y i n g out s tandard reactions. T h e use of acetic 
anhydr ide a n d B F 3 • O E t 2 , a method used successfully b y H a u s e r o n 
ferrocene ( 1 6 ) , f a i l ed as d i d the use of acetic a n h y d r i d e - H 3 P 0 4 as per 
G r a h a m (17). S i m i l a r l y , S n C l 4 a n d C H 3 C O C l i n C H 2 C 1 2 or benzene 
f a i l e d to g ive 3 -acety lb is fulvalenedi iron, 7. T h e heterogeneous react ion 
of 6, AICI3, a n d C H 3 C O C l (2.5 mmoles of each) i n C H 2 C 1 2 (30 m l ) at 
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0 ° C f o l l owed b y 24 hrs at 22 ° C gave at least seven products f r om w h i c h 
a mixture of four diacetylferrocenes was isolated b y d r y c o l u m n chro 
matography w i t h a 2 2 % y i e l d ; however , 7 was not detected. 

A c y l a t i o n of 6 (7.5 mmoles ) w i t h A1C1 3 (7.5 mmoles ) a n d C H 3 C O C l 
(7.5 mmoles ) at 0 ° C i n C H 2 C 1 2 (350 m l ) f o l l owed b y 4 hrs at 2 2 ° C was 
successful a n d gave 0.41 g of crude , C H 2 C l 2 - s o l u b l e mater ia l . E v a p o r a 
t i on f o l l owed b y acetone extract ion y i e l d e d an inso luble produc t that 
was pur i f i ed b y d r y c o l u m n a n d h i g h pressure l i q u i d chromatography. 
T h e monoacety l der ivat ive , 7, was isolated w i t h an 8 - 1 0 % y i e l d f r o m 
a mixture of three d iace ty l derivat ives . T h e yie lds of 7 i n six experiments 
were consistently w i t h i n this range. A 1 6 - 2 2 % y i e l d of d iacety lated 
derivatives was obta ined , a n d 3 5 - 4 5 % of unreacted 6 were recovered. 
Pur i f i ed 7 h a d N M R bands ( C D C 1 3 ) at r 4.5 ( 7 H , mul t ip l e t , r i n g H ' s at 
3 a n d 4 pos i t ions ) , 6.02 ( 8 H , m, r i n g H 's at 2 a n d 3 posit ions) a n d 7.62 
( 3 H , singlet, acetyl m e t h y l ) . A parent i on at m/e = 410, its I R spectrum, 
a n d the e lemental analysis agree w i t h the structure. 

R e d u c t i o n of 7 to 1 -hydroxyethylb is fulvalenedi iron , 8, i n 7 8 % iso
lated y i e l d was effected w i t h excess N a B E U i n 10:10:1 C H C 1 3 : C H 3 -
O H : H 2 0 at 22 ° C for 4 hrs f o l l owed b y d r y c o l u m n chromatography 
(deact ivated s i l i ca , C H C 1 3 ) . T h e dehydrat i on of 8 was effected b y 
heat ing a thoroughly m i x e d sample of 8 (0.08 g ) w i t h a l u m i n a (1 g ) 
i n a v a c u u m subl imator (this technique was p ioneered b y R a u s c h a n d 
Siegal (17) for the synthesis of v i n y l - a n d Ι ,Γ-divinylmetallocenes). A t 
A t 2 1 0 ° - 2 1 5 ° C a n d 0.7 torr, y i e l d of the v i n y l der ivat ive 9 was on ly 
4 % . R e d u c i n g the pressure a n d temperature to 0.002 torr a n d 190°C 
gave 4 i n 1 4 % y i e l d . T h u s 9 was prepared w i t h a 0 .02% overa l l y i e l d 
f rom N a C 5 H 3 . C o m p o u n d 9 was identi f ied b y I R spectrum (strong 
C = C stretch at 1630 c m " 1 ) , a parent i on at m/e = 394, a n d satisfactory 
analysis. 

R a d i c a l - i n i t i a t e d po lymer iza t i on of 9 i n d i lute degassed benzene 
solutions (40 m g 9, 25 m l benzene) us ing A I B N (10 mole % of 9 ) at 
70 ° C for 24 hrs gave an 1 8 % y i e l d of l o w molecu lar w e i g h t (5000 via 
gel permeat ion chromatographic analysis ) po lymer , 10. Y ie lds u p to 
3 1 % were achieved b y successive addit ions of 9 a n d in i t iator i n more 
concentrated solutions. P o l y m e r 10 was on ly s l ight ly soluble i n benzene 
a n d other solvents. T h i s p re c lude d k inet i c studies of the p o l y m e r i z a t i o n 
a n d frustrated attempts to f orm higher molecu lar we ight polymers . S o l u 
t ion copolymerizat ions of 9 w i t h styrene (1 :4 mole rat io ) gave a 3 6 % 
y i e l d of copo lymer 11 conta in ing 28 mole % of 9. Po lymers 10 a n d 11 
were pur i f i ed b y repeated prec ipi tat ions into petro leum ether a n d 
methanol . 

Po lymers 10 a n d 11 were then ox id i zed to the ir ( T C N Q ) 2 " c o m 
plexes. B o t h 10 a n d 11 were dissolved i n excess benzene, C H C 1 3 , o r 
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benzoni tr i l e a n d treated w i t h excess T C N Q to give the m i x e d valence 
[ F e ( I I ) F e ( I I I ) ] polysalt precipitates , 12 a n d 13. Ana lys i s revealed 
that 7 1 % of the B F D units i n 12 were ox id i zed to the m i x e d valence 
f o rm w h i l e 8 8 % of those i n 13 were ox id i zed i n the most h i g h l y ox id i zed 
samples. 

Studies were then conducted to establish that 13 h a d a mixture of 
B F D a n d B F D + ( T C N Q ) 2 " moieties a n d not B F D plus B F D 2 or B F D + 

T C N Q " . 
Ni t rogen- to - i ron w e i g h t ratios of 0.71 a n d 0.88 i n 6 a n d 8, respec

t ive ly , establ ished the 7 1 % a n d 8 8 % oxidat ion ratios. T h e near - IR 
spectra of 12 a n d 13 h a d a broad absorpt ion at 1000-2000 n m w i t h 
m a x i m u m intensity at 1400-1700 n m . T h i s b a n d i n B F D + ( T C N Q ) 2 " h a d 
prev ious ly been assigned to a photon-assisted intramolecular intervalence 
exchange (8, 9 ) a n d i t conf irmed that monooxidat ion of B F D units to 
[ F e ( I I ) F e ( I I I ) ] occurred ( B F D was d i ox id i zed t o i t s [ F e ( I I I ) F e ( I I I ) ] 
salts b y Muel ler -Westerho f f a n d E i l b r a c h t ( 1 9 ) ; these salts h a d no ab
sorpt ion at 1400-1700 n m ) . A b s o r p t i o n at 600 n m was also pronounced . 
T h e Mossbauer spectrum of 12 was dominated b y a single symmetr i ca l 
absorpt ion w i t h a quadrupo le sp l i t t ing of 1.73 m m / s e c w h i c h further 
confirms the B F D + structure. N e u t r a l B F D ' s doublet (2.40 m m / s e c ) 
was also observed. 

T h e suggestion that B F D + c o u l d be a de loca l i zed system w i t h each 
i r o n atom formal ly F e ( 2 % ) was based on the Mossbauer spectrum, 
w h i c h shows only one type of i ron present at 77 ° C , a n d on the E S C A 
spectrum (20). 

Polyv inyl ferrocene , 14, polyferrocenylene, 15, a n d po lyethynyl ferro -
cene, 16, were each ox id i zed b y d i ch lorod i cyanoquinone ( D D Q ) , i od ine , 
a n d T C N Q to give a po lymer series (e.g. E q u a t i o n s 1, 2, a n d 3) w i t h a 
range of F e ( I I ) / F e ( I I I ) ratios. T h e amount of ox idat ion was contro l led 
b y the reactant stoichiometry, a n d F e ( I I ) / F e ( I I I ) ratios were firmly 
establ ished b y b o t h e lemental analyses a n d b y Mossbauer spectroscopy 
(21). I n each case, the isomer shifts a n d quadrupo le spl itt ings were 
about 0.78 a n d 0.0-0.2 for f e r r i cen ium units . E a c h D D Q molecule i n 
corporated into the polysalts was reduced to D D Q " as was ind i ca ted 
b y the absence of the 1680 c m " 1 vco of D D Q a n d the presence of the 
1590 c m " 1 vco of D D Q " (21). T h e F e ( I I ) / F e ( I I I ) ratios f rom elemental 
analyses agreed w i t h i n ± 5 % w i t h those de termined b y Mossbauer 
spectroscopy. A l l m i x e d valence po lymers were b lue -b lack or b lack 
because of the f e r r i cen ium 620 n m 2E2g -» 2Elu t ransit ion. Polysalts of 15 
h a d a b r o a d electron-transfer b a n d (12, 22) at 1100-1900 n m . 

O x i d a t i o n of po lyethynyl ferrocene w i t h T C N Q was successfully 
effected i n nitrobenzene or benzoni tr i l e ( b u t not i n benzene, T H F , or 
C H 2 C 1 2 ) at 5 0 ° - 9 0 ° C . O n l y 1:1 complexes c o u l d be obta ined (each 
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4 C H — C H , - V -

F e 
DDQ 

- ( C H — C H 2 C H — C H 2 - ) -

14 benzene Fe+ D D Q - F e 
(1) 

benzene 
F e + I 3 - F e 

f e r r i cen ium u n i t generated was associated w i t h T C N Q " b u t not w i t h 
( T C N Q ) 2 " ) . H o w e v e r , under these condit ions , po lyv inyl ferrocene gave 
on ly loose charge-transfer complexes w i t h T C N Q , w h i c h exh ib i ted no 
f e r r i cen ium absorpt ion i n the Mossbauer spectrum. T C N Q c o u l d be 
cont inously extracted f r om these po lyv inyl ferrocene charge-transfer c o m 
plexes w i t h benzene. W e were unable to prepare polysalts of 14, 15, or 16 
w i t h T C N Q ) 2 ~ groups incorporated for each f e r r i cen ium uni t . T h i s p r o b 
l e m represents a chal lenge w h i c h is so far unsolved. T h e r e p r o b a b l y 
exists a del icate balance go ing f r o m f e r r i c e n i u m - ( T C N Q ) 2 " complexes 
i n the presence of excess ferrocene groups to further ox idat ion of more 
ferrocene g i v i n g T C N Q " complexes. 

Conductivity Measurements 

T h e room temperature b u l k conduct iv i ty of compressed disks of 12 
was 6 X l O - ^ c m " 1 whereas that of 13 was 2.5 X l O ^ O ^ c m " 1 . W i t h o n l y 
7 1 % of the B F D units i n 12 ox id i zed , a n d since 12 cannot pack i n as 
order ly a manner as B F D + ( T C N Q ) 2 " , the conduct iv i ty of 12 is r emark -
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a b l y h i g h . P r e l i m i n a r y m i c r o w a v e conduc t iv i ty measurements o n 12 
appear to g ive results s imi lar to b u l k studies w i t h disks. T h e increase 
i n c onduc t iv i ty as the B F D + / B F D + B F D + rat io increases i n p o l y m e r 
12 is p lo t ted i n F i g u r e 2. F r o m the shape of the curve , one m i g h t pred i c t 
a c onduc t iv i ty of 10" 1 -10°a" 1 cm~ 1 w h e n the p o l y m e r is complete ly 
ox id i zed . 

.20 .40 .60 
BFD7(BFD*+ BFD) 

Figure 2. Variation of conductivity with increasing 
oxidation of polymer 12 

C u r r e n t l y , w e are at tempt ing to monoox id ize 10 complete ly a n d to 
prepare b l o ck copolymers of 9 w i t h 1,3-butadiene, to be f o l l o w e d b y 
ox idat ion w i t h T C N Q . 

Compressed pellets of the m i x e d valence polysalts of 14, 15 , a n d 16 
(0 .6 -1 .0 m m t h i c k ) were made , a n d their conduct iv i t ies were measured 
(12) at 200 V . C o n d u c t i v i t y vs. F e ( I I I ) content is p lo t ted i n F igures 

3 a n d 4. Severa l conclusions are apparent . 
( a ) Po lymers 14, 15, a n d 16 are insulators w i t h σ = 8 Χ 10" 1 5 , 

1.2 Χ 10* 1 4 , a n d 4.5 Χ 10" 1 4 Ω" 1 c m " 1 respectively . A previous report (23, 
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24) that the conduct iv i ty of 16, prepared f rom acetylferrocene i n Z n C l 2 , 
was ΙΟ'^Ω^αχΓ 1 must have been based on a po lymer that was par t ia l l y 
ox id i zed or that contained meta l l i c impur i t ies . T o get accurate conduc
t i v i t y values, polymers 1 4 - 1 6 must be reduced before compact ion i n 
order to avo id incorporat ion of smal l amounts of f e rr i cen ium. 

( b ) U p o n p a r t i a l ox idat ion , a l l three polymers become semicon
ductors. S m a l l percentages of ox idat ion cause large increases i n 
conduct iv i ty . 

( c ) F o r a l l samples, c onduct iv i ty m a x i m i z e d at 3 5 - 6 5 % F e ( I I I ) , 
a n d i n this region the curves are not steep. 

( d ) C o n d u c t i v i t y increases 6 -8 powers of 10 were achieved , b u t to 
a first approx imat ion the conduct iv i t ies were independent of the anion 
present. 

( e ) Increasing conjugation (go ing f rom complexes 14 to those of 
16) d i d not m a r k e d l y affect the conduct iv i ty . T h u s , no synergism existed 
between extended conjugation a n d m i x e d valence states i n these samples. 

These observations are consistent w i t h an e lectron-hopping m o d e l 
where ferrocene is surrounded b y a m a x i m u m number of nearest ne ighbor 
f err i cen ium moitiés. N o n e of the polysalts exh ib i ted photoconduct iv i ty . 
U n d e r 200 a n d 500 W tungsten l a m p i r rad ia t i on , the conduct iv i t ies were 
essentially unchanged . Con jugat ion i n 15 or its polysalts c ou ld be inter 
r u p t e d b y occasional serious t i l t i n g of adjacent ferrocene units w i t h 
respect to each other, a l though the preferred conformation is the stag
gered structure shown i n E q u a t i o n 2 where conjugation is possible. It is 
thought f rom Mossbauer ( I I ) , U V (6) a n d magnet ic suscept ib i l i ty (14) 
studies that the posit ive charge i n f e r r i cen ium a n d biferrocene [ F e ( I I ) -
F e ( I I I ) ] is somewhat l oca l i zed on i ron . H o w e v e r , H a r t r e e - F o c k c a l c u 
lations suggest that extensive charge d e r e a l i z a t i o n onto the l igands has 
taken place. T h u s , conjugative assistance of electron transfer through 
the 7r-system, i n polysalts, m i g h t have been expected to have an appre 
c iable effect on b u l k conduct iv i ty of 15 a n d 16 (vs. 14 ) . E x t e n d e d con
jugation, i f present i n 15 or 16, d i d not affect b u l k conduct iv i ty . I t is 
too early to suggest the mechanism of conduct ion i n 12. 
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Hg2.86 AsF6—A Novel Structure with 
Unusual Electrical Properties 

B. D. CUTFORTH, W. R. DATARS, R. J. GILLESPIE, and 
A. VAN SCHYNDEL 

Departments of Chemistry and Physics, McMaster University, 
Hamilton, Ontario, Canada 

The structure of Hg2.86AsF6 can be described as octahedral 
AsF6- ions arranged on a lattice that contains linear non
-intersecting channels in two mutually perpendicular direc
tions. Within these channels are infinite chains of mercury 
atoms, each with a fractional formal charge of +0.35 and 
a mercury-mercury distance of 2.64 (1) A. Conductivity 
experiments confirm the metallic nature of the compound. 
The resistivity, measured by a four-probe ac technique, 
decreases by a factor of 103 between room temperature and 
4.2°K. No metal-insulator transition was detected. 

ecent studies on compounds conta in ing mercury i n ox idat ion states 
l ower than + 1 demonstrated that H g 3 ( A s F 6 ) 2 (1) a n d H g 4 ( A s F e ) 2 

(2) can be prepared b y treat ing mercury w i t h a sto ichiometr ic amount of 
A s F 5 i n l i q u i d S 0 2 . B o t h compounds contain l inear , discrete, m e r c u r y 
polycat ions. H g 3 ( A l C l 4 ) 2 has also been prepared (3 ) b y the react ion of 
m e r c u r y w i t h a mol ten H g C l 2 - A l C l 3 mixture , a n d subsequent s tructura l 
determinat ion (4) revealed that the c o m p o u n d conta ined a very near ly 
l inear H g 3 2 + cat ion. 

T h e i n i t i a l product obta ined i n the react ion of m e r c u r y w i t h A s F 5 

was a crystal l ine so l id w i t h a dist inct go lden meta l l i c lustre. X - r a y crysta l 
l ography (5 ) demonstrated that the c o m p o u n d c o u l d be f o rmulated as 
H g 2 8 6 A s F 6 , a n d i t revealed the presence of infinite l inear chains of 
mercury atoms i n two m u t u a l l y perpendicu lar directions. It was rea l i zed 
that the e lectr ica l properties of such a c o m p o u n d w o u l d be of cons id 
erable interest because the c o m p o u n d m i g h t be a h i g h l y anisotropic 
meta l l i c conductor . 
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5. C U T F O R T H E T A L . Hg2t86^sP( 57 

I n recent years, the s tudy of one-d imensional meta l l i c systems has 
attracted a great dea l of interest. A n u m b e r of excellent rev iews have 
been p u b l i s h e d (6, 7, 8, 9, 10) w h i c h were most ly concerned w i t h two 
classes of one-dimensional compounds : the par t ia l l y o x i d i z e d tetracyano-
plat inate complexes such as K 2 [ P t ( C N ) 4 ] B r 0 3 o * 3 H 2 0 , a n d the charge-
transfer organic complexes i n v o l v i n g tetracyanoquinodimethane ( T C N Q ) 
of w h i c h the best example to date is t e t ra th io fu lva l in ium tetracyanoquino
d imethane [ ( T T F ) ( T C N Q ) ] . Structura l studies of the par t ia l l y o x i d i z e d 
teracyanoplat inate complexes (11) revealed that the p l a t i n u m - p l a t i n u m 
distance i n the bromide is an unusua l ly short 2.88 A . I n such a p a r t i a l l y 
ox id i zed compound , electrons have been removed f r om the highest occu 
p i e d b a n d ar is ing f r om overlap of the p l a t i n u m (d^) orbitals , thus g i v i n g 
a par t ia l l y filled one-dimensional conduct ion b a n d . T h e anisotropic meta l 
l i c nature of this c o m p o u n d was conf irmed b y extensive conduct iv i ty 
studies (12). Measurements of ( T T F ) ( T C N Q ) (13, 14) also d e m o n 
strated that the conduct iv i ty is meta l l i c at r oom temperature w i t h a large 
anisotropy ratio . W e demonstrate i n this paper that H g 2 . 8 6 A s F 6 is h i g h l y 
conduct ing a l though the one-dimensional nature of the conduct iv i ty has 
not yet been confirmed. 

Experimental 

T h e c o m p o u n d was prepared b y a method w h i c h di f fered f r om that 
descr ibed prev ious ly ( 5 ) . Because of the meta l l i c nature of the c o m p o u n d 
a n d its resultant inso lub i l i ty i n avai lab le solvents, crystals suitable for 
conduct iv i ty studies were prepared b y l o w temperature d isproport iona-
t i on of an S 0 2 so lut ion of the H g 4 ( A s F e ) 2 cat ion. A s the temperature 
was l owered f rom room temperature to — 3 0 ° C over a f ew days, the r e d 
solut ion of H g 4 ( A s F 6 ) 2 d isproport ionated to y i e l d so luble H g 3 ( A s F 6 ) 2 

a n d Hgo.scAsFc w h i c h deposited as large (1 m m 3 ) crystals on the s ide of 
the borosi l icate glass tube. T h e crystals were washed w i t h S 0 2 to remove 
traces of H g 3 ( A s F 0 ) 2 a n d H g 4 ( A s F G ) 2 , a n d they were then stored under 
v a c u u m i n a sealed borosi l icate glass tube. 

Resistance was measured w i t h four p l a t i n u m w i r e probes i n spr ing 
contact w i t h the sample . A l t e r n a t i n g current w i t h a f requency of approx i 
mate ly 25 H z was passed through the sample between two current probes. 
A phase-sensitive detector was used to a m p l i f y the voltage between the 
two potent ia l probes a n d to ob ta in the in-phase component of the s ignal . 
T h e sample was mounted i n a ho lder w h i c h was sealed b y a r u b b e r O - r i n g 
onto a borosi l icate glass tube. (These manipulat ions were per formed 
i n a very t ight d r y box because of the extremely hygroscopic nature of 
the compound . ) A H contacts were checked before r e m o v i n g the sealed 
sample f rom the d r y box. T h e sample ho lder was transferred to a sta in
less-steel h e l i u m dewar for resistance measurements. T h e temperature 
was m o n i t o r d b y a copper - constantan thermocouple m o u n t e d next to the 
sample. B i s m u t h a n d ant imony samples were also measured to determine 
the resist ivity for our contact conf iguration f r om the vo l tage - current 
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re lat ionship . T h e error i n the absolute va lue of the resist iv ity was ~ 5 0 % 
because of uncerta inty i n the probe pos i t ion a n d i n the effective sample 
thickness. 

Results and Discussion 

T h e structure of H g 2 8 C A s F e ( F i g u r e 1) is an array of oc tahedral 
A s F e " anions conforming to the space group symmetry ( tetragonal , J 4 i / 
a m d ) . T h e r e is an array of non-intersect ing channels w i t h i n the latt ice 
r u n n i n g a long directions a a n d b. Infinite chains of m e r c u r y atoms l ie 
i n these channels w i t h a m e r c u r y - m e r c u r y distance of 2.64(1) A , a d is 
tance not commensurate w i t h the latt ice dimensions. T h e m e r c u r y -
m e r c u r y b o n d length is considerably shorter than that f ound i n meta l l i c 
m e r c u r y ( 3.005 A ). T h e chains are electron deficient ( each mercury m a y 
be assigned a f o r m a l posit ive charge of + 0 . 3 5 ) . These facts suggest a 
meta l l i c state. It seems reasonable to suppose that the crystals m a y d is 
p l a y anisotropic conduct iv i ty , i.e. they m i g h t be h i g h l y conduct ing a long 
the a a n d b axes a n d less so a long the c axis. 

Res is t iv i ty as a funct ion of temperature is p lo t ted i n F i g u r e 2 for a 
t y p i c a l sample. Measurements were made w i t h o u t regard for c rysta l 
or ientat ion because i t was not possible to obta in crystals w i t h sufficiently 
w e l l defined morpho logy to a l l o w or ientat ion of the crystals a long the 
p r i n c i p a l axes. T h e c o m p o u n d is h i g h l y conduct ing , the resist iv ity at 
r o o m temperature be ing of the order of 130 μ,Ωαη. T h i s corresponds to a 
conduct iv i ty of 8 Χ ΙΟ 3 ( Ω α η ) " 1 , a value that is considerably larger than 
that f o u n d for the par t ia l l y ox id i zed K 2 [ P t ( C N ) 4 ] B r o 3 o * 3 H 2 0 w h i c h is 
t y p i c a l l y about a f ew h u n d r e d ( Ω α η ) " 1 a long the h i g h l y conduct ing axis 
( 1 2 ) . I t is even more extraordinary that the res ist iv i ty decreases so 
r a p i d l y w i t h decreasing temperature. T h e res ist iv i ty at 4.2° Κ was ~ 0 . 1 
μΩυτη w h i c h was the lower l i m i t of detect ion. 

Figure 1. An isometric view of 
Hg286AsF6 showing the chains of 
mercury atoms (circles) running 
through the lattice composed of 

AsFf ions (octahedra) ο 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
6 

| d
oi

: 1
0.

10
21

/b
a-

19
76

-0
15

0.
ch

00
5

In Inorganic Compounds with Unusual Properties; King, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1976. 



5. C U T F O R T H E T A L . Hg2 g6AsFe 59 

I I I I I I I I I I I I 

I20h 

ιool· 

ε 
o 
è 8 0 -

b • 

^ 6 0 -

4 0 h 

2 0 [ 

. * I I I I 

100 2 0 0 

T ( ° K ) 

3 0 0 

Figure 2. The resistivity of Hg2 86AsF6 as a func
tion of temperature 

L o w temperature ( < 7 7 ° K ) data represent the average for two d i f 
ferent samples; they are p lo t ted i n F i g u r e 3 together w i t h the measured 
temperature-dependent resist ivity of a b i s m u t h sample used for c a l i b r a 
t ion. T h e decrease i n resist ivity b y a factor of almost 10 3 over the t e m 
perature range s tud ied is considerably larger than that observed i n metals 
that are not h i g h l y pur i f ied , a n d i t is consistent w i t h a meta l l i c state 
ar is ing f r om the interact ion of mercury atoms i n a c h a i n f o r m i n g a p a r 
t i a l l y filled band . T h e increase i n conduct iv i ty w i t h decreasing t empera 
ture n o r m a l i z e d to the conduct iv i ty at r oom temperature is p lo t ted i n 
F i g u r e 4. 

Peierls (15) showed that a par t ia l l y filled one-d imensional b a n d c a n 
always lower its energy b y sp l i t t ing into filled a n d empty bands. I f the 
c o m p o u n d under study is i n fact one-dimensional , the fa i lure to observe 
the transit ion is somewhat p u z z l i n g . H g 2 . 8 6 A s F 6 seems to fu l f i l l the neces
sary condit ions for a one-dimensional meta l l i c system. These condit ions 
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m a y be s u m m a r i z e d brief ly as fo l lows : (a ) the structure must conta in 
l inear para l l e l rows of atoms; ( b ) the interact ion between these atoms 
must be sufficiently strong to make b a n d format ion possible ; a n d ( c ) the 
atoms compos ing the cha in must have an o d d or f ract ional f o r m a l va lency , 
w h i c h w o u l d lead to a par t ia l l y filled conduct ion b a n d . 

It is not yet clear to w h a t extent the rather short in tercha in separation 
of 3.085 A affects conduct ion along the c axis. I t m a y w e l l be that 
a l though this distance is considerably longer than the in t racha in m e r c u r y -
mercury distance of 2.64 A , is is s t i l l short enough to p r o v i d e a conduct ion 
p a t h between the chains a long the c axis. I f this is true, i t m a y m e a n 
that, a l though the conduct iv i ty is anisotropic , the anisotropy m a y be too 
smal l for detection. T h e fact that the conduct iv i ty was consistently h i g h 
for a large n u m b e r of samples m o u n t e d r a n d o m l y w i t h respect to or ienta
t i on does not necessarily m e a n that the conduct iv i ty is not anisotropic . 
It can be s h o w n that i f the or ientat ion is not w i t h i n a f ew degrees of the 
crysta l axes, then the component a long the h i g h l y conduct ing d i rec t i on 
w i l l dominate the conduct iv i ty . 

4 0 6 0 
T ( ° K ) 

Figure 3. The low temperature region of the re-
sistivity of Hg2 86^s^6 and bismuth as a function 

of temperature 
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Figure 4. The conductivity of Hg2 86AsF6 as a 
function of temperature normalized to the room 

temperature conductivity 

It is hoped that i n the near future sufficiently w e l l defined crystals 
w i l l be obta ined w h i c h w i l l permit us to investigate the possible e lectr i ca l 
anisotropy of this most interesting, h i g h l y conduct ing mater ia l . 

Literature Cited 

1. Cutforth, B. D., Davies, C. G., Dean, P. A. W., Gillespie, R. J., Ireland, 
P. R., Ummat, P. K., Inorg. Chem. (1973) 12, 1343. 

2. Cutforth, B. D., Gillespie, R. J., Ireland, P. R., J. Chem. Soc. Chem. 
Commun. (1973) 723. 

3. Torsi, G., Fung, K. W., Begun, G. H., Mamantov, G., Inorg. Chem. (1971) 
10, 2285. 

4. Ellison, R. D., Levy, Η. Α., Fung, K. W., Inorg. Chem. (1972) 11, 283. 
5. Brown, I. D., Cutforth, B. D., Davies, C. G., Gillespie, R. J., Ireland, P. R., 

Vekris, J. E„ Can. J. Chem. (1974) 52, 791. 
6. Krogmann, K., Angew. Chem. Int. Ed. Engl. (1969) 8, 35. 

7. Thomas, T. W., Underhill, A. E., Chem. Soc. Rev. (1972) 1, 99. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
6 

| d
oi

: 1
0.

10
21

/b
a-

19
76

-0
15

0.
ch

00
5

In Inorganic Compounds with Unusual Properties; King, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1976. 



62 INORGANIC COMPOUNDS WITH UNUSUAL PROPERTIES 

8. Shchegolev, I. F., Phys. Status Solidi A (1972) 12, 9. 
9. Zeller, H. R., Festkoerperprobleme (Adv. Solid State Phys.) (1973) 13, 31. 

10. Miller, J. S., Epstein, A. J., Prog. Inorg. Chem. (1975) 20. 
11. Krogmann, K., Hansen, H. D., Z. Anorg. Allg. Chem. (1968) 67, 358. 
12. Zeller, H. R., Beck, A., J. Phys. Chem. Solids (1974) 35, 77. 
13. Ferraris, J., Cowan, D. O., Walatka, V., Jr., Perlstein, J. H., J. Amer. Chem. 

Soc. (1973) 95, 948. 
14. Coleman, L. B., Cohen, M. J., Sandman, D. J., Yamagishi, F. G., Garito, 

A. F., Heeger, A. J., Solid State Commun. (1973) 12, 1125. 
15. Peierls, R. E., "Quantum Theory of Solids," p. 108, Oxford University, 

London, 1955. 
RECEIVED January 24, 1975. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
6 

| d
oi

: 1
0.

10
21

/b
a-

19
76

-0
15

0.
ch

00
5

In Inorganic Compounds with Unusual Properties; King, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1976. 



6 

Synthesis and Selected Properties of 
Polymeric Sulfur Nitride, (Polythiazyl), 

(SN)x 

A. G. MacDIARMID, C. M. MIKULSKI, M. S. SARAN, P. J. RUSSO, 
M. J. COHEN, A. A. BRIGHT, A. F. GARITO and A. J. HEEGER 

Departments of Chemistry and Physics, University of Pennsylvania, 
Philadelphia, Penna. 19174 

Analytically pure single crystals of polymeric sulfur nitride 
(polythiazyl), (SN)x, suitable for solid state studies were pre
pared by the spontaneous room temperature polymerization 
of single crystals of pure S2N2. The polymer is relatively 
inert to oxygen and water. A single-crystal x-ray study re
vealed that an (SN)x polymer molecule consists of an almost 
planar chain of alternating sulfur and nitrogen atoms in 
which the sulfur-nitrogen bond lengths are all very similar. 
The optical reflectance of crystalline films of (SN)x from the 
near uv through the visible region is metal-like in character 
for light polarized parallel to the polymer chain axis. The 
covalent polymer has the optical and electrical properties of 
a low-dimensional metal. 

T i T e t a l s , b y def init ion, are those elements w h i c h possess certain char -
acteristic c h e m i c a l properties such as ease i n f o r m i n g posit ive ions 

b y chemica l processes a n d certa in characterist ic so l id state p h y s i c a l p r o p 
erties such as h i g h e lectr ica l c onduc t iv i ty ( w h i c h increases as the t e m 
perature is l owered ) , h i g h ref lectivity of l ight , good t h e r m a l conduct iv i ty , 
duc t i l i t y , a n d mal l eab i l i ty . U n t i l very recently , i t was be l i eved that these 
col lect ive properties were u n i q u e to meta l l i c elements, b u t i t n o w appears 
that m a n y of these properties m a y be f ound i n a s imple inorganic po lymer 
that contains no m e t a l atom. Studies of the c ompound , p o l y m e r i c sul fur 
n i t r ide ( p o l y t h i a z y l ) , ( S N ) ^ , reveal that i t possesses m a n y of the above 
properties a n d m a y therefore be termed a meta l even though its meta l l i c 
characteristics are strongly anisotropic . I t is be l i eved that this po lymer 
m a y be the forerunner of a who le new class of po lymer i c metals. 

63 
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Space does not permi t a complete discussion of the b a c k g r o u n d i n 
format ion ava i lab le o n ( S N ) * , b u t key landmarks i n its s tudy are s u m 
m a r i z e d very brief ly. P o l y m e r i c sul fur n i t r ide was first prepared i n 1910 
b y B u r t ( 1 ) b y passing S 4 N 4 vapor over s i lver gauze or quartz w o o l at 
100-300 °C . It was deposited outside the hot zone as very smal l crystals 
or as a film—when t h i n , the film was b lue b y transmitted l ight , but , as i t 
became thicker , it became opaque a n d took on a bronze meta l l i c luster 
b y reflected l ight . 

I n 1971 B o u d e u l l e et al. (2, 3, 4,5,6) reported that S 2 N 2 , w h i c h was 
f o r m e d as a p r i m a r y product w h e n S 4 N 4 vapor was passed over heated 
s i lver w o o l , w o u l d po lymer ize at l o w temperatures to g ive pseudo single 
crystals composed of layers of para l l e l fiberlike crystals of ( S N ) * . T h e 
crystals were too smal l for s ingle-crystal x-ray studies, but they were used 
i n a p r e l i m i n a r y electron di f fract ion invest igat ion. B o u d e u l l e reported 
recent ly that the S - N b o n d lengths alternated between short (1.58 A ) 
a n d l ong (1.72 A ) bonds w h i c h are close to double a n d single S - N b o n d 
lengths, respectively. A l s o b o n d angles of 113.5° for S - N - S a n d 111.5° for 
N - S - N were reported. B y us ing more re l iab le s ingle-crystal x-ray dif frac
t i on methods, w e recently demonstrated ( 7 ) that these data are not cor
rect ( the S 2 N 2 a n d ( S N ) * structures were determined b y the M o l e c u l a r 
Structure C o r p . , Co l l ege Stations, Texas ) . 

I n 1973 L abes et al. (8,9) synthesized crystal l ine bundles of i m p u r e 
(SN)a . fibers. A l t h o u g h the S : N atomic rat io was 1:1, the mater ia l con 
ta ined 5.48% i m p u r i t y ( 4 . 9 3 % 0, 0 .42% H , a n d 0 .13% C ) . H o w e v e r , 
meta l l i c - l ike conduct iv i ty was observed i n direct ions para l l e l to the ( S N ) ^ 
fibers, a n d this increased sharply w i t h decrease i n temperature. Six differ
ent samples h a d conduct iv i t ies at room temperature of 10, 89, 230, 640, 
1470, a n d 1730 o h m " 1 cm" 1 . Since the e lectr ica l conduct iv i ty of a n aniso
t rop i c substance can be affected enormously b y even traces of impur i t i es , 
w e d e c i d e d that i t was most important to attempt to synthesize a n a l y t i 
ca l l y pure crystals of ( S N ) * a n d to examine the p h y s i c a l a n d chemica l 
properties of the mater ia l . O n l y i n this w a y w o u l d i t be possible to deter
m i n e whether the meta l l i c - l ike properties reported for ( S N ) * (8,9) w e r e 
characterist ic of the pure mater ia l . 

T h e L abes (8, 9 ) method of p repar ing ( S N ) ^ usual ly i n v o l v e d pass
i n g S 4 N 4 vapor over heated si lver w o o l a n d then immedia te ly condensing 
the issuing vapors on a c o l d finger at 0 - 8 °C . H o w e v e r , w e f o u n d that, i n 
order to synthesize r e p r o d u c i b l y large single crystals of ana ly t i ca l ly pure 
(SN)X i t is first necessary to prepare absolutely pure S 2 N 2 (free of traces 
of S 4 N 2 ) b y p u m p i n g S 4 N 4 vapor f o rmed f rom so l id S 4 N 4 at 8 5 ° C through 
si lver w o o l at 220°C. A f t e r b e i n g condensed on a l i q u i d nitrogen-cooled 
c o l d finger, the S 2 N 2 is s l owly s u b l i m e d f r om the c o l d finger ( b y w a r m i n g 
i t to r o o m temperature) into a trap w i t h rectangular wal l s that is immersed 
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6. M A C D i A R M i D E T A L . Polymeric Sulfur Nitnde 65 

i n a 0 ° C bath . W h e n S 2 N 2 crystals of the correct shape a n d dimensions 
have formed , the rectangular t rap is ra ised to r o o m temperature . T h e 
i n i t i a l l y colorless, tabular , monoc l in i c crystals of S 2 N 2 r a p i d l y t u r n intense 
b lue -b lack a n d become paramagnet ic ( g = 2.005). A f t e r several hours , 
these crystals change spontaneously to the br ight , lustrous go lden color of 
( S N ) * ; however , chemica l a n d x-ray studies (7 ,10) revea l that they s t i l l 
conta in large amounts of u n p o l y m e r i z e d S 2 N 2 . H e n c e , po lymer i za t i on m a y 
possibly start at the surface of an S 2 N 2 c rysta l a n d proceed i n w a r d . T h e 
crystals are left at r oom temperature for approx imate ly two a dd i t i ona l 
days, a n d they are finally p u m p e d on at 75 ° C to remove a l l traces of 
u n p o l y m e r i z e d S 2 N 2 . T h e mater ia l does not undergo any change i n ap 
pearance d u r i n g this two-day p e r i o d at room temperature a n d the final 
heat ing to 75°C . T h e (SN)X so obta ined gives no E P R s ignal ; the absence 
of S 4 N 4 a n d S 2 N 2 is demonstrated b y an x-ray p o w d e r dif fraction study 
(JO, 11). T w o t y p i c a l analyses for the obta ined ( S N ) ^ are presented i n 
T a b l e I . 

T a b l e I . ( S N ) * C r y s t a l s 0 

Analysis S, % N, % C, % H, % 0 / % Total, % 

C a l c d . 69.59 30.41 0.00 0.00 0 100.00 
F o u n d 69.29° 30.56 0.00 0.00 0 d 99.85 

70.18 e 30.20 100.38 
α Crystals were from two different preparations. Semiquantitative emission spec

trograph ic analyses did not detect the presence of any metal impurities at the parts-
per-million level. 

6 Traces of oxygen are difficult to determine accurately experimentally. 
c First set of data obtained by Galbraith Laboratories, Inc., Knoxville, Tenn. 
d Reported as "none or trace." 
6 Second set of data obtained by Schwarzkopf Microanalytical Laboratory, 

Woodside, Ν. Y . Analyses were for sulfur and nitrogen only. 

T h e (SN); , . crystals f o rmed i n this s tudy have a n extremely h i g h 
lustrous go lden meta l l i c appearance on a l l faces, b u t the ends are d u l l , 
dark b lue-b lack . T h i s is expected ( see be l ow ). T h e lustrous surfaces of 
less w e l l f o rmed crystals are h i g h l y str iated; this causes considerable 
scattering of l i ght f r o m these surfaces at certa in inc ident angles a n d con 
sequently they appear dark b lue -b lack under these par t i cu lar l i g h t i n g con 
dit ions. E l e c t r o n m i c r o g r a p h studies (magni f i cat ion 100-1300) of a 
spec ia l ly chosen, imperfect , single crystal of ( S N ) ^ revealed that the 
crystals are composed of layers of fibers stacked para l l e l to each other 
a long the l ong axis (b axis) of the crystal . A t places where the crysta l 
was separated mechanica l ly , l ong fibrous strands of ( S N ) ^ are apparent . 
T h e crystals are h i g h l y anisotropic , a n d they m a y be mechan i ca l l y c leaved 
very easi ly along a p lane para l l e l to the (SN), , . fibers. T h e crystals are 
also soft a n d mal leab le ; they can be flattened read i ly b y m i l d pressure 
a p p l i e d perpend i cu lar to the fibers to give t h i n , lustrous, go lden sheets. 
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66 I N O R G A N I C C O M P O U N D S W I T H U N U S U A L P R O P E R T I E S 

T h e crystal l ine mater ia l also exhibits very h i g h op t i ca l anisotropy i n 
the v is ib le por t i on of the spec trum: on ly that component of inc ident l ight 
w h i c h is po lar i zed para l l e l to the ( S N ) * fibers is reflected ( R ( | ) w i t h h i g h 
meta l l i c reflectance. T h e component of inc identa l l i ght w h i c h is po la r i zed 
perpend i cu lar to the fibers is reflected ( R ± ) only very weakly . T h u s , the 
face of an ( S N ) * crystal m a y first be examined w i t h nonpo lar i zed l ight at 
a n inc idence angle of 90° w i t h the analyzer adjusted to give m a x i m u m i n 
tensity of the reflected l ight . W h e n the analyzer is then rotated through 
90° , the intensity of the reflected l ight is reduced enormously , a n d its 
color changes to a dark b lue-b lack . It is therefore apparent w h y the ends 
of the ( S N ) * crystals, w h i c h consist on ly of ends of ( S N ) * fibers, appear 
b l u e - b l a c k — a t these surfaces a l l inc ident rad ia t i on is perpend i cu lar to the 
( S N ) * fibers; furthermore, l i ght scattering is extensive at these less smooth 
surfaces. 

A l t h o u g h ( S N ) * crystals s l owly become covered w i t h a whi t i sh -gray 
p o w d e r after they stand i n air for several months, no immediate react ion 
w i t h air is apparent ; however , the poss ib i l i ty of instantaneous format ion 
of a nonvis ib le film of ox id i zed or h y d r o l y z e d mater ia l coat ing the ( S N ) * 
surface cannot yet be r u l e d out. D u r i n g seven days at room temperature , 
crystal l ine ( S N ) * is not attacked b y (a ) oxygen at 1-atm pressure, 
( b ) water vapor at a pressure of 4.6 torr, or ( c ) oxygen saturated w i t h 
water vapor. It is not attacked b y degassed d i s t i l l ed water w h e n com
plete ly immersed i n i t for 24 hr at room temperature ; however , after six 
days, a l though there is no change i n appearance of the ( S N ) * , a very 
smal l amount of w h i t e so l id mater ia l m a y be obta ined b y evaporat ing the 
water . W h e n it is heated i n a sealed tube in vacuo at approx imate ly 
140°C, ( S N ) * decomposes to sulfur, n i trogen, a n d possibly other as yet 
unident i f ied materials . 

W h e n ( S N ) * is heated w i t h constant p u m p i n g at ^ 140 ° C , go lden, 
lustrous, po lycrysta l l ine cohesive films of ( S N ) * can be condensed on a 
var iety of substrates h e l d at temperatures of 0 ° - 5 0 ° C . X - r a y p o w d e r 
patterns of scrapings of these sub l imed films demonstrate that the (SN)-, . 
has the same crystal structure as the ( S N ) * crystals f rom w h i c h they were 
s u b l i m e d a n d that the films are complete ly free of S 4 N 4 a n d S 2 N 2 . O p t i c a l 
reflectance a n d x-ray studies of the films f o rmed on a glass surface re 
vea led that the ( S N ) * fibers a lways l ie para l l e l to the glass surface ( I I ) ; 
no ( S N ) * fibers are observed perpend i cu lar to the surface. M a n y inter 
est ing possibi l i t ies of ep i tax ia l g r o w t h of ( S N ) * films therefore appear 
l i k e l y since f u l l y or iented ep i tax ia l films of ( S N ) * can be depos i ted o n 
various substrates i n c l u d i n g M y l a r , Tef lon , a n d polyethylene b y this 
m e t h o d ( 1 2 ) . 

W e prepared single crystals of ana ly t i ca l l y pure ( S N ) * that were 
sufficiently large for s ingle-crystal x-ray studies (10) b y so l id state po ly -
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6. M A C D I A R M I D E T A L . Polymeric Sulfur Nitnde 67 

S(c) N(c) S(a) N(a) 

S(WN(W S(d) NW) 
1 

m e r i z a t i o n of S 2 N 2 crystals. T h e ( S N ) * crystals have the same space 
group (P2 i / c ) as, a n d are pseudomorphs of, the S 2 N 2 crystals f rom w h i c h 
they are der ived (10). T h e studies reveal that ( S N ) * consists of an almost 
p lanar c h a i n of a l ternat ing sul fur a n d nitrogen atoms as i n 1. There are 
four S N units per u n i t c e l l w h i c h has a = 4.153(6), b = 4.439(5), a n d 
c — 7.637(12) Α , β — 1 0 9 . 7 ( 1 ) ° , a n d D c = 2.30 g / c m 3 . T h e ref ined 
structure (R = 0.11) has as its major feature ( S N ) * chains w i t h i n t r a -
c h a i n distances of S ( a ) - N ( a ) = 1.593(5), S ( a ) - N ( b ) — 1.628(7), 
S ( a ) - S ( b ) = 2.789(2), N ( a ) - N ( b ) = 2.576(7), a n d S ( a ) - N ( c ) — 
2.864(5) A a n d b o n d angles of S - N - S — 119 .9 (4 ) ° a n d N - S - N — 
106 .2 (2 ) ° . T h e S - N b o n d lengths are a l l very s imi lar , a n d they corre
spond to a s u l f u r - n i t r o g e n b o n d order that is intermediate between those 
expected for a single a n d a doub le bond . 

C e r t a i n of the s u l f u r - s u l f u r in tercha in distances (3.48 A ) be tween 
( S N ) * chains l y i n g i n the same (102) p lane are less t h a n the sum of the 
v a n der W a a l s r a d i i of two sul fur atoms (3.70 A ) . T h i s suggests the 
presence of a weak but important in tercha in interact ion ( shown as dot ted 

Q SULFUR Ο NITROGEN 

Figure I . Diagrammatic representation of (SN)X chains in 
the 102 plane of an (SN)X crystal 
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68 I N O R G A N I C C O M P O U N D S W I T H U N U S U A L P R O P E R T I E S 

l ines i n F i g u r e 1) w h i c h is p r o b a b l y large ly responsible for caus ing ( S N ) * 
to be, at the very least, a n anisotropic two -d imens iona l meta l rather t h a n 
a one-d imensional metal . 

T h e op t i ca l reflectance of t h i n films of ( S N ) * was measured f r o m the 
near U V (30,000 cm" 1 ) to the far I R (500 c m ' 1 ) regions ( F i g u r e s 2 a n d 
3 ). Reflectance characterist ic of metals is observed i n the I R through the 
v is ib le regions, w i t h a w e l l def ined p lasma m i n i m u m at 22,000 c m ' 1 that 
corresponds to l i ght po la r i zed para l l e l ( R M ) to the po lymer c h a i n axis 
( J J ) . F u r t h e r m o r e , a n d R± were recently measured separately 
us ing a face of a care ful ly po l i shed single crysta l (12). T h e peaks i n 
the I R at 995 a n d 685 c m " 1 ( F i g u r e 2) are probab ly caused b y S - N 
v i b r a t i o n a l stretching modes. T h e expanded p lasma edge por t i on of this 
curve is presented i n F i g u r e 3. I n b o t h curves, the dashed l ine is the least 
squares computer D r u d e fit ( J J ) to the measured reflectance. D r u d e 
reflectance is concerned on ly w i t h the meta l l i c - l ike reflectance of l ight , 
i.e. that component of l ight that is p a r a l l e l to the ( S N ) * fibers ( J J ) . It 
was demonstrated that the difference between the curve for measured 
reflectance a n d that ca l cu lated b y the D r u d e equat ion is at tr ibutable to 
substantial interchain c o u p l i n g ( J 2 ) . T h e m a x i m u m meta l l i c reflectance 
observed is about 4 5 % . T h i s value is actual ly very m u c h greater than i t 
first appears. T h u s , i t m a y be recal led that the m a x i m u m meta l l i c reflec
tance of unpo lar i zed l ight possible i n this system is 5 0 % since each crysta l 
d o m a i n i n the film w i l l reflect i n a meta l l i c fashion on ly ha l f the inc ident 
l i ght w h i c h falls u p o n i t , i.e. on ly that component po lar i zed para l l e l to the 
( S N ) * fibers. T h e rea l metal l i c reflectance is therefore on the order of 
9 0 % w h i c h is characterist ic of a metal . 
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Figure 2. Reflectance spectrum (500-30,000 cm'1) of 
a thin film of (SN)X. Dashed line: Drude fit to the 

measured reflectance (11). 
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6. M A C D i A R M i D E T A L . Polymeric Sulfur Nitride 69 

Physical Review Letters 

Figure 3. Expanded view of the plasma edge 
portion of the reflectance spectrum of (SN)X in 
Figure 2. Solid line: experimental spectrum; 
dashed line: Drude fit to the expenmental 

spectrum (11) . 

F r o m the p lasma m i n i m u m (p lasma frequency, ω ρ ) , one can read i l y 
calculate τ the electronic re laxat ion t ime b y the c lassical D r u d e equat ion 
w h i c h is w e l l establ ished for meta l films (11). T h i s gives a va lue of 1.9 X 
10" 1 5 sec for ( S N ) * . F r o m τ a n d ω ρ , one can calculate the dc conduc t iv i ty 
of a meta l b y the w e l l - k n o w n equat ion (11): 

dc conduc t iv i ty = ω ρ
2 τ / 4 π 

U s i n g this re lat ionship , a d c conduct iv i ty of 3 Χ 10 3 o h m " 1 c m " 1 is 
ca l cu lated for ( S N ) * a long the fiber axis. T h i s value agrees w e l l w i t h the 
p r e l i m i n a r y dc conduct iv i ty ( four-probe m e t h o d ) of a single c rys ta l of 
( S N ) * a long the d irect ion of the fiber axis. W e obta ined values of 1 2 0 0 -
3700 o h m " 1 c m - 1 at r oom temperature; the conduct iv i ty increases m a r k e d l y 
w h e n the temperature is l o w e r e d to 4.2 K , increas ing approx imate ly 
50-205- fo ld . T h u s , ( S N ) * has a conduct iv i ty at r o o m temperature o n the 
same order of magni tude as that of a meta l such as mercury (see T a b l e 
I I ) . I t was recently reported (13) that ( S N ) * becomes superconduct ing 
at 0.26K. 

Table II. Electrical Conductivity (16) 
Substance Conductivity at 20°C, ohm'1 

( S N ) * 3.7 Χ 10 3 

B i 8.33 Χ 10 3 

N i c h r o m e 10.0 Χ 10 3 

H g 10.4 χ 10 3 

Sb 23.9 Χ 10 3 

F e 1.0 Χ 10 5 

C u 5.80 Χ 10 5 
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70 I N O R G A N I C C O M P O U N D S W I T H U N U S U A L P R O P E R T I E S 

Since the l ength of a s u l f u r - n i t r o g e n single b o n d is expected to be 
approx imate ly 1.74 A a n d that of a s u l f u r - n i t r o g e n doub le b o n d ~ 1.54 A 
(14, 15), for a s u l f u r - n i t r o g e n b o n d order of 1.5, an exper imenta l l eng th 
of approx imate ly 1.64 A w o u l d be expected. F r o m s imple valence b o n d 
concepts, the b o n d i n g between sulfur a n d ni trogen atoms i n an ( S N ) * 
c h a i n m a y therefore be considered as der ived , to a first approx imat ion , 
f r om the two extreme resonance forms (2 a n d 3 ) ( i n w h i c h a l l atoms 

S-N M c / S=NX 

S=N S=N s - N S - N 

exhib i t n o r m a l ox idat ion states a n d valences ) to give a resonance h y b r i d 
species ( 4 ) i n w h i c h a l l bonds are intermediate between double a n d 

single bonds. It should be stressed that this descr ipt ion is obv ious ly a n 
over -s impl i f i cat ion since, a l though a l l S - N bonds are intermediate i n 
l ength between single a n d double bonds, they are not a l l exactly e q u a l 
exper imental ly . 

A l te rnat ive ly , since the N S monomer is the sul fur analog of N O 
( w h i c h has one u n p a i r e d electron i n a π* o r b i t a l ) , ( S N ) * m a y be re 
garded as made u p f rom the po lymer i za t i on of 

• -

monomer units , w h i c h l ike N O , m i g h t be expected to have a n i t r o g e n -
sul fur b o n d order of 2.5. P o l y m e r i z a t i o n then gives 5; each n i trogen atom 
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6. M A C D I A R M I D E T A L . Polymeric Sulfur Nitride 71 

f\ Ρ \ 
6 

is dep i c ted as b e i n g associated w i t h eight electrons, each sul fur w i t h n ine 
electrons. T h e n i n t h electron can be regarded as present i n one of the π* 
orbitals of each - S ~ N - uni t . These π* orbitals o n adjacent - S ~ N -
units can then overlap to give some m u l t i p l e - b o n d character to the other 
S - N l inkages, viz. 6. It should be noted that this qual i ta t ive treatment 
differs f r om the previous resonance h y b r i d a r g u m e n t — i t does not suggest 
that the amount of m u l t i p l e b o n d character i n a l l S - N l inkages is neces
sari ly exactly the same. T h e hal f - f i l l ed over lapp ing ττ* orbitals of each 
N S un i t are expected to produce a hal f - f i l l ed conduct ion b a n d i n the 
p o l y m e r molecule i n a manner that is somewhat s imi lar , for example , to 
the produc t i on of a hal f - f i l led conduct i on b a n d i n meta l l i c L i * " p o l y m e r " 
b y the over lapp ing of hal f - f i l led 2s atomic orbitals . 

F r o m these observations, i t appears that ( S N ) * exhibits strongly a l l 
the major co l lect ive properties characterist ic of a m e t a l i n a d i rec t i on 
p a r a l l e l to the ( S N ) * fibers. I t is , therefore, the first member of a n e w 
class of covalent po lymer i c mater ia l s—lower d imens ional , po lymer i c 
metals. I t is h i g h l y l i k e l y that a w h o l e b r o a d n e w field of p o l y m e r i c 
metals based o n d ia tomic neutra l , cat ionic , or an ion ic monomer i c units 
that contain one u n p a i r e d electron c o u l d indeed exist. A p r i m e requis i te 
appears to be that the rea l or hypothet i ca l monomer u n i t have one u n 
p a i r e d electron. N e u t r a l species of this type m i g h t be sought f r om b i n a r y 
compounds that conta in one element f rom an odd -numbered group i n the 
P e r i o d i c T a b l e a n d one f r om an even-numbered group, e.g. A s S . C a t i o n i c 
or anionic units c ou ld , i n p r i n c i p l e , be obta ined b y r e m o v i n g or a d d i n g 
an electron, respectively, to b i n a r y compounds i n w h i c h b o t h atoms were 
f r o m either even-numbered or o d d - n u m b e r e d groups i n the P e r i o d i c 
T a b l e , e.g. ( C S ) ~ a n d ( P N ) + . I n this respect, i t m a y be noted that a 
species such as ( C S ) * ' * is isoelectronic w i t h ( N S ) X . Species isoelectronic 
w i t h ( N S ) * are, of course, not l i m i t e d to ions. F o r example , H C S is 
isoelectronic w i t h N S a n d consequently ( H C S ) * — a n d its derivat ives , 
( R C S ) * , i f they c o u l d be synthes i zed—might be expected to be metals. 

I t appears that there is m u c h n e w cha l l eng ing synthetic c h e m i s t r y -
b o t h inorganic a n d o r g a n i c - t o be carr ied out i n order to ascertain the 
extent a n d importance of this n e w area of chemistry that is concerned 
w i t h covalent po lymers w h i c h are metals. 
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7 

Redox Properties of Polymetallic Systems 

THOMAS J. MEYER 

University of North Carolina, Chapel Hill, N. C. 27514 

The redox properties of three classes of polymetallic systems 
were studied. In compounds with strong metal-metal bonds, 
multiple oxidation state properties are found for metal clus
ters and in compounds where bridging ligands reinforce 
the metal-metal bond. Compounds with weak interactions 
between metal ion sites have electronic and chemical prop
erties that are essentially those of isolated monomeric 
complexes. Electronic interactions between metal centers, 
electrostatic effects, and statistical effects affect reduction 
potential values. In systems more complicated than dimers, 
there are ambiguities about the site of oxidation. In mixed
-valence ions, intervalence transfer bands appear; their ener
gies and intensities are functions of both bridging and 
non-bridging ligand effects. When metal-metal interactions 
across a bridging ligand are sufficiently strong, the system 
is delocalized and chemical and electronic properties are 
significantly modified. 

ecent w o r k has l e d to the synthesis of a var iety of compounds i n 
w h i c h meta l atoms or ions are h e l d i n close p r o x i m i t y b y c h e m i c a l 

l inkages. These po lymeta l l i c compounds represent a n e w class of mate 
rials that have dist inct ive c h e m i c a l a n d p h y s i c a l properties, a n d i n some 
systems the properties can be v a r i e d systematical ly b y c h e m i c a l synthesis. 
T h e compounds are of interest because of possible cooperative c h e m i c a l 
a n d electronic interactions between the chemica l ly l i n k e d meta l centers. 
I n the future i t m a y prove possible : ( a ) to create so l id state materials 
that have control lable , a n d perhaps unusual , e lectr ica l conduct iv i ty p r o p 
erties; ( b ) to prepare p o l y m e r i c complexes w h i c h i n solut ion have p r o p 
erties that are intermediate between those of so l id state materials a n d 
those of s imple monomer ic complexes; a n d ( c ) to devise chemica l systems 
i n w h i c h cooperative chemica l interactions l ead to net, mult ip le -e lec tron 
redox processes, or to s imultaneous, two - or more site reactions. 

73 
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M y intent ion is to develop, as systematical ly as possible, the redox 
properties of po lymeta l l i c systems i n solution. A n unders tanding of 
redox properties a n d of m e t a l - m e t a l interactions is essential i n order to 
exploit po lymeta l l i c systems. M o s t of the examples are based o n the 
findings of m y o w n research group w i t h three different classes of c o m 
pounds w h i c h differ i n the nature a n d / o r the extent of the m e t a l - m e t a l 
interact ion. 

Strong, Direct Metal-Metal Bonding 

A m e t a l - m e t a l b o n d has a pro found effect on the properties of the 
l i n k e d meta l centers ( I ) . W i t h a m e t a l - m e t a l b o n d : ( a ) absorpt ion 
bands are present w h i c h can be assigned to transitions between b o n d i n g 
a n d ant ibond ing m e t a l - m e t a l orbitals (2, 3, 4); ( b ) m u l t i p l e ox idat ion 
state properties can appear that are based on the m e t a l - m e t a l b o n d or 
bonds; a n d ( c ) chemica l properties are strongly modi f ied . A s an example 
of the latter, H u g h e y a n d B o c k demonstrated b y flash photolysis (5) 
that [ ( 7 r - C s H r , ) M o ( C O ) 3 ] 2 a n d re lated compounds undergo l i ght -
i n d u c e d homoly t i c fission (Reac t i on 1); the monomer i c fragments that 
are p r o d u c e d react r a p i d l y w i t h a var iety of substrates under condit ions 
i n w h i c h the parent c o m p o u n d is unreact ive (4, 6). 

hv 
[ (π -0 ,Η Γ > ) M o ( C O ),] ο — 2 G r - C 5 H 5 ) M o ( C O ) 8 ( 1 ) 

l O M O ^ A T 1 sec ' 1 

Redox processes i n re lat ive ly s imple m e t a l - m e t a l bonds l ead to a 
b r e a k d o w n i n p r i m a r y structure [see Reac t ion 2a (7, 8) where S = 
solvent a n d React ion 2b (9)1. H o w e v e r , reversible e lectron transfer 

2e 

[ ( i r - C s H 5 ) F e ( C 0 ) 2 ] 2 — + 2 S 

+ 2e" 

• 2 U - C 5 H 5 ) F e ( C O ) 2 S + (2a) 

2 ( 7 r - C 5 H 5 ) F e ( C O ) 2 - (2b) 

can occur i n m e t a l clusters a n d i n compounds where l igands reinforce 
the m e t a l - m e t a l b o n d b y b r i d g i n g (1). V o l t a m m e t r i c experiments i n 
nonaqueous solvents revealed that the cluster systems [ ( 7 r - C 5 H 5 ) F e -
( C O ) ] 4 (10,11) ( F i g u r e 1) a n d [ ( ^ C 5 H 5 ) F e S ] 4 (10) r e m a i n intact 
i n several different molecu lar ox idat ion states : [ ( 7 r - C 5 H 5 ) F e ( C O ) ] 4

2 + / + / ° / -
a n d [ ( ^ C 5 H 5 ) F e S ] 4 3 + / 2 + / + / 0 / " . T h e s tructura l details of the compounds 
[ ( 7 r - C 5 H 5 ) F e ( C O ) ] 4 - [ ( 7 r - C 5 H 5 ) F e ( C O ) ] 4 ( P F e ) (12) a n d [ ( Τ Γ - 0 5 Η 5 ) -
F e S ] 4 - [ ( 7 r - C 5 H 5 ) F e S ] 4 ( P F 6 ) - [ ( 7 r - C 5 H 5 ) F e S ] 4 ( P F 6 ) 2 (13) a n d m a g 
net ic field Mossbauer data for [ ( ^ C 5 H 5 ) F e ( C O ) ] 4 ( P F e ) (14) are c on 
sistent w i t h a m o d e l i n w h i c h redox properties are carr ied , at least i n part , 
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7. M E Y E R Polymetallic Systems 75 

Inorganic Chemistry 

Figure 1. Structure of the 
[(TT-CsH^FeiCO)'], cluster 

unit (14) 

b y de loca l i zed m e t a l - m e t a l b o n d i n g a n d ant ibond ing orbitals . T h e c lus
ters appear to undergo faci le electron transfer (15 ) . 

C h e m i c a l l y reversible e lectron transfer processes have also been 
reported for l i g a n d - b r i d g e d complexes of C r , M o , W , M n , F e , R u , C o , 
a n d N i b y Dessy a n d co-workers w h o used e lectrochemical techniques 
i n 1,2-dimethoxyethane (16, 17, 18, 19). S i m i l a r behavior was reported 
for di-ter£-phosphine-bridged derivatives of [ ( 7 r - C 5 H 5 ) F e ( C O ) 2 ] 2 ; [ (w-
C 5 H 5 ) F e ( C O ) ] 2 ( P h 2 P ( C H 2 ) 3 P P h 2 ) 2 + / + / 0 (20, 21). T h e m u l t i p l e ox ida 
t i on state behavior i n l i g a n d - b r i d g e d systems also seems to arise because 
of b o n d i n g or ant ibond ing m e t a l - m e t a l orbitals . F o r example , E S C A 
a n d frozen solut ion E P R data for the once-oxidized f o r m of [ ( 7 r - C 5 H 5 ) -
F e ( C O ) ] 2 ( m - P h 2 P C H = C H P P h 2 ) ( F i g u r e 2 ) indicate that ox idat ion 

Figure 2. Proposed 
structure of [(Tr-C5H5)Fe 
(CO)]2(cis-Ph2PCH= 

CHPPh2)+ 

occurs at i r o n a n d that the u n p a i r e d electron resides i n a m e t a l - m e t a l 
o r b i t a l (22, 23). F r o m structura l studies of the system [ ( 7 r - C 5 H 5 ) F e -
( C O ) S R ] 2

+ / 0 , C o n n e l l y and D a h l conc luded that one-electron ox idat ion 
occurs f r om an ant ibond ing F e - F e o r b i t a l that also gives a p a r t i a l 
m e t a l - m e t a l b o n d (24). H o w e v e r , i n m a n y of these systems, deta i l ed 
in fo rmat ion is needed about the electronic structure. I t is conceivable 
that i n some cases the observed redox behavior is car r i ed b y orbitals 
w h i c h are largely l i g a n d based, a n d i n re lated systems i t is not a lways 
clear whether the m e t a l - m e t a l interact ion occurs p r i m a r i l y through space 
or through a b r i d g i n g l i g a n d (see b e l o w ) . 

Ph 

F e - - - - F e 

P h " " ^ ç — ç / ^ P h  P
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T h e l i g a n d - b r i d g e d systems are attractive i n terms of redox proper 
ties because of chemica l versat i l i ty a n d the poss ib i l i ty of p r e p a r i n g 
p o l y m e r i c compounds. T h e compounds are also of interest e lectronical ly 
since, for a g iven meta l , the o rb i ta l character of the m e t a l - m e t a l inter 
act ion can be var ied . F o r example, the ions [ ( 7 r - C 5 H 5 ) F e ( C O ) ] 2 ( c i s -
P h 2 P C H = C H P P h 2 ) + a n d [ ( 7 r - C 5 H 5 ) F e ( C O ) S C H 3 ] 2 + are f o rmal ly d 6 - d 7 

a n d d5-d? cases, respectively, but i n bo th ions there is a p a r t i a l m e t a l -
meta l bond . 

Weak Interactions between Metals through a Bridging Ligand 

W h e n m e t a l - m e t a l interactions through a connect ing l i g a n d br idge 
are weak, the meta l centers have the electronic a n d chemica l properties 
of isolated, monomer i c complexes except for certain special effects. I f 
appropr iate monomer i c complexes undergo reversible electron transfer, 
a re lated l i gand -br idged system w i l l undergo a series of electron transfer 
steps i n w h i c h each of the meta l sites i n t u r n undergoes ox idat ion or 

reduct ion . Examples are k n o w n for the Ι,Ι '-polyferrocenes ( F i g u r e 
3 ) , ( C 5 H 5 ) F e ( C 5 H 4 - C 5 H 4 ) F e ( C 5 H 4 - C 5 H 4 ) F e ( C 5 H 5 ) 3 + / 2 + / + / 0 [ F c - F c -
F c ) 3 + / 2 V V 0 ] ( 2 5 ) , a n d for l i gand -br idged complexes of r u t h e n i u m , 
( b i p y ) 2 C l R u ( p y z ) R u ( b i p y ) 2 ( p y z ) R u C l ( b i p y ) 2

7 + / 6 + / 5 + / 4 + ( p y z = pyraz ine , 
b i p y = 2 ,2 ' -b ipyr id ine ) (26, 27, 28). R e d u c t i o n potentials w i l l reflect 
e lectronic effects (resonance a n d induc t ive ) i f they are large enough, 
a n d they w i l l be affected b y s imple electrostatic effects. A s an example 
of the latter, i n the complex : 

the meta l centers are e lectronical ly isolated, a n d yet they are ox id i zed at 
s l ight ly h igher potentials than re lated monomer ic complexes because of 
the h igher charge on the d imer (29, 30). 

I f there is symmetry , statist ical effects appear. T o m , C r e u t z , a n d 
T a u b e noted that i n the e q u i l i b r i u m i n React ion 3 (where 4,4 ' -bipy = 
4 ,4 ' - b ipyr id ine ) , the mixed-valence i on is favored b y a statistical factor 
of 4 even i n the absence of other effects (31). W h e n one compares the 

Figure 3. Structure of 
the Ι,Γ-polyferrocenes. 
η = 0: Biferrocene (Fc-
Fc), η = I : Ι,Γ-terfer-
rocene (Fc-Fc-Fc)9 and 
η = 2: Ι,Γ-quatrefer-

rocene (Fc-Fc-Fc-Fc) 
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7. M E Y E R Polymetallic Systems 77 

( N H 3 ) 5 R u ( 4 , 4 ' - b i p y ) R u ( N H 3 ) 5 6 + + ( N H 3 ) 5 R u (4,4 ' -bipy) R u ( N H 3 ) 5
4 + 

*± 2 ( N H 3 ) 5 R u (4 ,4 ' -b ipy ) R u ( N H 3 ) 5
5 + (3) 

reduct ion potentials for the half -reactions 4 a n d 5 (where F c represents 
ferrocene a n d a ferrocenyl g r o u p ) , the bi ferrocene couple ( F c - F c ) + / 0 is 
d is favored b y a statist ical factor of 2 or 0.018 V [(RT/nF) In 2 = 0.018] 
since there are two ways of f o rming ( F c - F c ) + — F c + - F c a n d F c - F c + ( 25 ) . 

F c + + e -> Fc (4) 

( F c - F c ) + + e - » F c - F c (5) 

F o r systems more compl i ca ted than dimers , there are ambiguit ies 
r egard ing the site of oxidat ion. F o r example , i n the Ι,Ι ' -polyferrocenes, 
F c n (n — 3, 4 ) ( F i g u r e 3 ) , a n d i n l i g a n d - b r i d g e d r u t h e n i u m complexes, 
( b i p y ) 2 C l R u ( p y z ) [ R u ( b i p y ) 2 p y z ] n R u C l ( b i p y ) 2

( 2 n + 2 ) + ( n — 1-4) (25, 
26, 2 7 ) , there are chemica l ly different sites. O x i d a t i o n gives a series of 
ox idat ion state isomers w h i c h differ i n the site of ox idat ion (25 ) . F o r 
example, for ( l , l ' - t e r f e r r o c e n e ) + there are two energet ical ly equivalent 
isomers ( F c + - F c - F c a n d F c - F c - F c + ) a n d one non-equivalent isomer 
( F c - F c + - F c ) . D e p e n d i n g on differences i n l i g a n d environments, energy 
differences between isomers m a y be large a n d a s ingle isomer m a y be 
dominant . It was est imated that i n so lut ion the free energy difference 
between F c + - F c - F c + a n d F c + - F c + - F c is ~ 0.12 V (25) a n d that between 
( N H 3 ) 5 R u m ( p y z ) R u n C l ( b i p y ) 2

4 + a n d ( N H 8 ) B R u I I ( p y z ) R u m a ( b i p y ) 2 4 f 

is ~ 0.30 V (29,30). I f an o rb i ta l p a t h w a y exists between meta l centers, 
the different isomers are accessible b y t h e r m a l - a n d l i g h t - i n d u c e d i n t r a 
molecu lar electron transfer processes. 

It is important to real ize that the assignment of ox idat ion states 
based on solution in format ion m a y not a p p l y to the so l id state. A l t h o u g h 
a m i x e d valence i o n l i k e ( b i p y ) 2 C l R u ( p y z ) R u C l ( b i p y ) 2

3 + m a y be favored 
i n solution, there is no guarantee that it is favored i n the so l id state over 
a sto ichiometr ic mixture of the two adjacent ions ( b i p y ) 2 C l R u ( p y z ) -
R u C l ( b i p y ) 2

2 + a n d ( b i p y ) 2 C l R u ( p y z ) R u C l ( b i p y ) 2
4 + . 

I n mixed-valence complexes, weak metal—metal interactions l e a d to 
intervalence transfer ( I T ) bands, usual ly i n the v i s ib le or near I R 
regions (25). I n an I T transit ion, l i g h t - i n d u c e d electron transfer occurs 

( N H 3 ) 5 R u n i N Ο N R u n C l ( b i p y ) 2
4 + 

. «ι 

( N H 3 ) 5 R u n N Ο N R u m C l ( b i p y ) 2 * * 
V ^ ' / 
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between meta l sites i n different ox idat ion states (Reac t i on 6 ) . I n the 
i m m e d i a t e product of l i gh t - induced electron transfer, the meta l sites are 
i n n o n - e q u i l i b r i u m v ibra t i on and solvat ion states since nuc lear mot i on 
is s low compared w i t h electron mot ion ( F r a n c k - C o n d o n p r i n c i p l e ) . 

T h e potent ia l energy-conf igurat ional coordinate diagrams used b y 
H u s h to describe I T transitions (32) are presented i n F i g u r e 4. D i a 
grams showing I T transitions for bo th symmetr i ca l [React ions 7 (31, 
34) a n d 8 ( 3 3 ) ] a n d unsymmetr i ca l (Reac t i on 6) mixed-valence ions are 

hv 
( N H 3 ) 5 R u ( 4 , 4 ' - b i p y ) R u ( N H 3 ) 5 5 + - » ( N H 3 ) 5 R u ( 4 , 4 r - b i p y ) R u ( N H 3 ) 5 5 + * 

(7) 

F c - F c + - » F c + - F c * (8) 

g iven . T h e transit ion i n Reac t i on 6 is at h igher energy than that for a 
symmetr i ca l system because the electron transfer process is energetical ly 
unsymmetr i ca l . T h e product , ( N H 3 ) 5 R u n ( p y z ) R u n ^ l ( b i p y ) 2

4 \ w h i c h 
is a thermal ly equ i l i b ra ted mixed-valence excited state, is d is favored 
because the oxidat ion state configuration is reversed f rom the ground 
state (29, 30). S imi la r effects occur for certain ox idat ion state con
figurations of the Ι,Γ-polyferrocenes. T h e I T b a n d observed for ( F c -
F c - F c ) 2 + ( i n 1:1 v : v C H 2 C 1 2 - C H 3 C N ) is at a h igher energy ( A m a x 

5.99 k K ) than the I T b a n d for F c - F c + (\m a x 5.26 k K ) because the trans i 
t i on is also energetical ly unsymmetr i ca l (Reac t i on 9) (25). 

hv 
F c + - F c - F c + - » F c + - F c + - F c * (9) 

H u s h developed a theoret ical treatment for I T transitions (32). 
T h e w o r k of H u s h a n d that of R o b i n a n d D a y (35) is important because 
they relate the properties of I T bands to the extent of m e t a l - m e t a l 
interact ion and to the rate of thermal electron transfer between meta l 
sites. T h e relationships are dep ic ted d iagrammat i ca l l y i n F i g u r e 4 where 
E 0 p a n d EUl are the energies for the opt i ca l a n d the thermal electron 
transfer processes, respectively. O r b i t a l overlap between meta l sites is 
the or ig in of the sp l i t t ing between surfaces a n d of the intensity of I T 
bands. 

Recent w o r k on d i m e r i c r u t h e n i u m complexes demonstrated that 
there is reasonable agreement between exper imental data a n d the b a n d 
w i d t h a n d solvent dependence p r e d i c t d b y H u s h for I T bands (29, 30, 
31 ). T h e w o r k w i t h r u t h e n i u m complexes also revealed that the energies 
a n d intensities of I T bands v a r y systematical ly as a func t i on of b r i d g i n g 
a n d n o n b r i d g i n g l i g a n d effects (29, 30,31, 34). N o I T b a n d was observed 
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7. M E Y E R Polymetallic Systems 79 

for the i o n : 

[ ( N H 3 ) 5 R u n i N 0 / - C H 2 C H 2 - Y O N R u I I C l ( b i p y ) 2 ] 4 + 

because the o r b i t a l p a t h w a y between m e t a l centers is b l o c k e d b y the 
saturated - C H 2 - C H 2 - l inkage. I T bands appear for pyraz ine , 4 ,4 -b ipyr i -
d ine , a n d i r a n s - l , 2 - b i s ( 4 - p y r i d y l ) ethylene as the b r i d g i n g l igands where 
there is an intact π system. T h e bands are at h igher energies for the 
longer b r i d g i n g l igands ( i n acetonitr i le : 10.4 k K for pyraz ine , ~ 1 4 . 4 k K 
for 4 ,4 ' -b ipyr id ine , a n d ~ 14.7 k K for f r a n s - l , 2 - b i s ( 4 - p y r i d y l ) ethylene 
(29, 30) because the intersection region between the R u I ] L R u m a n d 
R u i n - R u n surfaces ( F i g u r e 4) a n d therefore the energy of the I T trans i 
t i on are functions of the distance between the meta l centers. T h e intensity 
of the b a n d for the pyraz ine -br idged d i m e r is considerably greater t h a n 
that for the other d imers ; this indicates a stronger m e t a l - m e t a l interact ion. 

Ru a (H)-Ru a ( l l l ) RuaOlO-RuaOl) 

A 

Ο CONFIGURATIONAL COORDINATE 
UJ 
Ζ 

Ru b(ll)-Ru a(IH) Ru^llO-RuJII) Β 

Figure 4. Potential energy-configurational 
coordinate diagrams for symmetrical (A) 
and unsymmetncal (B) cases. IT transi

tions are indicated by the arrows. 
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N o n b r i d g i n g l igands can affect the energy a n d apparent ly also the 
intensity of I T bands. I n the dimers ( N ^ H R u ^ P y z J R u ^ N ^ ^ 5 * 
(34) a n d ( N H 3 ) 5 R u i n ( p y z ) R u n X ( b i p y ) 2 4 + (29, 30), the energy of the 
I T b a n d increases as variations i n L or X increase the energy asymmetry 
between the two ends. F o r the mixed-valence d imer ( b i p y ) 2 O R u ( p y z ) -
R u C l ( b i p y ) 2

3 + , E S C A studies demonstrated that there are discrete R u ( I I ) 
a n d R u ( I I I ) sites (36). I n recent work , C a l l a h a n a n d M e y e r (37) f o u n d 
an I T b a n d for the ion ( A m a x 1300 n m , c = 450 i n acetonitri le ) w h i c h has 
the approximate b a n d w i d t h a n d solvent dependence that were pred i c ted 
b y H u s h . I R data are consistent w i t h l o ca l i zed valences. T h e properties 
of this i on differ marked ly f rom those of the C r e u t z a n d T a u b e i on 
( N H 3 ) 5 R u ( p y z ) R u ( N H 3 ) 5 5 + (33), a n d the differences are consistent 
w i t h a m u c h stronger m e t a l - m e t a l interact ion i n the pentaammine 
system (37). 

Strong Interactions between Metals through a Bridging Ligand 

W i t h strong m e t a l - m e t a l interactions across a b r i d g i n g l i g a n d , the 
valence redox orbitals are de loca l i zed molecular orbitals both meta l a n d 
l i g a n d i n character. I n mixed-valence compounds , different, discrete ox i 
dat ion states do not exist since the site of ox idat ion is de local ized . 
Strongly coup led systems are l ike m e t a l - m e t a l bonds i n that their elec
tronic a n d chemica l properties are signif icantly modi f ied f rom those of 
re lated monomer i c complexes. As w i t h m e t a l - m e t a l bonds, such com
pounds can have an extensive m u l t i p l e ox idat ion state chemistry based 
on de loca l i zed molecular orbitals . 

Strong c o u p l i n g is expected w h e n the b r i d g i n g distance is short, 
especial ly for second- a n d t h i r d - r o w metals a n d for metals i n l o w ox ida 
t i on states where d o rb i ta l extension is great a n d strong π overlap can 
occur. Several oxo-br idged complexes of r u t h e n i u m ( I I I ) , [ ( A A ) 2 X R u O -
R u X ( A A ) 2 ] 2 + (where A A is 2 ,2 / -b ipyr id ine or 1,10-phenanthroline a n d 
X is C I or N 0 2 ) , have unusua l spectral , redox, a n d chemica l properties 
(38). I n the salt [ ( b i p y ) 2 ( N 0 2 ) R u O R u ( N 0 2 ) ( b i p y ) 2 ] ( C 1 0 4 ) 2 , the 
R u - O - R u angle is <—' 157° a n d the ni tro groups are cis to the b r i d g i n g 
ox ide i on (39). T h e properties of the complexes are consistent w i t h an 
M O scheme where the valence orbitals are ant ibond ing w i t h respect to 
the R u - O - R u group (38). O n the cyc l i c vo l tammetry t ime scale, i n 
acetonitri le , the complexes exist i n a series of molecular ox idat ion states, 
( b i p y ) 2 C l R u O R u C l ( b i p y ) 2

4 + / 3 + / 2 + / + . A n E S C A study of the mixed-valence 
+ 3 i on suggests that the r u t h e n i u m sites are equivalent . T h e potent ia l 
for reduct ion to the + 1 i o n is l o w compared w i t h that of monomer i c 
complexes ( T a b l e I ) ; this is consistent w i t h a lowest T T * ( R U O R U ) o rb i ta l 
for the d imer w h i c h has been strongly destab i l i zed compared w i t h the 
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7. M E Y E R Polymetallic Systems 81 

valence dir orbitals of monomer i c complexes. A s imi lar conclus ion 
was reached for the o smium system [ ( t e r p y ) ( b i p y ) O s O O s ( b i p y ) -
( t e r p y ) ] 5 + / 4 + / 3 + (40) whereas magnet ic c o u p l i n g occurs i n oxo -br idged 
complexes of i r on ( I I I ) but the valence electrons are l o ca l i zed on the 
i ron ( I I I ) ions (41,42,43). 

T a b l e I . £ % V a l u e s f o r R u ( I I I ) / R u ( I I ) Couples i n 
0 . 1 M N ( i i ^ C 4 H 9 4 + P F - 6 - A c e t o n i t r i l e at 2 2 ° db 2 ° C vs. 

the S a t u r a t e d S o d i u m C h l o r i d e C a l o m e l E l e c t r o d e 0 

α The couples are electrochemically reversible so that E1/2 is essentially a reduc
tion potential in the medium described. 

Strong m e t a l - m e t a l interactions can occur through a b r i d g i n g l i g a n d 
or b y direct m e t a l - m e t a l bond ing , a n d the electronic o r ig in of the m e t a l -
meta l interact ion is not always clear. W i t h the c o m p o u n d [ I r ( N O ) -
( P P h 3 ) 2 ] 2 0 · C G H 6 , for example, an x-ray study revealed that there are 
bo th an oxide br idge a n d a short I r - I r separation (2.56 A ) (43). 

I n contrast to the oxo-br idged ions the d5 R u ( I I I ) sites i n the p y r a 
z ine b r i d g e d complexes [ ( b i p y ) 2 C l R u ( p y z ) [ R u ( b i p y ) 2 p y z ] n R u C l -
( b i p y ) 2 ] ( 0 0 4 ) 3 λ + 4 (η = 0, 1, 2 ) are strongly loca l ized . N o evidence for 
magnet ic interactions was f o u n d d o w n to 4 ° K (44). H o w e v e r , i t m a y be 
possible to prepare strongly coup led , po lymer i c systems. Johnson recent ly 
dev ised routes to mercapto -br idged complexes, e.g. ( b i p y ) 2 C l R u ( S P h ) -
R u ( b i p y ) 2 ( S P h ) R u C l ( b i p y ) 2

2 + , w h i c h have m u l t i p l e ox idat ion state p r o p 
erties (28). M a g n u s o n a n d T a u b e suggested that the d in i t rogen-br idged 
o s m i u m complexes, [cis-Cl ( N H 3 ) 4 O s N N O s ( N H 3 ) 5 ] 5 + / 4 + / 3 + are de loca l i zed 
systems (45). T h i s finding is important since i t shows that strong c o u p l i n g 
can occur through b r i d g i n g groups that are longer t h a n a single a tom 
or i on . 

A series of t r iangular , oxo -br idged cluster compounds, R u 3 0 ( C H 3 -
C 0 2 ) 6 L 3 ( L is a neutra l l i g a n d ) , was prepared b y Spencer a n d W i l k i n s o n 

Couple 

(bipy) oClRuORuCl (bipy) 2
2 + / + 

R u ( b i p y ) 2 C l 2
+ / 0 

Ru (bipy ) 2 ( N H 2 C H ( C H 8 ) 2) C l 2 + / + 

- 0 . 3 2 
0.32 
0.65 
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(46, 47) ( i n 1, the arcs represent b r i d g i n g acetate groups ) . T h e y f o u n d 
f r om chemica l a n d e lectrochemical studies that the cluster remains intact 

as neutra l a n d + 1 units , R u 3 O ( C H 3 C O 2 ) G ( p y ) 3 + / 0 (46, 47). T h e basic 
structure was determined b y C o t t o n a n d N o r m a n ( L = P P h 3 ) w h o 
deve loped a qual i tat ive M O scheme that assumes a de loca l i zed system 
(48). W i l s o n a n d Sa lmon (49) f ound that the basic cluster un i t remains 
intact i n five different ox idat ion states, R u 3 0 ( C H 3 C 0 2 ) 6 L 3

3 + / 2 + / + / 0 / " , on 
the cyc l i c vo l tammetry t ime scale i n acetonitri le . R u t h e n i u m E S C A data 
for mixed-valence compounds l ike [ R u 3 0 ( C H 3 C 0 2 ) e ( p y ) s ] ( C 1 0 4 ) 2 a n d 
R u 3 0 ( C H 3 C 0 2 ) 6 ( p y ) 3 suggest that the R u sites are equivalent a n d that 
the clusters are de loca l i zed (49). W e recently succeeded i n l i n k i n g 
t r iangular cluster units b y l i g a n d bridges (Scheme 1; S = so lvent ) . 

R u 3 0 ( C H 3 C 0 2 ) c (py) 2 ( C O ) J R u 3 0 ( C H 3 C 0 2 ) 6 (py ) 2 ( C O ) + 

+ e~ 

i - C O 

I — R u 3 0 ( C H 3 C 0 2 ) G ( p y ) 2 S + 

— i + pyz 
I R u 3 0 ( C H 3 C 0 2 ) 6 ( p y ) 2 p y z + + S 

(py ) 2 ( C H 3 C O 2 ) eORus (pyz) R u 3 0 ( C H 3 C 0 6 ) 2 (py ) 2
2 + 

Scheme 1 

C y c l i c vo l tammetry demonstrated that the pyraz ine -br idged d imer 
R u 3 ( p y z ) R u 3

2 + has an extensive ox idat ion state chemistry , a n d that the 
c luster -c luster mixed-valence ions [ R u 3 ( p y z ) R u 3 ] + a n d [ R u 3 ( p y z ) R u 3 ] ~ 
are discrete species i n solution. R u t h e n i u m E S C A data for the perch lo -
rate salt of the + 1 i o n reveal the presence of d ist inct cluster units , 
R u 3

+ ( p y z ) R u 3 ° , a n d therefore ind icate that intercluster interactions 
across pyraz ine are weak. H o w e v e r , the e lectrochemical data reveal that 
the extent of c luster -c luster interact ion increases as the electron content 
of the system increases. T h e synthetic chemistry here is very promis ing , 
a n d w e shou ld be able to prepare complex two-d imens iona l systems 
i n c l u d i n g polymers a n d to investigate c luster -c luster a n d m e t a l i o n -
cluster interactions. 

Intermediate Cases 

Perhaps the most interest ing cases are complexes w h i c h appear to 
l i e i n the transit ion reg ion between l oca l i zed a n d de loca l i zed systems. 
M u c h evidence points to t r a p p e d valences i n the C r e u t z a n d T a u b e i o n 
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7. M E Y E R Polymetallic Systems 83 

( N H 3 ) 5 R u ( p y z ) R u ( N H 3 ) 5
+ 5 , a n d yet the 8 ( N H 3 ) ( s y m ) a n d p ( N H 3 ) 

I R bands for the + 5 i on are intermediate between the + 4 a n d + 6 ions 
a n d the + 5 I T b a n d does not have the expected b a n d w i d t h a n d solvent 
dependence (34). I n the ions M 2 C 1 9

3 ' ( M is C r , M o , M ) ( 2 ) , the 

C L C I 

C I C I C I 2 

c h r o m i u m case is l o ca l i zed ( C r - C r 3.1 A ) w i t h a weak magnet ic in ter 
act ion, the tungsten case is strongly m e t a l - m e t a l b o n d e d ( W - W 2.4 A ) , 
a n d the m o l y b d e n u m case is intermediate ( M o - M o 2.7 A ) (50). F o r the 
i o n M o 2 B r 9

3 " ( M o - M o 2.8 A ) , there is a temperature-dependent p a r a 
magnet ism that suggests a weak m e t a l - m e t a l interact ion (51 ) . Inter 
mediate cases can be expected to have u n u s u a l properties, a n d an u n d e r 
standing of them w i l l p robab ly requ i re n e w insight. T h e possible t h e r m a l 
accessibi l i ty of more than one state for such systems is also in t r i gu ing . 
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Electron Exchange between Pairs of 
Vanadium Atoms in Novel Geometric 
Isomers of Heteropoly Tungstates 

MICHAEL T. POPE, STEPHEN E. O'DONNELL, and RONALD A. PRADOS 

Georgetown University, Washington, D.C. 20057 

The heteropoly anions PV2Mo10O405- and PV2W10O405- are 
each shown to exist as mixtures of the five possible stereo
isomers by 31P NMR spectroscopy. Controlled potential 
electrolytic reduction of H5PV2W10O40 yields PVIVVVW10-
O406- (I) and PV2IVW10O407- (II) which were isolated as 
potassium salts. The ESR spectrum of anion I consists of 
superimposed 8- and 15-line components with <g> = 1.952 
and <a> = 104.5 and 53 G. The relative intensities of the 
8- and 15-line spectra are in quantitative agreement with the 
assumption that electron exchange between neighboring 
vanadium atoms (V-O-V) is rapid, but that in isomers with 
remote vanadium atoms (V-O-W-O-V, etc.) the electron 
is effectively trapped on a single vanadium. The ESR spec
trum of anion II has a normal 15-line pattern arising from 
the triplet state. The intervalence optical transition in 
anion I occurs at 8.8 kK. 

Τ T e t e r o p o l y transi t ion meta l oxocomplexes general ly have structures 
based on edge- a n d corner-shared M 0 6 octahedra ( J , 2). These 

structures consequently resemble discrete fragments of c lose-packed meta l 
oxide lattices, a n d heteropoly complexes f requent ly exhib i t properties 
associated w i t h electron d e r e a l i z a t i o n a n d magnet ic exchange that are 
f ound i n meta l oxides. T h e so-cal led heteropoly blues for example, are 
heteropoly anions i n w h i c h some of the d° meta l atoms (tungsten, 
m o l y b d e n u m , or v a n a d i u m ) have been reduced to the d 1 ox idat ion state 
(3). I n such compounds, the extra electrons appear to be de loca l i zed 
over a l l structural ly a n d chemica l ly equivalent meta l atoms b y a h o p p i n g 
process (4) (cf. semiconduct ion i n m i x e d valence meta l ox ides ) . 

85 
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T h e present w o r k was under taken i n order to define more exact ly 
the processes of e lectron d e r e a l i z a t i o n i n m i x e d valence heteropoly 
anions. T h e w o r k has also p r o v e d the existence of geometric isomers that 
result f r om the various ways of arrang ing two k inds of m e t a l atoms 
w i t h i n a g iven structure (5,6). 

T h e complexes s tud ied have the general f o r m u l a ΈΥχΖ12.χΟ^+α>)' 
where Ζ is M o or W , a n d χ = 1 a n d 2. T h e structure of these anions 
( F i g u r e 1) is an arrangement of 12 edge- a n d corner-shared Z O e octa-
hedra surround ing a central P 0 4 tetrahedron. T h e site symmetry of each 
meta l atom is approx imate ly C 4 v . W e demonstrated elsewhere (7, 8, 9 ) , 
that the P V W n O 4 0

4 " a n d P V M o n O 4 0
4 " complexes undergo one-electron 

reductions to give complexes that are intensely co lored b u t that never
theless have t rapped valences ( i.e., they are P V I V W n O 4 0

5 " a n d P V I V M o u -
O 4 0

5 " ) accord ing to E S R spectroscopy. W h e n more than one tungsten or 
m o l y b d e n u m atom has been rep laced b y v a n a d i u m , the poss ib i l i ty of 
i somerism arises. Since the 12 meta l atoms i n the structure dep i c ted i n 
F i g u r e 1 ( the K e g g i n structure) are equivalent , there are 1 2 ! / x ! ( 1 2 — x)\ 

Figure 1. Keggin structure for 
MZ12OIt0

u~ heteropoly anions 
showing arrangement of ZOn 

octahedra around the central 
MOh tetrahedron 

ways of arranging the v a n a d i u m atoms i n Ρν*Ζι 2 _α .0 4 ο ( 3 + Λ ? ) ' . T h e to ta l 
n u m b e r of d ist inguishable isomers that result has been computed for each 
possible value of χ (5). F o r the case χ = 2, there are five isomers w i t h r e l a 
t ive statist ical abundances of 6, 12, 12, 12, a n d 24 (see F igures 2 a n d 3 ) . 

Experimental 

P r e p a r a t i o n of Compounds . Decamo lybdod ivanadophosphor i c a c i d 
was prepared b y the m e t h o d of Ts igdinos a n d H a l l a d a (10). A n a l , for 
H 5 P V 2 M o 1 0 0 4 o · 1 7 H 2 0 : c a l c d : V 4.99, M o 46.95; f o u n d : V 4.91, M o 
47.43, M o / V 5.13. 

Decatungstod ivanadophosphor i c a c i d was p r e p a r e d b y Kokor in ' s 
m e t h o d as descr ibed b y S m i t h a n d Pope (7). A n a l , for H 5 P V 2 W i o 0 4 0 * 
1 2 H 2 0 : c a l c d : V 3.60, W 64.90; f o u n d : V 3.73, W 65.10, W / V 4.83. 
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α b 

Figure 2. (a) Unfolded Keggin structure showing numbering 
of Z-atoms; (b) simplified version of (a) in which only edge-

shared octahedra are depicted as linked 

A A A 
A V A A V A A V A 

1,2 1.4 1,5 
(12) (12*) (24*) 

A A 
A V A A V A 

1,6 1.11 
(12) (6) 

Figure 3. The five isomers of ?V2Z10OU0
5~ with their re

spective degeneracies (in parentheses) 
Species hbelled with an asterisk are dissymmetric, i.e. they have 
non-superimposable mirror images. Both enantiomorphs are 

included in the degeneracy count of such species. 

Vol tammograms of solutions of this a c i d agreed w i t h those repor ted 
prev ious ly (7,8). 

Potass ium 1 0 - t u n g s t o d i v a n a d o ( I V , V ) phosphate was p r e p a r e d b y 
contro l led potent ia l reduct ion of a so lut ion of the ox id i zed complex i n a n 
acetate buffer, p H 5. A graphite c lo th cathode ( U n i o n C a r b i d e C o r p . ) 
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at +0 .29 V vs. S C E was used. A sl ight excess of potass ium ch lor ide was 
a d d e d to the reduced solut ion. D a r k green crystals of the p roduc t sepa
rated after the so lut ion h a d been stored overnight i n the refrigerator. 
A n a l , for K 6 P V 2 W 1 0 O 4 0 · 1 2 H 2 0 : c a l c d : V 3.33, W 60.05, equiv . w t 
3062.0; f o u n d : V 3.33, W 59.92, equiv . w t ( cou lometr i ca l ly ) 3066, W / V 
4.98. 

Potass ium 10-tungstodivanado( I V ) phosphate was prepared b y con
t ro l l ed potent ia l r educ t i on at —0.10 V of the v a n a d i u m ( I V , V ) complex 
at p H 9 or 10. T h e dark b r o w n potass ium salt was isolated f r o m the 
r educed solut ion as descr ibed above. T h e product gave satisfactory I R 
spectra a n d vo l tammograms. 

P h y s i c a l Measurements . F o r the electrolyses, a W e n k i n g potentiostat 
m o d e l 70TS1 a n d a K o s l o w Scientif ic coulometer m o d e l 541 were used. 
V o l t a m m e t r y w i t h wax - impregnated graphite a n d rotat ing p l a t i n u m elec
trodes was per formed as descr ibed elsewhere (7, 8 ) . I R a n d electronic 
spectra were measured on P e r k i n - E l m e r 225 a n d C a r y 14 instruments. 
X - b a n d E S R spectra w e r e recorded at room temperature on a J E O L 
M E S - 3 X spectrometer. Phosphorus-31 N M R spectra were recorded i n 
the pulse mode on a V a r i a n X L - 1 0 0 instrument at 40.5 M H z us ing a 
deuter ium lock, or on a B r u k e r H F X - 9 0 instrument at 36.43 M H z us ing 
a fluorine lock. 

Results and Discussion 

N M R Spectroscopy. T h e 3 1 P N M R spectra of solutions of H 5 P V 2 -
M o i o 0 4 0 a n d H 5 P V 2 W i o 0 4 o are presented i n F igures 4 a n d 5. T h e peaks 
at 3.09 a n d 3.79 p p m i n F i g u r e 4 have integrated intensities i n the rat io 
3:8, a n d they are consistent w i t h the presence of the five isomers w i t h 
re lat ive abundances of (6 + 12) : (24 + 12 + 12) . T h e spectrum of 
H 5 P V 2 W 1 0 O 4 0 ( F i g u r e 5) has a s imi lar pattern of resonances at h igher 
field, 13.90,14.20, a n d 14.27 p p m . These peaks have integrated intensities 
i n the ratio 1:3:1, a n d they are consistent w i t h the presence of four of 
the expected isomers w i t h re lat ive abundances of 12 : (24 + 1 2 ) : 12. T h e 
fifth ( 1,11 ) isomer, w i t h a re lat ive abundance of 6, m a y be i n d i c a t e d b y 
the resonance at 12.37 p p m . A more complete discussion of the N M R 
spectra of m i x e d heteropoly anions is g iven elsewhere ( I I , 12). 

R e d u c t i o n of P V 2 W i 0 0 4 o 5 " . A c c o r d i n g to prev ious ly reported vo l t -
ammetr i c measurements (7, 8 ) , the P V 2 W i 0 O 4 0

5 ' an ion is stable i n so lu 
t i on u p to p H 5. A t that p H , a v o l t a m m o g r a m indicates two wel l -de f ined , 
reversible one-electron reductions at ca. + 0 . 3 a n d 0.0 V . I n more ac id i c 
solutions, the second reduct i on shifts to more posi t ive potentials a n d 
overlaps w i t h the first (7 , 8 ) . C o n t r o l l e d potent ia l electrolysis at +0 .29 V 
of a so lut ion of the an ion at p H 5 consumed one faraday per mo le of 
heteropoly complex. T h e reduced solut ion was brown-green , a n d a 
rotat ing p l a t i n u m electrode v o l t a m m o g r a m of this so lut ion demonstrated 
that the first wave was total ly anodic . T h e E S R spectrum of the reduced 
so lut ion ( F i g u r e 6 ) . consists of over lapp ing e ight- a n d 15-l ine c o m -
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8. POPE E T A L . Heteropoly Tungstates 89 

ponents. T h e re lat ive intensities of a l l the features of the E S R spectrum 
d i d not change d u r i n g the electrolysis a l though the overa l l spectrum 

S P V 2 M o 1 0 < V 

I I L 
1 2 3 4 5ppm 

Figure 4. 31P NMR spectrum of 0.1 M H5PVtMo10Oi0 in 0 .25M H2SOu 

12 13 14 15 p p m 

Figure 5. 3 I P N M R spectrum of O.J M H5PV9Wï0OÂ0 i n 0 .25M H 2 S O A 
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• 1 , 1 * 1 1 I I I 1 1 

30*3/4 3130.6 1212.7 3304.9 33S7.0 34B9.8 3S81.H 3673* 3?Π5.? 3857.8 Ή 50.0 

Figure 6. Experimental (upper) and simulated (lower) ESR spectra of an 
aqueous solution of PVIVVVW10Oh0

6~ anion at pH 5 

g a i n e d i n intensity as the electrolysis proceeded. Solutions w i t h s imi lar 
E S R spectra c o u l d also be obta ined b y c h e m i c a l reduct i on of PV2W10O40 5 " 

u s i n g the m i l d r educ ing agents hydroqu inone , catechol , a n d t i ron . I f 
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8. POPE E T A L . Heteropoly Tungstates 91 

the contro l led potent ia l electrolysis was carr i ed out at p H 3, the r e d u c e d 
solut ion contained the decomposi t ion products V 0 2 + a n d P V W i i O 4 0

5 ~ as 
ident i f ied b y E S R (7,8) a n d vo l tammetry (7,8). S o l i d samples of the 
potass ium salt of the reduced anion P V I V V v W i 0 0 4 o 6 " were isolated a n d 
character ized as descr ibed above. A solut ion of this salt i n an acetate 
buffer at p H 5 gave an E S R spectrum i d e n t i c a l to that i n F i g u r e 6. T h e 
I R a n d electronic spectra of the reduced an ion are discussed be low. 

A c c o r d i n g to E S R a n d vo l tammetry , the P V I V V v W i 0 O 4 0
5 " an ion is sta

b le between p H 4 a n d 11. A contro l led potent ia l reduct i on of a so lut ion of 
this anion at p H 9 -10 was complete after the transfer of one faraday per 
mole of heteropoly anion. T h e resul t ing solut ion was dark b r o w n . D u r i n g 
electrolysis the E S R spectrum ( o r i g ina l l y as i n F i g u r e 6) underwent an 
overa l l reduct ion i n intensity accompanied b y a g r a d u a l d isappearance 
of the e ight- l ine component spectrum. T h e spectrum of the f u l l y r educed 

Figure 7. ESR spectrum of an aqueous solution of PV\1VW10Ok0
7' 

anion at pH 10 

a n i o n is presented i n F i g u r e 7. T h e potass ium salt of the f u l l y r e d u c e d 
an ion ( P V 2

I V W i 0 O 4 0
7 ' ) was isolated as descr ibed above. A po lycrysta l l ine 

sample of the salt gave an E S R spec trum w i t h an intense b r o a d l i n e ( ca . 
400 G ) at g ~ 2 a n d a weaker l ine at g ~ 4. Solutions of the r e d u c e d 
an ion gave vo l tammograms l ike those for P V 2 W i 0 O 4 0

5 " a n d F V I V V v W i o -
O 4 0

6 ~ . T h e f u l l y r educed an ion was unstable i n so lut ion b e l o w p H 8. 
Spectra of R e d u c e d A n i o n s . I R spectra of the P V 2 W i 0 0 4 o w " anions 

are v e r y s imi lar to those reported for other heteropoly tungstates w i t h the 
K e g g i n structure. O f par t i cu lar interest however is the T 2 mode of the 
centra l P 0 4 group w h i c h occurs as a n intense sharp absorpt ion at 1080 
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c m " 1 i n H3PW12O40 (13). T h e same absorpt ion i n P V 2 W i 0 0 4 o 5 " appears 
at 1064 c m 1 bu t is spl it into four components ( 1100, 1082, 1065, a n d 1048 
c m ' 1 ) i n the spectrum of P V I V V v W i 0 0 4 o 6 " a n d into three components 
(1083, 1062, a n d 1042 cm" 1 ) i n that of P V 2

I V W 1 0 0 4 o 7 - (see F i g u r e 8 ) . 

Figure 8. IR spectra in the P-O stretch
ing region of K6PVIVVvW10Oi0 (lower) 

and K7PV2
IVW10Oh0 (upper) 

A l t h o u g h it is conceivable that the threefo ld degeneracy of the T 2 m o d e 
is total ly r emoved i n P V 2

I V W i 0 O 4 0
7 ' , the presence of four bands i n the 

spectrum of P V I V V v W i 0 O 4 0
6 " c a n only ind icate the presence of t w o or 

more isomers. 
T h e E S R spectrum of the m i x e d valence anion P V I V V v W i 0 O 4 0

6 " c o u l d 
be s imulated ( F i g u r e 6) b y c o m b i n i n g an eight- l ine a n d a 15-line spec
t r u m i n the intensity ratio 7:4 respectively. T h e appropr iate parameters, 
correct to second order, are (g) = 1.952 ( b o t h spectra) a n d (a) = 104.5 G 
(e ight - l ine ) a n d 53 G (15 - l ine ) . T h e relative intensities of the eight- a n d 
15-line spectra were chosen on the assumption that a l l five stereoisomers 
w e r e present i n their expected statist ical amounts. It was further assumed 
that the u n p a i r e d electron i n the isomers w i t h v i c i n a l v a n a d i u m atoms 
( 1,2 a n d 1,6 i n F i g u r e 3) interacted w i t h b o t h v a n a d i u m n u c l e i (I = 7 / 2 ) 
through r a p i d intramolecu lar h o p p i n g ( > 3 X 10 8 / s e c ) to g ive a 15-l ine 
spectrum. T h e r e m a i n i n g isomers ( 1,4, 1,5, a n d 1,11 ) contain v a n a d i u m 
atoms that are separated b y one or more tungsten atoms (i.e. they have 
V - O - W - O - V sequences) , a n d the electron is effectively t rapped ( l i f e 
t ime > ca. 10" 8 sec) on a single v a n a d i u m atom thus g i v i n g an e ight - l ine 
spectrum ( the explanat ion is analogous to that proposed for the p a r a -
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8. POPE E T A L . Heteropoly Tungstates 93 

cyc lophane anions i n Réf. 14). T h e re lat ive intensities of the 15- a n d 
e ight - l ine spectra shou ld therefore be (12 + 1 2 ) : ( 2 4 + 12 + 6) or 4:7. 
H o w e v e r , there is no conv inc ing evidence i n the N M R spectrum that the 
1,11 isomer is i n d e e d f o rmed i n the case of the tungstate anions. I t c o u l d 
be argued that the peak at 12.37 p p m i n F i g u r e 5 is caused b y traces of 
impur i t ies . I f this were so, the relat ive intensities of the 15- a n d 8-line 
spectra w o u l d be ( 12 + 12) : (24 + 12) or 4:6 ( instead of 4 : 7 ) . A l t h o u g h 
i t is not possible to d is t inguish between these two ratios b y s imulat ion , 
the E S R findings p r o v i d e strong evidence for the presence of several 
isomers as w e l l as for the electron h o p p i n g process of d e r e a l i z a t i o n i n 
m i x e d valence polyanions of this type. 

T h e E S R spectrum of the fu l l y r educed anion , P V 2
I V W i o 0 4 o 7 ' ( F i g u r e 

7 ) , has the 15-line pattern ((g) — 1.95, (a) — 53 G ) expected for the inter 
act ion of the u n p a i r e d electrons w i t h two v a n a d i u m nuc le i . Observat ion 
of the hal f - f ie ld ( A m 8 = 2) transit ion i n the spectrum of the so l id potas
s i u m salt confirms the tr ip let state of the species responsible for the 
spectrum i n F i g u r e 7. It seems very l i k e l y that those isomers (1,2 a n d 
1,6 w i t h V - O - V groups ) w h i c h are responsible for the 15-l ine spectrum 
of the m i x e d valence complex w o u l d have ant i ferromagnet ica l ly c o u p l e d 
spins i n the f u l l y reduced anion. T h e remote isomers w i t h v a n a d i u m 
atoms separated b y O - W - O (1,4 a n d 1,5) or O - W - O - W - 0 (1,11) 
sequences are therefore p r o b a b l y responsible for the t r ip le t state E S R 
spectrum. F u r t h e r E S R a n d magnet ic suscept ibi l i ty measurements are 
p l a n n e d on i n d i v i d u a l isomers. 

E l e c t r o n i c spectral data for the two reduced anions are compared 
i n T a b l e I w i t h those reported for P V I V W u O 4 0

5 ' (7,8, 15). T h e assign-

T a b l e I . E l e c t r o n i c T r a n s i t i o n s of R e d u c e d 
Tungstovanadophosphate A n i o n s 

Tentative 
ργινα ργινγγ P 7 2 i v Assignment 

8.8 (290) V I V -> V v 

12 sh,b (130) 6 12 sh,b (260) 11 sh,b (150) d-d 
14.5 sh,b (300) 15.5 (360) 15.5 sh (430) d-d 

20 (750) 19 sh (510) 19.5 sh (950) V I V W V I 

25 sh (600) c 26.5 sh (1430) V I V -> W V I 

a p y i v β PVWiiCUo 6 - at p H 2 (15); P V I V V V - P V I V V v W i 0 O 4 0 e - at p H 5; P V 2
I V « 

P V 2
I V W i o 0 4 o 7 - at p H 10. 

6 Energy in k K (molar absorbance, M^cm"1), sh: shoulder, b: broad. 
c Obscured by intense Ο —• V v charge transfer absorption. 

ments l i s ted i n T a b l e I are based on considerations discussed prev ious ly 
(7, 8, 15,16). M o s t of the spectral features are broad , a n d the energies 
g iven are subject to uncertainties of ± 0 . 5 k K . F u r t h e r discussion of the 
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electronic structures of these heteropoly anions must awai t measurements 
on single isomers. 
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Complex Compounds with a Large Charge 
Separation 

JOSEPH CHATT 

School of Molecular Sciences, University of Sussex, Brighton BN1 9QJ, U.K. 

Asymmetrical coordination compounds can have very high 
electric dipole moments. Covalent compounds with mo
ments of up to 14.8 Debye units are known. The charge 
separation in the coordinate bonds to the metal from the 
ligand atoms of so-called good electron-donor neutral 
ligands is at least as important in many complex com
pounds as that of the bonds from the metal to the anionic 
ligands. It is shown how existing knowledge could be used 
to tailor covalent molecules with very high dipole moments, 
perhaps as much as 20 Debye units. 

*"ρΐιβ purpose of this r ev iew is to d r a w attention to the large charge 
A separation w h i c h occurs i n some coordinat ion compounds a n d to its 

source. T h e r e v i e w is the result of the author's experience i n the use of 
d ipo l e moment measurements to determine the configuration of complex 
compounds before unambiguous spectroscopic means were avai lable . 
H i s research group has measured a great n u m b e r of d ipo le moments d u r 
i n g the past 38 years, yet f e w coord inat ion chemists appear to b e aware 
of the large d ipo le moments w h i c h can be deve loped i n assymetric co
valent compounds as a result of the presence of coordinate bonds. 

I n the p r e - P a u l i n g era, one was l e d to be l ieve that the m a i n separa
t i on of charge i n a molecule of a complex c o m p o u n d was associated w i t h 
the coordinate bonds between the meta l a n d the l i g a n d atoms of the 
so-cal led uncharged l igands , rather than i n the bonds f r o m the meta l to 
the f o rmal ly an ion ic l igands . F o r m a n y years this assumption served w e l l 
i n assigning configurations to tert iary phosphine complexes of G r o u p s 
V I I a n d V I I I m e t a l hal ides on the basis of their d ipo le moments. M a n y 
years a n d a considerable n u m b e r of measured d ipo l e moments later , the 
author is s t i l l c onv inced that the charge separation i n the b o n d be tween 
a meta l a n d a l i g a t i n g atom of a good donor l i g a n d is at least as great as 

95 
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that between the meta l a n d a n anionic l i gand . Some recent X P S measure
ments ( 1 ) support this contention a n d indicate , i n conjunct ion w i t h d ipo le 
moments , that i n tert iary phosphine complexes of the type [ M C l n ( P R 3 ) n ] 
the meta l is about neutra l . T h e chlor ine a tom w o u l d carry a charge of 
about —0.3 e a n d the phosphorus about + 0 . 3 e. 

T h i s knowledge can be used to ta i lor h i g h l y d ipo lar molecules that 
are soluble i n organic solvents or fusible w i thout change. T h i s is i l l u s 
trated b y a representative selection of compounds whose d ipo le moments 
were measured i n benzene solution. T h e prac t i ca l l y important factors 
are cited. 

I n 1936 K . A . Jensen (2, 3) measured the moments of a n u m b e r of 
p l a t i n u m ( I I ) d iha l ido complexes w i t h tert iary phosphines a n d other such 
l igands. H e showed that the cis complexes h a d moments of u p to about 
11.0 D e b y e units ( D ) a n d that atom po lar i zat ion i n complex compounds 
is m u c h h igher than i n organic compounds . H e also showed that a l l the 
complexes of this type h a d h a d their cis or trans configurations incor 
rect ly assigned on the basis of color, i n analogy w i t h the d i a m m i n e d i -
chloro p l a t i n u m ( I I ) complexes. 

Factors Affecting the Size of Dipole Moments in Mononuclear Complexes 

E m p i r i c a l l y there are n o w sufficient data to show w h i c h factors 
affect the charge separation i n complex compounds. These are discussed 
be low. T h e references to the Tables l ist m a n y more values of d ipo le 
moments , a n d they also cite references for others. 

Dependence of D i p o l e M o m e n t on the M e t a l . G e n e r a l l y the group 
moments, e.g. of the group P - M - C l ( M = transit ion m e t a l ) , i n cis-
[ M C l n ( P R 3 ) n ] - t y p e complexes do not depend strongly on the meta l or 
on its ox idat ion state, p r o v i d e d that only good donor l igands , whether 
neutra l or anionic , are invo lved . S u c h l igands are tert iary phosphines 
a n d ch lor ide ions i n the examples i n T a b l e I . T h e d ipo le moments g iven 
are those of some axia l ly symmetr i ca l complex compounds that contain a 
var ie ty of metals. O n the assumption that the l i g a n d atom bonds are at 
r i ght angles, w h i c h is not qui te justified, the moments have been resolved 
a long the P - M - C l directions, a n d the in ferred group moments are l i s ted . 
T h e group moment is general ly 6 -7 D ( w i t h a l i t t le scatter outside this 
r a n g e ) , a n d the a l iphat i c phosphines tend to produce s l ight ly h igher 
moments than the more electronegative aromatic phosphines. T h e exact 
meta l i n v o l v e d is obv ious ly not of great significance i n determining the 
group moment . 

Dependence on So-cal led E l e c t r i c a l l y N e u t r a l L i g a n d s . G o o d donors 
—e.g. tert iary phosphines , arsines, a n d s t ib ines—give analogous c o m 
plexes w i t h almost e q u a l moments w h e n they are associated w i t h ha l ide 
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9. CHATT Large Charge Separation 97 

T a b l e I . Some M o l e c u l a r D i p o l e Moments a n d the P—M—Cl 
G r o u p Moments I n f e r r e d f r o m T h e m 

Molecular P-M-Cl Group 
Compound0 Dipole Moment, D Moment, D 

a s - [ R u C l 2 ( d e p e ) 2 ] a 9.8 7.0 
a s - [ R u C l 2 ( d p p e ) 2 ] a 9.5 6.8 
c i s - [OsCl 2 (depe) 2 ] a 9.3 6.6 
d s - [ O s C l 2 ( d p p e ) 2 ] a 8.3 5.9 
m e r - [ R e C l 3 ( P E t 2 P h ) 3 ] 6 6.3 6.3 
m e r - [ R h C l 3 ( P E t 3 ) 3 ] c 7.0 7.0 
m e r - [ I r C l 3 ( P E t 3 ) 3 ] d 6.9 6.9 
m - [ P t C l 2 ( P E t 3 ) 2 ] e 10.9 7.6 

a Legend: depe = E t 2 P C H 2 C H 2 P E t 2 ; dppe = P h 2 P C H 2 C H 2 P P h 2 . 
6 Ref. 16. 
c Ref. 9. 
<*Ref. 17. 
< Ref. 18. 

* Ref. 19. 

T a b l e I I . D ipo le Moments of Some râ-Platinum(II) C h l o r o Complexes 
Complex Dipole Moment, D 

[PtCl 2 (PEt 3 ) 2 ] ° 10.9 
[PtCl 2 (AsEt 3 ) 2 ] ° 10.9 
[PtCl 2 (SbEt 3 ) 2 ] « 10.45 
[ P t C l 2 ( P F 3 ) 2 ] & 4.4 
[ P t C l 2 ( C O ) 2 ] 6 4.65 

a Ref. 19. 
6 Ref. 20. 

i n a complex ( T a b l e I I ) . P y r i d i n e a n d other amines give s imi lar charge 
separation. Poor donors—e.g., good b a c k - b o n d i n g l igands such as carbon 
monox ide a n d phosphorus t r i f luor ide—give complexes w i t h cons iderably 
l ower moments. T h e examples i n T a b l e I I s h o w that the neutra l l i g a n d 
is certainly as important as the anionic i n de termin ing to ta l charge sepa
rat ion . A l s o , since the carbony l a n d phosphorus tr i f luoride l igands are 
m u c h less pos i t ive ly charged t h a n are tert iary phosphine l igands , the 
m e t a l itself must carry more pos i t ive charge i n these complexes t h a n i t 
does i n the analogous tert iary phosphine a n d s imi lar complexes. T h u s , 
despite the constant f o r m a l ox idat ion state of the m e t a l i n the examples 
i n T a b l e I I , its absolute charge must vary w i d e l y . D i n i t r o g e n a n d so-
ca l l ed N O + are even more negative i n their complexes than are c a r b o n 
monoxide a n d phosphorus tr i f luor ide ( J ) . It is interest ing too that the 
separation of charge i n the very lab i le tert iary st ibine p l a t i n u m ( I I ) c o m 
plex is almost as great as that i n the stable tert iary phosphine complex 
( T a b l e I I ) . I f there is any weaken ing of electron donat ion f r o m the 
st ibine, as c ompared w i t h that f r o m the phosphine , i t is almost c o m p e n 
sated for b y the greater P t - S b b o n d distance. 
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Since the l i g a n d atoms of neutra l l igands can carry very different 
charges i n their complexes that range f r o m strongly pos i t ive to neutra l 
a n d occasional ly to qu i te negat ive (e.g. so-cal led N O + ) , i t is possible to 
obta in very d ipo lar complexes that conta in on ly so-cal led neutra l l igands . 
T h e monodentate phosphine a n d arsine i n the examples i n T a b l e I I I give 
complexes w i t h moments of about 3.5 D , b u t the chelate d iphosphines , 
w h i c h close the n a t u r a l tetrahedral angle on the n i c k e l atom, give c o m 
pounds w i t h considerably greater moments (5.0 D ) . T h i s i l lustrates that 
a large part of the charge separation occurs i n the N i - P bonds where the 
arsenic a n d phosphorus are posit ive re lat ive to the N i ( C O ) * residue. 

T a b l e I I I . D i p o l e Moments of Some Complexes t h a t 
C o n t a i n N o A n i o n i c L i g a n d s 

Complex Dipole Moment, D 

[N i (CO) 3 (PPh 3 ) ] ° 3.8 
[Ni (CO)« (AsPh, ) ] e 3.6 
[ N i ( C O ) 2 ( P P h 3 ) 2 ] ° 3.8 
[ N i ( C O ) 2 ( P h 2 P C H 2 C H 2 P P h 2 ) ] « 4.8 
[ N i ( C O ) 2 { o - C 6 H 4 ( P E t 2 ) 2} ] « 5.4 
[ N i ( C O ) { P h P ( o - C 6 H 4 P E t 2 ) 2 } ] & 5.2 

• Ref. 21. 
b Ref. 22. 

Dependence on A n i o n i c L i g a n d . A x i a l l y symmetr i ca l complexes w i t h 
different anionic l igands at the two ends of the axis often have cons id 
erable d ipo le moments. T h e moments of such compounds are almost a 
d i rect measure of the differences between the tendencies of those anions 
( A " ) to give u p electronic charge to the meta l i on , or, as an alternative 
v i e w , for those atomic l igands ( A ) to receive electronic charge f r o m the 
meta l atom. T h u s , i n complexes of the trans-[T?t(Me) ( A ) ( P E t 3 ) 2 ] type , 
the moment ( D ) increases i n the order : A — M e (0.0) < C l (3.4) < B r 
(3.7 < I (4.1) < N 0 3 (6.0) < N C S (6.5) ( 4 ) . Presumably , the th iocya -
nate is N - b o n d e d . It seems f r o m this series that the moment increases as 
the anion becomes harder a n d perhaps also as i t becomes larger. I n the 
ha l ide series, the increase i n size appears to be outwe ighed b y the effect 
of increasing po lar i zab i l i t y . 

S i m i l a r l y , i n the series of trans-[PtCl(A) ( P E t 3 ) 2 ] complexes, the 
m o m e n t ( D ) increases i n the order : A = C l (0.0) < P h (2.6) (5 ) < M e 
(3.4) (4) < H (4.2) ( 6 ) . These values i l lustrate that large d ipo le m o 
ments can be deve loped a long u n i t e r m i n a l axes of symmetry between 
different mono-anionic l igands , w i t h the l igands increas ing i n negat ive 
contr ibut i on i n the order : H < M e < P h < C l < B r < I < N 0 3 < N C S . 
I t fo l lows that, of these anions, H as opposed to N - b o n d e d N C S shou ld 
produce the greatest interanion moments. I f the moments were add i t ive , 
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9. C H A T T Large Charge Separation 99 

Table IV. Comparison of Directly Measured and 
Inferred Values of the Cl—M—CO Group Moment 

Dipole Moment, D 

Molecules Cl-M-CO Group 

<rans-[IrCl(CO)(PEt 2 Ph) 2 ]« 
<rans-[RhCl(CO) ( P E t 2 P h ) 2 ] 6 

<rans-[ReCl(CO) (PMe 2 Ph) 4 ] · 

2.1 2.1 <rans-[IrCl(CO)(PEt 2 Ph) 2 ]« 
<rans-[RhCl(CO) ( P E t 2 P h ) 2 ] 6 

<rans-[ReCl(CO) (PMe 2 Ph) 4 ] · 
2.4 2.4 

<rans-[IrCl(CO)(PEt 2 Ph) 2 ]« 
<rans-[RhCl(CO) ( P E t 2 P h ) 2 ] 6 

<rans-[ReCl(CO) (PMe 2 Ph) 4 ] · 2.0 2.0 
mer -<rans - [ I rC l 3 (CO) (PEt 3 ) 2 ] < i 2.8 2.8 
mer-trans-[RhCU(CO) ( P E t 2 P h ) , ] " 
/ a c - a s - [ I r C l 3 ( C O ) ( P B u 3 ) 2 ] d 

3.6 3.6 mer-trans-[RhCU(CO) ( P E t 2 P h ) , ] " 
/ a c - a s - [ I r C l 3 ( C O ) ( P B u 3 ) 2 ] d 12.4 8 . 1 e 

d s - [ P t C l 2 ( C O ) 2 F 
m - [ P t C l 2 ( C O ) ( P E t 3 ) ] » 

4.7 3.4" d s - [ P t C l 2 ( C O ) 2 F 
m - [ P t C l 2 ( C O ) ( P E t 3 ) ] » 10.0 6.5 « 
m - [ P t C l 2 ( C O ) ( P P r 3 ) ] » 10.2 6.6 « 

° Ref. 23. 
b Ref. 24. 
c Ref. 25. 
d Ref. 26. 
« Inferred on the basis that the P - M - C l group moment is 6.6 D with phosphorus 

positive. 
' Ref. 20. 
° Ref. 27. 

a c o m p o u n d such as trans- [ P t H ( N C S ) ( P E t 3 ) 2 ] w o u l d have a moment of 
~ 7.45 D ; the observed moment is 7.4 D ( 6 ) . E v i d e n t l y these large m o 
ments are vector ia l ly add i t i ve i n ax ia l ly symmetr i ca l complexes, b u t this 
is not true of less symmetr i ca l complexes. T h e effect of l o w symmetry o n 
the vector add i t i o n is s h o w n b y c o m p a r i n g the d i rec t ly observed a n d the 
in f e r red values of the C l - M - C O group moments ( T a b l e I V ) . Whereas 
the C l - M - C O group moment general ly has a va lue of 2 - 3 D i n ax ia l ly 
symmetr i ca l complexes w h e n i t is e q u a l to the molecu lar moment , i n less 
symmetr i ca l complexes, w h e n i t must b e in ferred b y resolut ion of the 
group moments , the value is general ly 6 - 8 D . T h i s anomaly m a y be 
exp la ined b y suppos ing that the absolute charge on the m e t a l varies f r o m 
complex to complex even w h e n the f o r m a l ox idat ion state is constant. 
W h e n organophosphine a n d ch lor ide l igands are attached i n e q u a l n u m 
bers to a transit ion meta l atom, the charge o n the m e t a l is a r o u n d zero , 
whatever the ox idat ion state. T h i s w o u l d exp la in the somewhat s imi lar 
chemistry of the series of compounds [ A u C l ( P R 3 ) L [ P t C l 2 ( P R 3 ) 2 ] , a n d 
[ I r C l 3 ( P R 3 ) 3 ] a l though the f o r m a l charge increases f r o m I to I I I a long 
the series. A s soon as the phosphine a n d ch lor ide l igands get out of b a l 
ance, a charge develops on the meta l , w i t h the charge depend ing on the 
d iss imi lar i ty of the other l igands. T h e m e t a l general ly tends to become 
negative i f the P - t o - C l ratio increases, a n d posit ive i f i t decreases or i f the 
phosphines are rep laced b y poorer electron-donor l igands. T h i s charge 
o n the meta l w o u l d affect the b o n d moments associated w i t h other l igands 
attached to the m e t a l atom so that the s imple vector s u m m a t i o n of the 
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b o n d moments w o u l d cease to be v a l i d unless the d iss imi lar l igands were 
arranged symmetr i ca l ly a r o u n d the axis of the moment . It fo l lows that 
the concept of vector add i t i v i ty of b o n d moments must be used w i t h 
great care i n attempts to determine the configurations of h i g h l y a s y m 
metr i c complex compounds w h e n l igands of w i d e l y different types are 
present together. 

Dependence of the Magnitude of Formal Charge on Mono-Atomic 
Anionic Ligands ( Α ' ) . It m i g h t be thought that i f a ch lor ide were re 
p l a c e d b y the f o rmal ly more h i g h l y charged oxide or n i t r ide l igands , a 
greater d ipo le moment a long the M - A ' b o n d w o u l d result. I n fact the 
oxide a n d n i t r ide l igands make no more contr ibut ion to the m o m e n t (μ) 
of the M - A ' b o n d than does the chlor ide . 

T h i s is shown for the oxo l i g a n d b y c o m p a r i n g the moments of the 
two complexes [ R e C l 3 X ( P E t 2 P h ) 2 ] ( X — C l or X — 0) of conf iguration 

P E t 2 P h 

R e 

P E t 2 P h 

X 

E t = C2H5 

P h = C 6 H 5 

I 

I , somewhat distorted i n the oxo-complex ( 7 ) ; w h e n X = C l , μ = 0.87 D 
( 8 ) , a n d w h e n X = 0, μ = 1.7 D ( 9 ) . I f the C l - R e - C l a n d C l - R e - O 
group moments have the same s ign, w h i c h is h i g h l y probable , they are 
e q u a l to w i t h i n 0.8 D . S u c h a difference is insignif icant i n this context. 
T h i s is conf irmed b y the moment of fac-cis- [ R e C l 3 0 ( P E t 2 P h ) 2 ] w h i c h is 
10.8 D a n d is close to that of the c i s - [ P t C l 2 ( P R 3 ) 2 ] - t y p e complexes; the 
oxo l i g a n d obv ious ly makes no except ional contr ibut ion to the d ipo le 
moment . I t has been suggested that i t is even less negative than a chloro 
l i g a n d a n d that the analogous p h e n y l i m i d o l i g a n d ( P h N ~ ) m a y m a k e a 
slight posit ive contr ibut ion ( 9 ) . 

V e r y f ew d ipo le moments of n i t r ido complexes have been measured, 
b u t complex I I has a moment of 6.4 D ( 1 0 ) . T h i s is a characterist ic 
P - R e - C l group moment , a n d i t indicates that the C l - R e - N group m o 
ment is near zero. T h e s l ight distortions f r o m regular octahedral arrange
ment ( I I ) are insufficient to affect this conclusion. T h e trans- [ R e C l 2 N -
( P P h 3 ) 3 ] complex has a d istorted tetragonal p y r a m i d a l structure (12) 
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9. C H A T T Large Charge Separation 101 

C l 

E t 2 P h P C l 

E t 2 P h P 

R e 

P E t 2 P h E t = C2H5 
P h = C 6 H 5 Ν 

I I 

w i t h the n i t r ide l i g a n d at the apex. I t has a moment of 1.6 D ( 1 0 ) , a n d 
that of the corresponding b r o m i d e is 1.5 D w h i c h aga in indicates that 
there is no great separation of charge i n the R e - N bond . 

T o obta in stable oxo, i m i d o , a n d n i t r ido complexes, i t is necessary to 
have meta l atoms such as r h e n i u m i n rather h i g h ox idat ion states. T h e n 
covalency is so strong that the M - N a n d M - O bonds are essentially t r ip l e 
i n character a n d no more d ipo lar than the M - C l b o n d . 

It is evident that the greatest charge separation occurs across a m e t a l 
center i n complexes w i t h good electron-donor l igands ( e.g. tert iary phos 
phines or amines) on one side a n d h a r d , somewhat extended anionic 
l igands on the other. H o w e v e r , the presence of f o r m a l l y h i g h l y charged 
mono-atomic an ion ic l igands does no th ing to enhance the moment . 

Dipole Moments of Polynuclear Complexes 

I f one c o u l d arrange two cis- [PtCl2(PR3) 2] complexes i n p a r a l l e l i n 
a d inuc lear complex system, one shou ld obta in a c o m p o u n d w i t h a m o 
ment approach ing tw i ce that of the mononuclear complex. A p a r t i a l 
approach to this is f o u n d i n some d inuc lear th io la to -br idged p l a t i n u m ( I I ) 
complexes f o rmed as b y Reac t i on 1 (13). 

C o m p o u n d I I I is the stable isomer. T h e trans isomer is u n k n o w n . 
T h i s is remarkable because w i t h a l l the electroposit ive l i g a n d atoms a long 
one s ide a n d ch lor ide l igands a long the other, complex I I I must resemble 
a sma l l capacitor . Its e lec tr i ca l energy c o u l d be d ischarged to some 
extent b y interchanging the t e rmina l ch lor ide a n d phosphine l igands o n 
one p l a t i n u m atom. T h e d i thio lato complex ( I V ) is no more d ipo lar than 
the cis-[PtCl2(PR)2]-type complex , but its moment can b e enhanced b y 
p u t t i n g a p-nitrothiophenolato l i g a n d into the br idge trans to the phos 
ph ine molecules so that the moment of the N 0 2 group adds to that of 
complex I V . I n this w a y , one obtains complex V w i t h μ = 14.8 D , w h i c h 
is the most d ipo lar covalent molecule k n o w n to the author (14). Its 
moment is greater than that of t e t r a b u t y l a m m o n i u m acetate ( 1 1 . 2 D ) 
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P r , P C l C l 

P t P t 

C l Nil7' \ p t , 
H S E t 

E t 

E t 

P r 3 P v i P P r , 

\ / \ / 

« / V X c . 

I l l 

μ = 13.0 D 

P r , P 

P t P t 

c r ar s c i 

E t 

I V 

μ = 10.3 D 

P r , P C l 

E t - / V - i ? \ 

y 
P r 3 P \ n 

N O . 

E t = C2H5 
P r = n C 3 H 7 

E t — C2H0 

P r = n C 3 H 7 

(1) 

(15). Perhaps i t c o u l d be enhanced fur ther b y r ep lac ing the t w o ch lor ide 
ions w i t h N C S " . 

T o ob ta in compounds w i t h large d ipo l e moments , i t w o u l d seem 
best to str ing h i g h l y d ipo lar centers w i t h the ir moments i n p a r a l l e l b y 
means of constra ining l igands . T h i s leads to the suggestion that a c o m -

H 2 

R 3 P C l 

\ t ^ " y p t 

H 2 C P t E t = C2H5 
R = a l k y l 

V I 
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9. CHATT Large Charge Separation 103 

p o u n d such as V I w o u l d have a d ipo le moment of over 20 D . T h i s c o u l d 
be enhanced a l i t t le further b y r e p l a c i n g the b r i d g i n g ch lor ide l i g a n d to 
the r ight of the molecule w i t h a p-nitrothiophenolato l i g a n d . S u c h mo le 
cules m a y tend to be inso luble w h e n the a l k y l groups are smal l . H o w 
ever, b y choosing sufficiently l o n g a l k y l chains ( R ) on the phosphines , 
the complexes c o u l d be rendered soluble i n organic solvents or c o u l d be 
obta ined as oils or waxes w i t h the h i g h l y d ipo lar centers b u r i e d ins ide 
them. 

N o use appears to have been f o u n d for substances w i t h very large 
d ipo le moments such as those descr ibed, but , i f they were needed, they 
c o u l d u n d o u b t e d l y be made a n d c o u l d possibly be ta i l o red to fit that need . 
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Room Temperature Fused Salts: Liquid 
Chlorocuprates(I) 

W. W. PORTERFIELD 

Hampden-Sydney College, Hampden-Sydney, Va. 23943 

J. T. YOKE 

Oregon State University, Corvallis, Ore. 97331 

A liquid with the composition of the presumed compound 
triethylammonium dichlorocuprate(I) is prepared by mixing 
stoichometric amounts of the solid precursors CuCl and 
Et3NHCl; similar liquids can be prepared using other ter-
tiary amine and phosphine hydrochlorides. Spectroscopic 
and electrochemical studies indicate that the liquid nature 
of the systems is attributable to the presence of multiple 
chlorocuprate(I) species through chloride donor-acceptor 
equilibria. Two applications that utilize the liquid property 
of the compounds are: (a) use as a solvent for transition
-metal chlorides in examining the effect of drastically low
ered temperatures on the stoichiometry and coordination 
geometry of the chlorometallate complexes previously ob
served in molten LiCl/KCl and AlCl3, and (b) construction 
of a voltaic cell in which the liquid chlorocuprate(I) serves 
as solvent and as both electroactive species. 

T n studies of c o p p e r ( I ) coordinat ion about 12 years ago ( 1 ) , Y o k e a n d 
A co-workers observed that the crystal l ine solids c o p p e r ( I ) ch lor ide a n d 
t r i e t h y l a m m o n i u m chlor ide react q u i c k l y w h e n brought into contact to 
produce a l i ght green o i l . T h e o i l is qui te oxygen sensitive, a n d i t was 
assumed that the c o m p o u n d t r i e t h y l a m m o n i u m dichlorocuprate ( I ) h a d 
been f o rmed w h i c h was l i q u i d because of the l o w lattice energy inherent 
to the b u l k y cation. M a n y previous preparations of p o l y a l k y l a m m o n i u m 
chlorocuprates (2 , 3, 4, 5 ) , however , h a d y i e l d e d on ly crystal l ine solids. 
Consequent ly , the unusua l l i q u i d nature of the system i n s p i r e d s tructural 
studies a n d the synthesis of comparable compounds. 

104 
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10. P O R T E R F i E L D A N D YOKE Liquid Chlorocuprates(I) 105 

Experimental 

A l l ch lorocuprate syntheses were carr i ed out i n Schlenk glassware, 
a n d 10-mm borosi l icate glass cuvettes were adapted to Schlenk use i n 
order to avo id ox idat ion d u r i n g f i l l ing . T h e c e l l des ign ( F i g u r e 4 ) was 
also adapted for d irect filling f r om the Schlenk apparatus. R a m a n spectra 
were obta ined on a C a r y 82 instrument at O r e g o n State U n i v e r s i t y a n d 
o n a J a r r e l l - A s h instrument at the U n i v e r s i t y of N o r t h C a r o l i n a . V i s i b l e 
range spectra ( 14,000-26,000 c m " 1 ) were recorded on a B a u s c h a n d L o m b 
505 spectrophotometer. 

Synthesis and Structural Studies 

React ion 1 is the synthesis react ion a n d Reactions 2, 3, a n d 4 are the 
chloride-transfer e q u i l i b r i a that are i n v o l v e d i n the f ormat ion of t r i e t h y l 
a m m o n i u m d i c h l o r o c u p r a t e ( I ) . Because of the sensit ivity of the l i q u i d 
to ox idat ion, a l l operations are carr ied out i n Schlenk ware . T h e synthesis 
is effected s i m p l y b y m i x i n g sto ichiometr ic quantit ies of the two solids 
w h i c h react endothermica l ly to f o rm the l i q u i d i n about two minutes . 

E t 3 N H C l + C u C l -> E t s N H C u C l 2 (1) 

C u C l 2 - + C u C l +± C u 2 C l 3 - (2) 

2 C u C l 2 - *± C u 2 C l 3 - + C l " (3) 

C u C l 2 - + C l - <=± C u C l 3
2 - (4) 

Results were entirely equivalent w i t h the cations N - e t h y l p i p e r i d i n i u m , 
t r i e thy lphosphon ium, a n d t r ie thy lch lorophosphonium. 

T h e l i q u i d nature of these systems, however , is not s i m p l y the result 
of latt ice-energy effects. So l id tetraphenylborates a n d d i b r o m o c u p r a t e s ( I ) 
of the a l k y l a m m o n i u m cations have been prepared even though such 
anions shou ld y i e l d even smaller latt ice energies. Signif icant h y d r o g e n 
b o n d i n g occurs between the a m m o n i u m hydrogen a n d the chlorocuprate 
species as was demonstrated b y previous ly 1 H N M R studies a n d I R 
spectra (6 ) a n d b y the conductance studies descr ibed be low. H o w e v e r , 
the existence of t r i e thy l ch lorophosphonium d ich lorocuprate ( I ) as a 
l i q u i d i n w h i c h no hydrogen b o n d i n g can poss ib ly occur rules out strong, 
specific hydrogen b o n d i n g as a possible cause of the l o w m e l t i n g points 
of these systems. 

T h e three e q u i l i b r i a (React ions 2, 3, a n d 4 ) p robab ly p r o v i d e s ig 
nif icant quantit ies of at least four anionic species s imultaneously i n the 
l i q u i d mixture , thereby l o w e r i n g the freezing po int b e l o w r o o m tempera 
ture. N o w e l l defined freezing point exists, however , since the system 
becomes more viscous a n d glasses on coo l ing ; i t remains recognizably 
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106 I N O R G A N I C C O M P O U N D S W I T H U N U S U A L P R O P E R T I E S 

l i q u i d d o w n to about 0 ° C . A t elevated temperatures, the l i q u i d is stable 
to about 110 ° C , above w h i c h temperature t r i e thy lamine dist i l ls out. T h e 
C u C l 3

2 " species is quest ionable for the a m m o n i u m systems b u t is in ferred 
for the p h o s p h o n i u m systems f r o m the greater so lub i l i ty of the t r i e t h y l -
p h o s p h o n i u m chlor ide ( u p to the 3:1 C l : C u mole r a t i o ) . 

E v i d e n c e for the existence of the b inuc lear C u 2 C l 3 ~ is p r o v i d e d b y 
the R a m a n spectra of the l i qu ids ( F i g u r e 1 ) . T h e peak at 302 c m " 1 is i n 

good agreement w i t h earl ier w o r k (7) that assigned this f requency to 
the C u C l 2 " symmetr i c stretch, b u t there is an a d d i t i o n a l b r o a d peak or 
group of unreso lved peaks at 270^-310 c m ' 1 that is enhanced at the expense 
of the C u C l 2 " i o n b y add i t i on of excess C u C l b u t is suppressed b y a dd i t i on 
of excess C l " . F o r a bent C l - C u - C l - C u - C l structure, there shou ld be 
n ine Raman-act ive modes, of w h i c h four correspond to b o n d stretches 
a n d m i g h t reasonably occur i n this reg ion of the spectrum ( 6 ) . 

O n the basis of this f o rmulat ion of the l iqu id ' s structure, these sub
stances shou ld be v i e w e d as molten salts; their specific conductance is of 
interest i n this context (see T a b l e I ) . I n a separate conductance study 

600 400 200 em' 1 

Figure 1. CuClf Raman spectra 

Table I . Specific Conductances 

Salt State T , °C 
Specific Conductance, 

ohm~l cm'1 

KCl* 

E t 3 N H + C u C l 2 -

O.OlAf aqueous 
mol ten 

mol ten 25° 
85° 
25° 

872° 

3.84 Χ ΙΟ" 3 

3.16 Χ ΙΟ" 2 

1.413 Χ ΙΟ" 3 

2.407 X 10° 

° From Ref. 8. 

i n acetonitr i le so lut ion , a n overa l l d issoc iat ion constant of 9 X 1 0 ' 2 was 
obta ined for the d i ch lorocuprate so lut ion ; this is somewhat less than 
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10. P O R T E R F i E L D A N D YOKE Liquid Chlorocuprates(I) 107 

0v vt H9 pool "2 V 

Figure 2. CuCl2" CVA in acetonitrile 

hal f the value for the corresponding tetraphenylborate. T h i s reinforces 
the spectroscopic evidence that hydrogen b o n d i n g provides a signif icant 
degree of association w i t h i n the l i q u i d . 

C y c l i c vo l tammetry studies of the chlorocuprate l i q u i d w h i c h w e r e 
also carr i ed out i n acetonitr i le solut ion ind i cate m u l t i p l e electroactive 
species (see F i g u r e 2 ) . T h e n u m b e r of cathodic peaks is affected b y the 
C l : C u sto ichiometry a n d also to some extent b y the age of the ch loro 
cuprate l i q u i d before d isso lv ing ( though not r e p r o d u c i b l y ) . T h i s tends 
to conf irm the presence of m o b i l e e q u i l i b r i a a n d suggests the poss ib i l i ty 
of a s l o w format ion of other po lynuc lear chlorocuprates i n the l i q u i d . 
Some of the reductions are irrevers ible whereas others are quasireversible 
( 9 ) , w h i c h agrees w i t h previous studies (10). I f this conc lus ion can be 
leg i t imate ly extended to the l i q u i d chlorocuprate , i t has an obvious bear 
i n g o n the poss ib i l i ty of construct ing a vo l ta i c c e l l that del ivers a h i g h 
current density. 

Applications 

O n e interest ing app l i ca t i on of l i q u i d chlorocuprates is based on the i r 
a b i l i t y to serve as mol ten-ch lor ide solvents for other trans i t ion-metal 
chlorides . G r u e n a n d co-workers (11,12,13) s tud ied extensively ch loro -
metal late complexes i n mol ten L i C l / K C l mixtures a n d mol ten A1C1 3 . 
These have p r o v e d to be excellent monatomic - l i gand coord inat ing so l 
vents that permi t spectroscopic studies over an extended f requency range 
because of their transparency at near ly a l l w a v e numbers b e l o w 50,000 
cm" 1 . T r i e t h y l a m m o n i u m d i c h l o r o c u p r a t e ( I ) has a U V absorpt ion cutoff 
at about 26,000 c m " 1 , b u t i t is otherwise transparent except for the t r i 
e t h y l a m m o n i u m I R peaks. I t offers, i n add i t i on , the convenience of oper
a t ing at room temperature a n d the poss ib i l i ty of i m p r o v e d resolut ion of 
e lectronic spectra because of the narrower v i b r a t i o n a l envelopes for each 
electronic transi t ion at l ower temperatures. 
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T h e meta l chlorides whose spectra w e r e obta ined i n l i q u i d ch loro 
cuprate solvent at 14,000-26,000 c m " 1 were T i C l 3 , V C 1 3 , C r C l 3 , M n C l 2 , 
F e C l 2 , F e C l 3 , R u C l 3 , C o C l 2 , N i C l 2 , a n d C u C l 2 . T h e r e are some so lub i l i ty 
l imitat ions , but most transit ion meta l chlorides seem sufficiently so luble 
to permi t spectroscopic studies. A more important l i m i t a t i o n is the redox 
react iv i ty of the solvent; even re lat ive ly weak o x i d i z i n g agents such as 
F e C l 3 ox id ize the solvent to copper ( I I ) species. Strongly r e d u c i n g ch lo 
rides w o u l d presumably reduce the solvent to copper meta l , b u t T i C l 3 , 
at least, seems to be stable t o w a r d electron-transfer reactions i n the 
chlorocuprate m e d i u m . G i v e n adequate so lub i l i ty a n d a suitable E ° , 
qu i te useful spectra can be obta ined (e.g. F i g u r e 3 ) . T h i s spectrum is 

13 15 17 19 ZI 23 25 α Λ ί Ο " 3 

Figure 3. CoCl2~ in CuCl2~ solution 

closely s imi lar to G r u e n s a n d m a y be interpreted as that of the te trahedra l 
C o C l 4

2 ' i on . Some of the metals s tudied are k n o w n to be i n v o l v e d i n 
temperature-sensit ive e q u i l i b r i a between octahedral a n d tetrahedral spe
cies, and , i n general , the m a r k e d l y lower temperature used i n this w o r k 
has the expected effect of shi f t ing these e q u i l i b r i a t o w a r d the h igher 
coord inat ion number . 

T h e coord inat ion geometries that were tentat ively assigned, accord 
i n g to Gruen 's theoret ical treatment, to the species exist ing i n the l i q u i d 
chlorocuprate solvent are g iven i n T a b l e I I . T h e geometry of the T P 
species is uncerta in since the near - IR peaks that characterize the species 
G r u e n studied i n mol ten chlor ide solvent are not n o w accessible to us ; 
i n add i t i on , the unsymmetr i ca l peak at 22,000 c m " 1 is inexpl i cable for any 
coord inat ion geometry g iven the pos i t ion of C l " i n the spectrochemical 
series. T h e near - IR range of the spectrum w i l l be s tudied further as soon 
as equ ipment is avai lable . T h e same discussion applies to the solutes 
F e C l 2 a n d C u C l 2 . F o r the other solutes, agreement was reasonably good 
between our spectra i n chlorocuprate solvent a n d G r u e n s spectra i n 
mol ten chlor ide solvent, a n d w e have adopted his assignments for the 
observed transitions. 
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10. P O R T E R F i E L D A N D YOKE Liquid Chlorocuprates(I) 109 

T a b l e I I . V i s i b l e Spectra of C h l o r o m e t a l l a t e Species 

Absorption Peaks, cm~l 

Solvent: Solvent: Assigned Coordination 
Solute CuClr Molten Cl-" Geometry in CuCl2~ 

TiCl» 22,000 10,000» octahedral T i C l e 3 " " 22,000 
13,000» 

V C 1 3 19,900 11,000» octahedral V C V ~ 19,900 
18,500 

C r C l 3 18,800 12,500» octahedral C r C l e 3 - 0 

23,500 18,500 
M n C U 22,400 23,400 tetrahedral M n C U 2 -

(e = 0.2) (e = 0.2) 
23,200 28,200 

F e C l 2 24,100 5,100 octahedral F e C l 6
4 _ a 24,100 

( F e C l 4
2 - ) 

C o C l 2 14,300 5,600» tetrahedral C0CI4 2 -

14,900 14,300 
15,800 15,100 15,800 

16,400 
N i C l t 14,300 8,000» dist . te trahedral N1CI42" 

15,400 14,200 
15,300 

C u C l 2 23,600 9,500» u n k n o w n 23,600 
( C u C l 4

2 - ) 
s trong above 

20,000 
a From Refs. 11, 12, and 13. 
6 In the IR range. 

A n o t h e r app l i ca t i on of the molten-salt character of the l i q u i d ch loro 
cuprates that offers some interest is the poss ib i l i ty of construct ing a vo l ta i c 
ce l l i n w h i c h the chlorocuprate w o u l d serve as the h i g h conductance 
charge-transfer m e d i u m a n d as the source of bo th electroactive species. 
F i g u r e 4 depicts our ce l l des ign a n d notes the half -reactions w h i c h are 
w r i t t e n i n the spontaneous sense. S u c h a c e l l should have a f a i r l y h i g h 
energy density because of the absence of an inert solvent a n d the resultant 
h i g h we ight f ract ion of electroactive components. T h e ce l l is most easi ly 
p repared i n the tota l ly d ischarged f o r m w i t h p u r e l i q u i d ch lorocuprate 
surround ing inert electrodes. A t less than 1% of f u l l charge, the c e l l 
develops 0.85 V , a value that is independent of any further degree of 
charge. H o w e v e r , the so lub i l i ty of C u C l 2 i n the chlorocuprate solvent 
causes r a p i d decay of the measured potent ia l after charg ing stops. Since 
a f u l l charge w o u l d produce a n ent ire ly so l id system, this dif f iculty w i t h 
so lub i l i ty of the electrode mater ia l should be amel iorated w h e n the degree 
of charge is h i g h enough to p r o v i d e a saturated solution. A l t h o u g h ge l l ing 
of the l i q u i d was observed, i t has not been possible to achieve f u l l charge 
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Cu° + 2 C l " C u C I 2 + e 

C u C l 2 + e —*- C u C l 2 

• i f gauze 

£ s 0.85 ν 

Figure 4. CuCl2~ galvanic cell 

of the ce l l because of the g r o w t h of copper meta l dendrites that cause 
in te rna l short ing of the ce l l . 

A s the cyc l i c vo l tammetry studies suggest, the electrode reactions 
are not reversible , a n d the resultant l o w exchange current together w i t h 
the viscosity of the l i q u i d cause substantial po lar i za t i on of the c e l l at l o w 
l o a d impedances . T h e discharge curve of the ce l l , even under p o l a r i z e d 
condit ions, demonstrates that the potent ia l is very near ly constant u n t i l 
the so l id C u C l 2 electrode mater ia l is exhausted. 

O u r p r e l i m i n a r y examinat ion of these two appl icat ions seems to 
conf irm the molten-salt interpretat ion of the l i q u i d ch l o rocupra te ( I ) 
structure. There m a y be circumstances i n w h i c h this property m a y find 
other app l i ca t i on , or i n w h i c h a l i q u i d c o p p e r ( I ) c o m p o u n d m i g h t b e 
useful i n organic syntheses designed to use a so l id c o p p e r ( I ) ha l ide as a 
reductant or h y d r i d e acceptor (see Refs. 14 a n d 15 a n d the references 
c i t ed there in ) . O u r a i m i n present ing this report is to encourage others 
to take advantage of this series of inorganic compounds w i t h an u n u s u a l 
property . 
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Non-Stoichiometric Liquid Enclosure 
Compounds ("Liquid Clathrates") 

JERRY L. ATWOOD 

Department of Chemistry, University of Alabama, University, Ala. 35486 

JIM D. ATWOOD 

School of Chemical Sciences, University of Illinois, Urbana, Ill. 61801 

Compounds of the general formulation M[Al2(CH3)6X]— 
where M = alkali metal, tetraalkylammonium ion and X = 
N3-, SCN-, SeCN-, Cl-, Br-, I-—react in a visually dramatic 
fashion with small aromatic molecules to form non-stoichio-
metric liquid complexes. In the most favorable situation, as 
many as 16 benzene molecules are trapped per anionic unit. 
Because of similarity to the well known solid-state clath
rates, the designation "liquid clathrate" is used for the new 
substances. The term is not meant to imply order as in the 
solid state, but to convey the method of interaction of 
M[Al2(CH3)6X] with aromatic molecules. The liquid clath
rate may consist of either roughly spherical or layerlike 
domains; the latter is supported by the x-ray crystallographi-
cally determined structure of K[CH3Se{Al(CH3)3}3] . 
2C6H6. 

he interactions of organometal l i c molecules w i t h smal l hydrocarbon 
substrates have been studied extensively bo th i n solution a n d i n the 

so l id state. I n the latter, the interactions are necessarily qu i te strong, 
a n d they m a y be d i v i d e d into two extreme categories. There are mole 
cules w h i c h invo lve a strong d irec t ional b o n d between the meta l i o n a n d 
the aromatic moiety [e.g., i n Cr(C GH 6)2 (1, 2) or i n the A g C 1 0 4 · aro
mat i c systems (3)1, a n d there are arrays for w h i c h there is no specific 
interact ion between the meta l atom itself a n d the aromatic center [e.g., 
the case presented b y s imple molecules of solvation (4, 5 ) ] . O n the other 
h a n d , the divers i ty of systems reported for the l i q u i d state is so great as 
to defy summat ion , but some of the most important have i n v o l v e d subtle 

112 
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11. ATWOOD A N D ATWOOD Liquid Clathrates 113 

interpretations of deta i led nuc lear magnet ic resonance ( N M R ) studies 
(6, 7, 8). 

T h e class of substances w e refer to as " l i q u i d c lathrates" exhibits a 
n e w type of strong organometa l l i c -aromat i c invo lvement (9, 10, 11). 
H o w e v e r , before this behavior is descr ibed i n deta i l , i t is necessary to 
r ev i ew the o r ig in a n d character izat ion of the parent molecules. 

Preparation of M [ A ^ R 6 X ] 

Ziegler a n d co-workers (12) first reported i n 1960 that a l u m i n u m 
alkyls react w i t h a l k a l i meta l hal ides to f o rm either 1:1 or 2:1 complexes 

A I R , + M X -> M[A1R»X] (1) 

2 A 1 R 3 + M X —> M [ A 1 2 R 6 X ] (2) 

(Reactions 1 a n d 2 ) . These substances were i n i t i a l l y of interest because 
they p r o v i d e d a neat inorganic study of the re lat ive importance of the 
lattice energies of M X and M [ A 1 R 3 X ] or M [ A 1 2 R 6 X ] . T h u s , L e h m k u h l 
(13) c onc luded that complexat ion occurs most read i ly w h e n the i on i c 
radius of the a l k a l i meta l is large, the a l k y l cha in is short, a n d the complex 
i on is smal l . 

A l t h o u g h the l og i ca l extension of the preparat ive m e t h o d to i n c l u d e 
a l k a l i meta l pseudohalides was ment ioned i n the o r ig ina l paper (12), no 
w e l l defined complexes of this sort were noted u n t i l the 1971 reports b y 
our group ( 14) a n d subsequently b y D e h n i c k e et al. (15). 

Anionic Structure of M [ A / 2 R 6 X ] 

I n 1963, A l l e g r a a n d Perego (16) first reported structure of a 2:1 
ha l ide complex, that of K [ A l 2 ( C 2 H r > ) r ) F ] . T h e y f o u n d that the an ion 
exhib i ted a complete ly l inear A l - F - A l l inkage , a n d they postulated b o t h 
sp h y b r i d i z a t i o n of the fluorine atom a n d d o rb i ta l par t i c ipat i on b y the 
a l u m i n u m atom i n order to expla in the observed b o n d lengths a n d angles. 

O u r group has f o u n d precisely the same geometry (Structure l ) 
about the fluorine atom i n Κ [ A l 2 ( C H 3 ) 6 F ] · C 6 H 6 ( 5 ) , b u t a different 
s ituation must be envis ioned for the C l " , B r ' , a n d Γ b r i d g e d complexes. 
A l t h o u g h the 2:1 complexes of these ions were not s tud ied b y x-ray 
crystal lography, s imple h y b r i d i z a t i o n arguments suggest that the chlor ine , 
bromine , a n d iodine atoms w o u l d use essentially ρ orbitals i n a b r i d g i n g 
s i tuat ion (Structure 2 ) . Structures such as that of the recent ly deter
m i n e d b r o m o n i u m y l i d e (Structure 3 ) (17) p rov ide s tructura l veri f icat ion 
of this idea . 
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θ 
X 

R 3 A 1 A 1 R 3 

X = C l - , B r - I ~ ; a ~ 90' 

1 2 

F o r the 2:1 pseudohal ide complexes, two cases m a y be dif ferentiated 
w i t h reference to [ A L R e S C N ] " . Structure 4 appears to be favored i n 
the so l id state for R = — C H 3 f r o m deta i led I R a n d R a m a n spectral 
studies ( 18) a n d b y analogy to the structure of K [ A l 2 ( C H 3 ) e N 3 ] (9, J O ) . 

R 3 A 1 F AIR3 
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11. ATWOOD A N D ATWOOD Liquid Clathrates 115 

H o w e v e r , synthetic w o r k n o w indicates that Structure 5 is dominant at 
h i g h temperatures (19) a n d for R = — C 2 H 5 or h igher a l k y l c h a i n l ength 
(20). 

D i r e c t s tructural evidence is p r o v i d e d b y the x-ray di f fract ion s tudy 
of K [ A 1 2 ( C H 3 ) 6 N 3 ] (9 , 10) i n w h i c h (as was ind i ca ted prev ious ly ) the 
az ide i o n has a single n i trogen atom br idge (Structure 6 ) . 

A n interest ing s ide l ight is the in format ion revealed about the m e t h y l 
group conformat ion ; there are two anionic possibi l it ies w h i c h have C 2 v 

a n d C8 po int symmetries . V i e w e d d o w n the n i trogen a tom c h a i n they 
appear as: 

W e l l e r a n d D e h n i c k e (18, 21) de termined f r o m spectroscopic studies 
that the anions i n [ N ( C H 3 ) 4 ] [ A 1 2 ( C H 3 ) 6 N 3 ] a n d i n [ N ( C H 3 ) 4 ] -
[ A 1 2 ( C H 3 ) 6 S C N ] are of C2v symmetry . H o w e v e r , i n the crysta l lographic 
asymmetr i c unit of K [ A 1 2 ( C H 3 ) 6 N 3 ] , there are t w o nonequivalent 
[ A 1 2 ( C H 3 ) 6 N 3 ] ~ ions : one of C2v symmetry a n d one of C8 symmetry . 
T h e b o n d distances a n d angles i n bo th forms are qu i te s imi lar , a n d the 
existence of bo th types is ind i cat ive of the closeness i n overa l l energy of 
the two configurations i n solution. 

Definition of Liquid Clathrate Behavior 

T h e term " l i q u i d c lathrate" is used to designate that group of n o n -
sto ichiometric compounds w h i c h f o r m u p o n the interact ion of aromatic 
molecules w i t h certain M [ A 1 2 ( C H 3 ) 6 X ] moitiés. W i t h M — a l k a l i m e t a l 
i o n a n d X = N 3 " , S C N " , or S e C N " , M [ A l 2 ( C H 3 ) e X ] is a n air-sensitive 
so l id , whereas w i t h M = t e t r a a l k y l a m m o n i u m i o n a n d X = C l " , B r " , or T , 
M [ A 1 2 ( C H 3 ) 6 X ] is an air-sensitive l i q u i d . I n both cases, interact ion w i t h 
the appropr iate aromatic substance produces a l i q u i d w h i c h is i m m i s c i b l e 
w i t h excess aromatic . T h e aromatic molecules i n the l i q u i d c lathrate 
appear to be t rapped m u c h as they w o u l d be i n a solid-state c lathrate ; they 
can be freed b y l o w e r i n g the temperature a n d thus be r e c la imed u n 
changed. These observations m a y be s u m m a r i z e d b y the e q u i l i b r i u m 

h igh 
temp. 

M [ A l 2 ( C H 8 ) e X ] + η aromat ic ^ M [ A 1 2 ( C H 3 ) 6 X ] · η aromat ic (3) 
low 

temp. l i q u i d c lathrate 
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Proposed Shape Theory of Liquid Clathrate Formation 

In format ion about the nature of l i q u i d clathrates m a y be der ived b y 
tabu la t ing those halides a n d pseudohal ides that promote the effect ( T a b l e 
I ) . A l l the anions w h i c h m a y be used to f o rm a l i q u i d c lathrate are 
be l i eved to have an angular geometry (Structure 7 ) , whereas a l inear 

( C H 3 ) 3 A 1 A 1 ( C H 3 ) 3 

> } 
( C H 3 ) 3 A 1 A 1 ( C H 3 ) 3 

7 8 
geometry (Structure 8) is characterist ic of those anions w h i c h do not 
f o r m l i q u i d clathrates. T h e angular structure has two noteworthy fea
tures: the anion has an apprec iable d ipo le moment , a n d there is a definite 
separation of organic a n d inorganic regions. T h u s , the negative charge is 
large ly l o ca l i zed on the very accessible inorganic end of the anion, w h i l e 
the rather massive organic reg ion is quite far away. W e reported p r e v i 
ously ( I I ) that anions w i t h this geometry w i l l react w i t h molecules such 
as benzene or toluene to f o rm l i q u i d complexes w h i c h contain 1.5-13.0 
aromat ic molecules per anionic unit . 

Table I. Classification of Halide and Pseudohalide Ions in 
[ A l 2 ( C H 3 ) 6 X ] " as to the Formation of LiquidClathrates 

with Benzene 

Does Form Liquid Clathrate Does Not Form Liquid Clathrate 

C l - F -
B r - C N -
I -
S C N -
S e C N -
N 3 -
N 0 3 -

T h e nature of the interact ion has been re lated to the shape of the 
an ion i n M [ A 1 2 ( C H 3 ) 6 X ] ; i t was proposed (10, 11) that a cage or layer 
l ike structure of or iented anions is set u p w i t h counter ions a n d aromatic 
molecules t r a p p e d inside . 

Constitution of Liquid Clathrates 

T h e N M R spectra of a l l l i q u i d clathrates have one feature i n c o m 
m o n : the entire spectrum is shi f ted 0.2-0.5 p p m downf ie ld re lat ive to 
the p u r e aromat ic substance. H o w e v e r , this is thought to be a b u l k 
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11. ATWOOD A N D ATWOOD Liquid Clathrates 117 

d iamagnet i c effect, since i n every case the l i q u i d c lathrate is more dense 
than the aromatic moiety . 

F o r each i n d i v i d u a l M [ A 1 2 ( C H 3 ) 6 X ] · aromatic , there is a m a x i m u m 
a r o m a t i c / a n i o n rat io . T h e tabu lat i on of l i q u i d c lathrate data i n T a b l e I I 
i l lustrates the f o l l o w i n g (11): ( a ) the larger the cat ion , the greater the 
n u m b e r of aromatic molecules i n the c lathrate ; ( b ) the more electro
negative the ha l ide i on , the greater the n u m b e r of aromat i c molecules i n 

Table I I . Compositions of Various Liquid Clathrates 

Compound 

K [ A 1 2 ( C H 3 ) 6 N 3 ] 
R b [ A I 2 ( C H 3 ) e N s l 
C s [ A l 2 ( C H 3 ) 6 N 3 ] 
K [ A U ( C H , ) . N O , ] 
C e [ A l , ( C H , ) , N O i ] 
[ N ( C 2 H 6 ) 4 ] [ A 1 2 ( C H 3 ) 6 N 0 3 ] 
[ N ( C H 3 ) 4 ] [ A 1 2 ( C H 3 ) 6 C 1 ] 
[ N ( C H 3 ) 4 l [ A l 2 ( C H 3 ) e I ] 
[ N ( C 2 H 6 ) 4 ] [ A 1 2 ( C H 3 ) J ] 
[ N ( C 3 H 7 ) 4 ] [ A 1 2 ( C H 3 ) 6 I ] 
[ N ( C 4 H 9 ) 4 ] [ A 1 2 ( C H 3 ) 6 I ] 
[ N ( C 5 H „ ) 4 1 [ A 1 2 ( C H 3 ) J ] 
K [ A 1 2 ( C H 3 ) 6 S C N ] 
K [ A 1 2 ( C H 3 ) 6 N 3 ] 
R b [ A l 2 ( C H 3 ) 6 N 3 ] 
C s [ A l 2 ( C H 3 ) 6 N 3 ] 
[ N ( C 2 H 5 ) 4 ] [ A 1 2 ( C H 3 ) 6 N 0 3 ] 
[N (CH 3 ) 4 ) [A1 2 (CH 3 ) 6C1] 
[ N ( C H 3 ) 4 ) [ A l 2 ( C H 3 ) 6 B r ] 
[ N ( C H 3 ) 4 ] [ A 1 2 ( C H 3 ) 6 I ] 
[ N ( C 2 H 5 ) 4 ] [ A 1 2 ( C H 3 ) 6 I ] 
[ N ( C 3 H 7 ) 4 ] [ A 1 2 ( C H 3 ) J ] 
[ N ( C 4 H 9 ) 4 ) [ A l 2 ( C H 3 ) 6 B r ] 
[ N ( C 4 H 9 ) 4 ] [ A 1 2 ( C H 3 ) 6 I ] 
[ N ( C 5 H „ ) 4 ] [ A 1 2 ( C H 3 ) 6 I ] 
[ N ( C 6 H 6 ) ( C H 3 ) 3 ] [ A l 2 ( C H 3 ) e I ] 
[ N ( C 2 H 5 ) 4 ] [ A 1 2 ( C H 3 ) 6 I ] 
[ N ( C 3 H 7 ) 4 ] [ A 1 2 ( C H 3 ) 6 I ] 
[ N ( C 4 H 9 ) 4 ] [ A 1 2 ( C H 3 ) J ] 
[ N ( C 5 H n ) 4 ] [ A l 2 ( C H 3 ) e I ] 
C s [ A l 2 ( C H 3 ) 6 N 3 ] 
[ N ( C 5 H n ) 4 ] [ A l 2 ( C H 3 ) J ] 
[ N ( C 6 H „ ) 4 ] [ A 1 2 ( C H 3 ) 6 I ] 
[ Ν ( Ο δ Η η ) 4 ] [ Α 1 2 ( Ο Η 3 ) 6 Ι ] 

Aromatic 

benzene 

toluene 

ethylbenzene 

p-xylene 

m-xylene 
mesitylene 

Al-CH3 

Maximum Proton 
Ar/An Chemical 
Ratio" Shift" 

5.8 7.78 
6.1 7.78 
7.4 7.71 
7.0 7.64 

12.0 7.63 
9.8 7.69 
8.1 7.67 
6.5 7.52 
7.3 7.45 
9.0 7.43 
9.9 7.42 

13.0 7.41 
2.5 7.86 
3.8 7.77 
5.7 7.77 
6.3 7.67 
6.2 7.64 
5.6 7.62 
5.5 7.53 
5.0 7.42 
6.0 7.42 
6.4 7.39 
9.3 7.49 
7.0 7.40 

11.0 7.36 
8.4 7.30 
4.6 7.42 
5.0 7.49 
5.9 7.48 

11.0 7.47 
4.3 7.57 
7.0 7.32 
6.0 ~ 7 . 2 6 
3.7 7.10 

a The A r / A n ratio is denned as the number of aromatic molecules per anionic unit in 
the liquid clathrate. 

6 The ppm relative to the aromatic resonance in the liquid clathrate. 
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the c lathrate ; a n d ( c ) the larger the aromat ic molecules , the smaller the 
n u m b e r of aromatic molecules i n the l i q u i d clathrate. Points a a n d c are 
most v i v i d l y demonstrated i n the data for the t e t r a a l k y l a m m o n i u m i o d i d e 
series dep i c ted i n F i g u r e 1. 

Methyl 
— ι 
E t h y l 

I 
n - P r o p y l 

— ι 
n-Butyl 

1— 
n-Pentyl 

Figure 1. Maximum aromatic/anion ratio liquid clathrates of the form 
[NfalkytyiHAl^CHJçI]-aromatic. Ο = benzene, X = toluene, and Φ = 

ethylbenzene. 

F i g u r e 1 also i l lustrates one interest ing anomaly . T h e large n u m b e r of 
ethylbenzene molecules associated w i t h [ N ( C 5 H n ) 4 ] [ A l 2 ( C H 3 ) c I ] m a y 
s ignal the approach of the end of l i q u i d c lathrate behavior for larger 
t e t r a a l k y l a m m o n i u m ions. O n e c o u l d expect that for the te trahexyl -
a m m o n i u m i o d i d e - e t h y l b e n z e n e or the t e t rapenty lammonium i o d i d e -
propy lbenzene clathrate, the a r o m a t i c / a n i o n rat io m i g h t be so great as 
to g ive solutions w i t h no l i q u i d l a y e r i n g (i .e., they are misc ib le w i t h p u r e 
so lvent ) . 

Liquid Clathrates Based on the Nitrate Ion 

T h e group of l i q u i d clathrates i n T a b l e I I w h i c h are not based o n 
h a i l d e - or pseudohahde-conta in ing anions differs f r o m the others i n t w o 
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w rays. F i r s t , the add i t i on of the slightest excess of t r i m e t h y l a l u m i n u m 
( b e y o n d the n o r m a l 2:1 s to ichiometry) changes the color of the n i t rate -
conta in ing l i q u i d c lathrate f r om colorless to ye l l ow. Presumably , this is 
caused b y shi f t ing the energy of an electronic transit ion b y coord inat ion 
of the add i t i ona l t r i m e t h y l a l u m i n u m molecule . 

Second, the t e t rae thy lammonium n i t r a t e / t r i ( n - p r o p y l ) a l u m i n u m 
l i q u i d c lathrate is the first c lear ly defined l i q u i d cathrate of an a l u m i n u m 
a l k y l other than t r i m e t h y l a l u m i n u m . T h e i n a b i l i t y of longer c h a i n AIR3 

to f o r m l i q u i d clathrates was prev ious ly be l i eved to be attr ibutable to the 
size requirement of the a l k y l groups. T h u s , for R - C H 3 , the angle a 
is i n a l l p r o b a b i l i t y m u c h greater than 90° (see Structure 2 ) for C l " , B r " , 
or Γ complexes, w h i l e the essential angular geometry c o u l d w e l l be 
destroyed for the pseudohal ide complexes ( Structure 9 ) . F o r the nitrate 
i on , however , the steric requirements are m u c h less severe (see Structure 
10 ) , a n d the necessary shape of the anion is preserved. 

R s A l 

\ 
N = N = N — A I R 3 

θ 

9 10 

Reactions of Liquid Clathrates 

T h e isolated l i q u i d c lathrate undergoes two possible reactions ( R e 
actions 4 a n d 5 ) . M [ A 1 2 ( C H 3 ) 6 X ] w i t h M = t e t r a a l k y l a m m o n i u m i o n is 

M [ A l 2 ( C H 3 ) e X ] + η aromat ic (4) 

M [ A 1 2 ( C H 3 ) 6 X ] · η aromatic τ± 

M[Al(CHs)»X] + A 1 ( C H 3 ) 3 + η aromat ic (5) 

a l i q u i d for a l l compounds repor ted so far . React ion 4 is un impor tant 
for these substances. A l l M [ A 1 ( C H 3 ) 3 X ] compounds are solids. A l l 
K [ A 1 2 ( C H 3 ) 6 N 3 ] · η aromatic systems are unstable w i t h respect to c o n 
vers ion b y React ion 4 at room temperature, as are the K [ A 1 2 ( C H 3 ) 6 N 0 3 ] · 
η aromat ic a n d the C s [ A l 2 ( C H 3 ) 6 N 0 3 ] · η aromat ic systems. O n the 
other h a n d , C s [ A l 2 ( C H 3 ) 6 N 3 ] · η aromatic undergoes Reac t i on 5 spon
taneously (22). T h e nature of the aromatic group is also important ; for 
example, [ N ( C H 3 ) 4 ] [ A 1 2 ( C H 3 ) 6 I ] cannot be p r o d u c e d i n the presence 
of ethylbenzene at r o o m temperature because of Reac t i on 5. Therefore , 
just as the format ion of M [ A l 2 R e X ] is governed predominant ly b y a series 

R 3 A 1 

Ν 

A I R s 
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of lattice energy considerations (13), so also is the stabi l i ty of M [ A 1 2 -
( C H 3 ) e X ] · η aromatic . 

T h e r e are a f e w reactions of l i q u i d clathrates w h i c h are based o n 
the decomposi t ion of M [ A l 2 ( C H 3 ) 6 X ] . T h e most thoroughly invest igated 
system (23) involves the thermolysis or photolysis of M [ A l 2 ( C H 3 ) e N 3 ] 
(Reac t i on 6 ) . 

180°C 
M [ A l 2 ( C H 3 ) e N , ] > M [ A 1 ( C H , ) 4 1 + N 3 A 1 ( C H 3 ) 2 (6) 

3000 A 

A par t i cu lar ly important series of reactions current ly under invest i 
gat ion is the substitution of fore ign molecules into the l i q u i d c la th 
rate. F o r example , the m a x i m u m a r o m a t i c / a n i o n benzene clathrate of 
[ N ( C H 3 ) 4 ] [ A l 2 ( C H 3 ) e I ] — [ ( C H 3 ) 4 ] [ A 1 2 ( C H 3 ) 6 I ] · 6 . 4 C 6 H G — s u b s t i 
tutes toluene s l owly ( w h e n p l a c e d i n contact w i t h toluene ) at r oom tem
perature. T h e rate is such that, after two hours, the composi t ion of the 
c lathrate is [ N ( C H 3 ) 4 ] [ A 1 2 ( C H 3 ) 6 I ] · 5 . 4 C 6 H 6 · 0 . 7 C 6 H 5 C H 3 . If, h o w 
ever, the benzene l i q u i d c lathrate is heated w i t h toluene i n a sealed tube 
at 80 ° C for 24 hours, the composi t ion of the clathrate appears to be 
d i rec t ly proport ional to the benzene / to luene ratio i n the sealed tube. 
( F o r the solut ion referred to above, the composi t ion was [ N ( C H 3 ) 4 ] -
[ A 1 2 ( C H 3 ) 6 I ] · 2 . 2 C 6 H 6 · 3 . 7 C 6 H r ) C H 3 . ) 

It is also possible to substitute non-aromatic molecules into the l i q u i d 
clathrates. So far w e have s tudied t r i m e t h y l a l u m i n u m , cyclohexane, a n d 
ferrocene. A l t h o u g h the details of these experiments are not yet avai lable , 
the general t rend is a l i m i t e d subst i tut ion of the fore ign molecules to
gether w i t h the expuls ion of a re lated v o l u m e of aromatic molecules. It 
shou ld be noted that i n a l l cases the l i q u i d clathrate is i m m i s c i b l e w i t h 
the substituent, b u t exchange can be effected either thermal ly or b y 
m e c h a n i c a l agitat ion. 

IR Spectroscopic Studies of Liquid Clathrates 

Benzene-conta in ing l i q u i d clathrates were chosen for these studies 
because of their h i g h symmetry a n d the s imp l i c i t y of the I R spectrum. 
T h e benzene portions of the spectra of a l l l i q u i d clathrates were qu i te 
s imi lar , bu t there were two significant differences between the guest 
benzene a n d the neat benzene (24): the combinat ion bands at 1818 a n d 
1962 c m " 1 were broadened , a n d a very w e a k peak appeared at 990 c m " 1 . 
T h e data i n T a b l e I I I reveal that the broadening of the I R bands at 
1818 a n d 1962 c m " 1 is a measure of the extent of interact ion of the cat ion 
w i t h the benzene molecules. T h e smal ler R b + a n d C s + cations, i n fact , 
have a sp l i t t ing of the degenerate modes whereas the larger a m m o n i u m 
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11. A T W O O D A N D A T W O O D Liquid Clathrates 121 

T a b l e I I I . I R D a t a f o r Selected L i q u i d C l a t h r a t e s a 

Band Width at 
Half Height, cmr1 Absorbance 

At At A: at B: at 
1818 1962 990 1035 A/B 

Clathrate cmr1 cmr1 cmr1 cmr1 Ratio 

R b [ A l 2 ( C H 3 ) 6 N 3 ] - 6 . 1 C 6 H e / 1 8 1 6 1 6 /19601» 0.029 0.448 0.065 
11836/ 11974/ 

C s [ A l 2 ( C H 3 ) 6 N 3 ] - 7 . 4 C e H e /18151» /19601» 0.036 0.650 0.055 C s [ A l 2 ( C H 3 ) 6 N 3 ] - 7 . 4 C e H e 

\1833J \1972J 
I N ( C H , ) 4 ] [A1 2 (CH 3 ) 6 I ] · 6 . 5 C 6 H , 28 24 0.011 0.245 0.045 
[N(C,H, ) « ] [Al , (CH, ) , I ] .7 .3C.H i 28 25 c c C 
[ N ( C 4 H 9 ) 4 ] [ A l 2 ( C H 3 ) 6 I ] . 9 . 7 C e H e 27 25 0.014 0.271 0.052 
[ N ( C , H 1 1 ) 4 ] [ A l t ( C H , ) , I ] - 1 1 . 0 C H e 25 22 0.020 0.407 0.049 
[ N ( C 6 H n ) 4 ] [ A l 2 ( C H 3 ) e I ] . 1 3 . 0 C 6 H 6 24 18 0.014 0.234 0.060 

a From Ref. 11. 
b Split into distinct peaks with maxima at wave numbers given in brackets. 
c The absorbance at 990 c m " 1 is obscured by a strong absorbance at 995 c m " 1 that is 

caused by the N(C2H 6)4 + groups. 

ions only broaden the peaks. W i t h i n the t e t r a a l k y l a m m o n i u m series, the 
t rend is also m i r r o r e d , a n d the expected reduct i on i n broaden ing w i t h an 
increased a r o m a t i c / a n i o n rat io can be observed for the te tra -n-penty l -
a m m o n i u m clathrates. 

T h e I R spectrum of benzene has been thoroughly s tud ied (24). T h e 
absorpt ion at 1818 c m ' 1 is assigned as a combinat ion of Eu

+ + Eg" f u n d a 
mentals w h i c h has Eu~ symmetry . T h e b a n d at 1962 c m " 1 is assigned as 
a combinat ion of the fundamentals of symmetry Eu

+ + B2g = Eu~. B o t h 
bands thus have the Eu* f undamenta l i n common. F u r t h e r m o r e , they are 
bo th degenerate a n d can be broadened b y a p a r t i a l l i f t i n g of the degen
eracy. T h e Eu fundamenta l is symmetry f o rb idden , a n d i t is not observed 
where i t was pred i c ted , at 970-985 c m ' 1 , i n the neat benzene spectrum. 
H o w e v e r , a very w e a k b a n d was observed i n a l l spectra of the clathrates 
at 990 cm" 1 . S ince i t appears i n such a d ivers i ty of samples, i t must be 
assigned either to the guest benzene or to the t r i m e t h y l a l u m i n u m units . 
T h e correctness i n assigning this peak to the benzene is reflected b y the 
absorbance ratios w i t h the peak at 1035 c m " 1 ( w h i c h is assigned to the 
Eu fundamenta l of benzene) (24). These ratios (see T a b l e I I I ) are 
almost ident i ca l for w i d e l y v a r y i n g mole ratios of benzene a n d t r i m e t h y l 
a l u m i n u m . 

T h e Eu m o d e is i l lustrated as: _j_ 

ο ο 
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T h e fact that this is the only mode affected b y the format ion of the l i q u i d 
c lathrate indicates that the interact ion is l o ca l i zed over the c a r b o n - c a r b o n 
bonds rather than be ing symmetr i ca l ly centered i n the π system. 

Solid State Clues to Liquid Clathrate Behavior 

Temperature is a l l important to the existence of l i q u i d clathrates. 
K [ A 1 2 ( C H 3 ) 6 N 3 ] · benzene is reasonably stable (Reac t i on 4 ) at 2 5 ° C 
a n d complete ly stable at 4 0 ° C . C s [ A l o ( C H 3 ) 6 N 0 3 ] · benzene is exceed
i n g l y unstable (Reac t i on 4 ) at 2 5 ° C but complete ly stable at 80 °C . 
K [ A L ( C H 3 ) G N 3 ] · p-xylene does not exist at 25 ° C , but i t is stable at 
130°C. It does not seem unreasonable that the proper combinat ion of 
cat ion, anion, a n d guest m i g h t f o rm a l i q u i d clathrate at s l ight ly elevated 
temperatures, but at room temperature it w o u l d f orm a so l id w i t h a struc
ture s imi lar to that of the l i q u i d clathrate. W e n o w have w h a t m a y be 
an example of this i n the crystal structure of K [ C H 3 S e { A l ( C H 3 ) 3 } 3 ] · 
2CeH6. 

T h e thermal decomposit ion of the benzene l i q u i d c lathrate of 
K [ A l 2 ( C H 3 ) 6 S e C N ] produces a number of products (Reac t i on 7 ) . W e 

K [ A l 2 ( C H , ) e S e C N ] · n C 6 H 6 - * 

K [ C H 3 S e { A l ( C H 3 ) 3 } 3 ] · 2 C 6 H 6 + K [ A 1 2 ( C H 3 ) 6 C N ] + . . . (7) 

examined the structure of the methylse lenide ; for an excellent set of x -ray 
data , the convent ional agreement index, R, is 0.092 for the K [ C H 3 S e -
{ A 1 ( C H 3 ) 3 } 3 ] por t ion of the molecule . A l l b o n d lengths a n d angles are 
qui te n o r m a l (see T a b l e I V ) . 

T a b l e I V . I m p o r t a n t B o n d Lengths a n d Ang les f o r 
K [ C H 3 S e { A l ( C H 3 ) 3 } 3 ] · 2 C G H 6 

Bond Bond Bond 
Bond Length, A Bond Length, A Bonds Angle, ° 

S e - A l l 2.596(4) A12 -C21 2.00(2) C f m ) - S e - A l l 104.0(5) 
Se-A12 2.570(4) A I 2 - C 2 2 1.96(2) C ( m ) - S e - A 1 2 103.9(4) 
Se-A13 2.566(4) A 1 2 - C 2 3 2.01(2) C ( m ) - S e - A 1 3 102.6(5) 
S e - C ( m ) 1.93(4) A 1 3 - C 3 1 1.96(2) A l l - S e - A 1 2 115.5(4) 
A l l - C l l 1.96(2) A 1 3 - C 3 2 1.99(2) A l l - S e - A 1 3 114.5(5) 
A 1 1 - C 1 2 2.03(2) A 1 3 - C 3 3 1.99(2) A12-Se-A13 114.2(4) 
A 1 1 - C 1 3 1.98(2) 

1.99(2) 

T h e amaz ing feature of the structure is that, a l though the R factor 
indicates that the p r o b l e m is essentially solved, the benzene molecules 
( w h i c h comprise some 3 5 % of the total electron densi ty ) have not been 
i n c l u d e d . Moreover , i t is not possible to locate accurately a n d to refine 
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11. ATWOOD A N D ATWOOD Liquid Clathrates 123 

the pos i t ional parameters of the benzene carbon atoms. I n a l l attempts 
to do so, the temperature factors have b l o w n u p ( Β ~ 30 A 2 ) . A l l these 
observations are corre lated w h e n one realizes that the benzene molecules 
are behav ing essentially as a l i q u i d ( thereby contr ibut ing no th ing to the 
b u l k of the x-ray data) w h i l e the K [ C H 3 S e { A l ( C H 3 ) 3 } 3 ] units behave 
n o r m a l l y a n d dominate the x -ray di f fraction pattern. ( W e bel ieve that 
h i g h t h e r m a l mot i on better accounts for the crysta l lographic data t h a n 
does disorder. O n a difference F o u r i e r m a p , very w e a k peaks can be 
seen i n good positions for an ordered s ix -membered r i n g . ) 

Figure 2. Unit cell packing diagram 
for K[CH3Se{Al(CH3)3}3-] · 2C6H6 

C a r e f u l examinat ion of the u n i t ce l l p a c k i n g i l lustrat ion ( F i g u r e 2 ) , 
together w i t h crude p lacement of the benzene molecules, affords a m i c r o 
scopic p i c ture of the crystal l ine so l id i n w h i c h there are layers of s o l id 
mater ia l a l ternat ing w i t h layers of l i q u i d (Structure 11 ). ( T h e r e are t w o 

e m 4L· 4L· 4L· 4L· Λ 4L· ^\ ^\ / τ \ ST\ vT7 \X7 vU vx/ \js sj? vi/ v f Kj? vT7 vX7 

4L· 4L· 4L· 4L· 4L· 4L· 4L· 4L· 4L· 4L· 4L· 4L· vi/ \ ^ vu vT vy vx/ vj/ vT/ vT7 vx/ vT? vX» 

11 
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crysta l lographica l ly independent potass ium ions i n the asymmetr i c un i t ; 
one is associated w i t h the so l id layer , the other w i t h the l i q u i d layer . ) 
C a r e must be taken that the term ' l i q u i d " is not mis interpreted . T h e 
layer is l i q u i d i n that the t h e r m a l mot i on of the benzene molecules is very 
h i g h , but i t is certainly so l id i n that the benzene molecules have no true 
translat ion f reedom because of the presence of the potass ium ions (see 
Structure 12 for a top v i e w of six un i t cells of the l i q u i d l a y e r ) . 

4 X 4 X 

\ y 

12 

C a r e f u l inspect ion of F i g u r e 2 reveals that the structure is that of a 
reverse c lathrate : the aromatic molecules are associated w i t h the organic 
regions of the anions. K [ C H 3 S e { A l ( C H 3 ) 3 } 3 ] * 2 C 6 H 6 m a y w e l l present 
l i q u i d c lathrate formation at an elevated temperature, for the an ion does 
have the proper shape ( Structure 13 ) . H o w e v e r , this has not been v e r i -

A 1 ( C H 3 ) 3 

( C H 3 ) 3 A 1 J A 1 ( C H , ) 8 

I e 
C H 3 

13 

fied because of the dif f iculty i n p r e p a r i n g a pure sample of sufficient size. 
A t present i t is not possible to assess the relevance of solid-state structures 
to l i q u i d c lathrate behavior , but we feel that this is an important area for 
future invest igat ion. 

Conclusions 

C o m p o u n d s of the type M [ A 1 2 ( C H 3 ) 6 X ] react w i t h s m a l l aromat ic 
molecules to f o rm non stoichiometric l i q u i d complexes for those cases i n 
w h i c h the an ion structure has bo th a separation of organic a n d inorganic 
areas a n d an apprec iab le d ipo le moment . F o r example, the structure of 
the anion of a substance w h i c h exhibits this type of behavior , 
K [ A 1 2 ( C H 3 ) 6 N 3 ] ( 1 0 ) , was f o u n d to be : 
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Y / V \ / 
A l A l \ / 

II 

Ν 

T h e h q u i d complexes have m a n y of the properties ascr ibed to enclosure 
compounds , a n d the term l i q u i d clathrate seems to b e a n appropr iate 
designation. 

Since the I R spectrum of the guest benzene is on ly s l ight ly p e r t u r b e d 
f r o m that of neat benzene, the aromatic molecules must interact on ly 
w e a k l y w i t h the cations i n the h q u i d clathrate. 

T h e structure of the l i q u i d clathrate m a y reasonably consist of e ither 
rough ly spher ica l or layer - l ike domains. These alternatives m a y be repre 
sented i n two dimensions as Structures 14 a n d 15 respectively. A t present, 

f r o m a consideration of the properties of a range of h q u i d clathrates, i t 
is be l i eved that the layer - l ike structure (Structure 15) is the more l ike ly . 
A reverse layered solid-state structure is shown for K [ C H 3 S e [ A l ( C H 3 ) 3 } 3 ] 
• 2CeHe. 

Experimental 

Preparat ions . T h e two different ways b y w h i c h the l i q u i d clathrates 
m a y be prepared are best i l lustrated b y reference to the K [ A l 2 ( C H 3 ) e N 3 ] 
complex. B y the method descr ibed prev ious ly ( J O ) , 0.010 m o l e A 1 ( C H 3 ) 3 
was a d d e d to 0.005 mole K N 3 i n N 2 atmosphere d r y box. T h e mixture 
was then sealed i n a b o m b tube, heated to 80° C , r e turned to the d r y box, 
a n d opened; another 0.005 mole A 1 ( C H 3 ) 3 was a d d e d to the p o w d e r e d 
contents. A f t e r three cycles of g r i n d i n g , a d d i n g A 1 ( C H 3 ) 3 , a n d heat ing , 

14 15 
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the wh i te crystal l ine product was d r i e d under v a c u u m . A t y p i c a l analysis 
gave: ca l cd for K [ A l o ( C H 3 ) « N 3 ] : A l 23.97, C 31.99, H 8.05; f o u n d : 
A l 23.16, C 29.21, H 7.20. A d d i t i o n of benzene ( - 0 . 1 0 mo le ) f o l l owed 
b y heat ing 1 h r at 6 0 ° C afforded the l i q u i d c lathrate K [ A 1 2 ( C H 3 ) 6 N 3 ] · 
5 .8CGH6. 

A dec ided ly i m p r o v e d method for p r o d u c i n g the compounds involves 
s i m p l y a d d i n g 0.005 mole K N 3 a n d 0.010 mole A 1 ( C H 3 ) 3 to —0.10 mole 
C 6 H 6 i n the d r y box. A l i q u i d clathrate ident i ca l i n composit ion to the 
one prepared b y the previous method was obta ined i n 1 hour. A l l h q u i d 
clathrates reported here were synthesized this way . 

It should be noted that the format ion of the l i q u i d clathrate is a 
v i sual ly dramat i c event. A s the react ion proceeds, a separation of two 
l i q u i d layers ( l i q u i d clathrate and excess aromat ic ) becomes obvious; 
u p o n shaking, the layers resemble o i l a n d water. 

A n a l y s i s . T h e l i q u i d clathrates were ana lyzed b y the integrat ion of 
N M R spectra recorded on a P e r k i n - E l m e r R 2 0 - B instrument. T h e aro
mat i c stoichiometrics i n T a b l e I I are i n most cases the average of three 
preparations and integrations; a real ist ic s tandard dev iat ion w o u l d be 
± 0 . 2 molecules. T h e chemica l shifts are accurate to better than 0.02 p p m . 

T h e l i q u i d clathrates, a l though water a n d oxygen sensitive, are m u c h 
less reactive than the pure parent organometal l i c compounds. N o n e of 
the azides was f o u n d to present an explosion hazard . 

I R D a t a . T h e I R spectra ( i n the 600-3000 c m " 1 reg ion) were taken 
on neat samples i n 0.025-mm N a C l cells i n the double beam mode w i t h 
a ir as reference. T h e spectra were r u n on a B e c k m a n I R - 7 instrument 
w i t h a scan rate of 80 c m ' V r n i n and 25 c m _ 1 / i n . A l l h a l f - w i d t h data were 
taken w r ith a scale expansion of 10 c m " V i n . at a scan rate of 20 c m - 1 / r n i n . 
A l l l i q u i d clathrate spectra were ana lyzed b y direct comparison w i t h the 
spectrum of benzene taken under ident i ca l conditions. 

X - r a y D i f f r a c t i o n D a t a . La t t i c e parameters for K [ C H 3 S e { A l -
( C H 3 ) 3 } 3 ] · 2C«H G were determined f rom a least-squares refinement of 
the angular settings of 12 reflections accurately centered on an E n r a f -
N o n i u s C A D - 4 diffractometer. T h e y are a = 10.144(4) , b — 10.156(4) , 
a n d c = 17.165(6) A , a n d « = 75.90(4), /? = 80.58(4), a n d γ = 60.72(4)°. 
T h e crystal system is t r i c l in i c , a n d the space group is P I . D a t a were co l 
lected on the diffractometer b y a col lect ion a n d reduct ion process (25 ) . 

T h e structure was solved b y the Patterson method , a n d ref ined b y 
anisotropic least-squares techniques. F o r 2114 observed reflections, the 
final R values were : 

ΠΛ = Σ|*Ό| - \FC\ / Σ ^ 0 | = 0.086 

R2 = {Sw(|Fo| - | F c | ) 2 / S w ! F o | 2 } K 2 = 0.092 

Tables of pos i t ional and thermal parameters a n d of structure factor 
ampl i tudes are avai lable u p o n request. 
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The Thermally Equilibrated Excited (Thexi) 
State Chemistry of Some Co(III) Ammines 

ARTHUR W. ADAMSON 

University of Southern California, Los Angeles, Calif. 90007 

The photochemistry of coordination compounds is discussed 
in terms of thermally equilibrated excited (thexi) states as 
the chemically reacting species. Such states are in thermo
dynamic equilibrium with their surroundings and are essen
tially high energy isomers of the ground state. By contrast, 
the species obtained by light absorption of wavelength 
around a ligand field band maximum are Franck-Condon 
states that have a nonthermodynamic distribution of vibra
tional excitations; such states are treated as pseudo pure 
electronic states in ligand field theory. New theory is needed 
to treat thexi states. Data on the ligand field substitutional 
photochemistry of trans- and cis-[Co(en)2(NH3)Cl]2+ are 
reported. Data are discussed mechanistically as part of the 
thexi state chemistry of Co(III) ammines. 

' H p h e emphasis i n this paper is on an aspect of the photochemistry of 
coordinat ion compounds that is often rather understated i n the l i t e r a 

ture. O t h e r aspects are important , b u t I bel ieve that the present emphasis 
is essential to an unders tanding of the field. W e w i l l be dea l ing w i t h 
exc i ted states reached b y essentially d-d transitions f r o m the g r o u n d state. 
T h e t y p i c a l transit ion is that w h i c h occurs u p o n absorpt ion of l i ght i n 
the wave l ength of the first ( L i ) or second ( L 2 ) l i g a n d field b a n d of the 
complex, par t i cu lar ly w h e n such bands are of usua l intensity a n d are 
apparent ly not compl i cated b y admixture w i t h charge transfer ( C T ) 
character. A c o m m o n method of d i sp lay ing qual i tat ive l i g a n d field state 
energies is b y the w e l l k n o w n T a n a b e - S u g a n o diagrams ( J , 2, 3, 4, 5). 

A s was noted ( β ) , there is a tension between l i g a n d field concepts 
a n d the impl i cat ions of photochemica l a n d photophys i ca l studies. These 
impl i cat ions concern the nature of emi t t ing a n d general ly chemica l ly 
react ive excited states; they present some major theoret ical problems. 

128 
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12. ADAMSON Thexi State Chemistry of Co(IIl) Ammines 129 

L i g a n d field theory, l ike its parent, crystal field theory, makes the 
approx imat ion i n treat ing g round a n d excited states that the symmetry 
a n d the intensity of the l i g a n d field are invar iant . These states correspond 
to var ious ly energetic arrangements of m e t a l d electrons (re lat ive to the 
free i o n ) i n the par t ia l l y degenerate (usua l ly ) set of d orbitals , mod i f i ed 
b y suitable accountancy for interelectronic repulsions. A s was ment ioned , 
the conceptual m o d e l is that of a meta l i o n i m b e d d e d i n a crysta l latt ice 
so r i g i d that the electrostatic environment of the meta l i o n is fixed. T h e 
corresponding molecu lar o rb i ta l treatment al lows for b o n d i n g considera
tions b u t s t i l l retains the above basic approx imat ion . 

A t this convent ional l eve l of approx imat ion , the energy difference 
between l i g a n d field states is g iven exper imental ly b y the wave length of 
the appropr iate absorpt ion b a n d m a x i m u m . It is this energy w h i c h is used 
i n obta in ing the 10 Dq of l i g a n d field theory. T h u s for a d3 o c tahedral 
complex , 10 Dq is just the energy corresponding to the L x b a n d m a x i 
m u m ; for a d6 complex, there is a correct ion of 35 F 4 , F 4 b e ing one of the 
C o n d o n - S h o r t e l y interelectronic repuls ion parameters ( I , 2, 3, 4, 5 ) . I t 
is thus the energy of b a n d m a x i m a w h i c h gives the w e l l k n o w n spectro-
chemica l series; the same is t rue for the nephelauxet ic series ( 3 ) . T h e 
10 Dq values obta ined f rom b a n d m a x i m a are used to calculate c rys ta l 
field stabi l izations a n d to estimate act ivat ion energies for l i g a n d subst i tu
t i on reactions ( 7 ) . 

T h e r i g i d crystal lattice approx imat ion is s imi lar ly used for oc tahedral 
type complexes that have more than one k i n d of l i gand . B a n d spl itt ings 
on go ing f rom Oh to D4h symmetry , for example , are treated i n terms of 
fixed pseudo-octahedral axes of non-equal l i g a n d field strengths ( I , 2, 3, 
4, 5 ) and , again, positions of b a n d m a x i m a are used to obta in the energy 
separations of the so-deduced excited-state t e rm system. T h e approx ima
t ion is used for other geometries, such as square p lanar a n d tetrahedral . 
I n brief , convent ional l i g a n d field theory assumes that energies at b a n d 
m a x i m a represent specific pure electronic excited states i n a system of 
fixed geometry. 

It m i g h t be expected, i n terms of l i g a n d field theory, that dr-d t rans i 
tions w o u l d be very sharp. T h e actual s i tuation is i l lustrated i n F i g u r e 1. 
S u c h absorpt ion bands m a y sharpen somewhat a n d develop indicat ions 
of v ib ra t i ona l structure at very l o w temperature, but the effect is t y p i c a l l y 
not very dramat ic [there are exceptions, as w i t h C r ( C N ) ( i

3 " (8, 9 ) ] . 
L i g a n d field theory does not specif ical ly treat the matter of b a n d w i d t h . 
I t has been ascr ibed i n a general w a y to perturbations of an electronic 
nature ( such as J a h n - T e l l e r effects) ( 2 ) . 

It is m y op in ion that the above general p i c ture was i r re tr ievab ly 
compromised b y the observations (JO, JJ) that fluorescence ( that is , 
sp in -a l l owed) emission f r om C r ( I I I ) complexes is dramat i ca l ly r e d -
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60 

λ,ηημ 
Chemical Reviews 

Figure 1. Absorption spectrum for aqueous 
[Cr(NH3)6y+(15) 

shifted relat ive to the absorpt ion band . T h e classic case of C r ( u r e a ) 6
3 + 

is p lo t ted i n F i g u r e 2. T h e inescapable conclusion is that a so-cal led l i g a n d 
field excited state (of energy g iven b y b a n d m a x i m a ) is i n real i ty a 
v ibra t i ona l l y excited state of a species whose chemica l ( that is , electronic 
on ly ) energy is l ower b y 10 -20 k c a l / m o l e than that g iven b y the b a n d 
m a x i m u m . T h i s chemica l -on ly energy can be est imated f rom the crossing 
reg ion of the absorpt ion a n d emission bands a n d b y other ways i n the 
absence of emission (6). 

T o be b lunt , i t is fictional to treat b a n d m a x i m a energies as pure 
electronic energies as does l i g a n d field theory. T h e broadness of t y p i c a l 
l i g a n d field bands is n o w recognized as reflecting p r i m a r i l y the F r a n c k -
C o n d o n overlap factor (8 , 9); the most probable transit ion is to that 
v ibra t i ona l l y exc i ted l eve l of the e lectronical ly excited state for w h i c h the 
probab le nuc lear positions are close to those of the most p o p u l a t e d 
g r o u n d state v i b r a t i o n a l l eve l ( a more deta i led w a y of stating this is 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
6 

| d
oi

: 1
0.

10
21

/b
a-

19
76

-0
15

0.
ch

01
2

In Inorganic Compounds with Unusual Properties; King, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1976. 



12. ADAMSON Thexi State Chemistry of Co(III) Ammines 131 

suggested b e l o w ) . T h e ( 0 , 0 ) ( g r o u n d state υ = ο to excited state ν = ο ) 
transit ion is i m p r o b a b l e because of the smal l overlap of the nuc lear w a v e 
functions, a n d transitions i n v o l v i n g energies m u c h greater t h a n that of 
the b a n d m a x i m u m are l ikewise improbab le . 

Emission 

Zeitschrift fuer Physikalische Chemie 

Figure 2. Absorption and (low temperature) emission for \_Cr(urea)6'\3+ 

(10) 

T h e further a n d central ly important i m p l i c a t i o n is that the probab le 
nuc lear positions for the pure electronic excited state are s ignif icantly 
different f r om those i n the g round state. I n other words , the two states 
are d istorted relat ive to each other. T h e s i tuat ion is i l lustrated schemati 
ca l ly i n F i g u r e 3, w h i c h also depicts the o r ig in of the r e d shift on fluo
rescence. ( T h e c ommonly seen parabo l i c potent ia l energy diagrams are 
mis l ead ing i n that they do not a l l o w the showing of more than one 
v i b r a t i o n a l ladder , corresponding to alternative modes of distort ion. ) 
A b s o r p t i o n of a l i ght q u a n t u m produces a v ibra t i ona l ly excited species 
w h i c h thermal ly equi l ibrates to ambient temperature v i b r a t i o n a l - r o t a t i o n 
energy. Because of the consequent shifts i n nuc lear positions, the most 
probable fluorescent transit ion is the one that terminates at a v ibra t i ona l ly 
excited ground state. 

N o n e of the above inferences are n e w b y n o w ; they are i n fact gen
era l ly accepted (S, 9 ) . Yet certain important consequences are rare ly 
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CHEMICAL 
REACTION 

? ν ^ Λ ΐ S CHEMICAL 
=£4~ *~ REACTION 

DISTORTION 

"Inorganic Reaction Mechanisms" 

Figure 3. Energy level diagram for a Cr(HI) complex (6) 
The distortion coordinate is schematic; various ladders represent 
radiationless processes which may be either vibrational only or 
vibronic in nature. A , absorption; P, phosphorescent emission; F, 
fluorescent emission; Q, radiationless deactivation; and X, intersystem 

stressed; they are uncomfortable to convent ional l i g a n d field theory. 
F i r s t , the e lectronic -only excited state energies of coordinat ion c o m 
pounds m a y bear l i t t le re lat ionship to the usua l l i g a n d field energy 
schemes. T h i s is true w i t h respect to bo th absolute energies a n d energy 
ratios ; even the order ing of states obta ined b y app l i cat ion of l i g a n d field 
theory can be wrong . A clear i l lustrat ion is that p r o v i d e d b y the C r ( I I I ) 
f a m i l y of complexes. T h e r e are several complexes for w h i c h the thermal ly 
equ i l i b ra ted (or e lectronic -only) excited first quartet state is b e l o w the 
first doublet state i n energy (see Ref . 11). L i g a n d field theory, o rder ing 
these states accord ing to the appropr iate absorpt ion b a n d m a x i m a , places 
the first quartet w e l l above the doublet state. I n general , any p a i r of 
states for w h i c h the meta l - to - l igand b o n d i n g characteristics are apt to be 
different are also apt to have energies that are qui te different, b o t h 
absolutely a n d re lat ive ly , f r om those obtained f rom l i g a n d field theory 
a n d b a n d m a x i m a positions. 

A further consequence is that the concepts of the spectrochemical 
a n d nephelauxet ic series become confused a n d are not general ly usable. 
Since the thermal ly equ i l i b ra ted excited state may be of different geome
try f r o m the g round state a n d have different b o n d lengths, the r i g i d 
lat t i ce approx imat ion is not correct, a n d no u n i q u e l i g a n d field exists. 
T h e term l i g a n d field has thus lost its u s u a l exper imental a n d theoret ica l 
meaning . Moreover , the term designations of convent ional l i g a n d field 

crossing. 
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12. ADAMSON Thexi State Chemistry of Co(III) Ammines 133 

theory m a y not be correct for the thermal ly equ i l i b ra ted excited state since 
the po int group symmetry m a y not be the same as for the g r o u n d state. 
T h u s a hexacoordinated Oh, D4h, or C4v g round state complex might be C 5 v 

i n a thermal ly equ i l ibra ted excited state; a square p lanar complex m i g h t 
be tetrahedral . Ye t not only does emission appear to come f rom thermal ly 
equ i l ibra ted excited states, but , as is deve loped further be low, so does 
the subst i tut ional photochemistry of coordinat ion compounds. 

Because of the several qual i tat ive differences between the concepts of 
l i g a n d field a n d thermal ly equ i l i b ra ted excited states, i t is use fu l to 
develop a d i s t inguish ing vocabulary . C o n v e n t i o n a l l i g a n d field excited 
states w i l l be ca l l ed F r a n c k - C o n d o n states since the energies are those 
of b a n d m a x i m a a n d the transitions between them are essentially those 
ver t i ca l ones w i t h m a x i m u m F r a n c k - C o n d o n overlap. T h e abbrev iat ion 
thex i state has been proposed (12) for a thermal ly equ i l i b ra ted excited 
state. T h e gist of the foregoing is that convent ional l i g a n d field theory 
treats hypothet i ca l electronic excited states w h i c h are i n rea l i ty F r a n c k -
C o n d o n states, whereas it is thexi states that are important i n photophys i -
ca l a n d photochemica l processes. N e w theory or n e w extensions of present 
theory are c learly needed to treat the latter type of state. 

F u l l apprec iat ion of the differences between a F r a n c k - C o n d o n state 
a n d a thexi state has l i k e l y been h i n d e r e d b y the fact that the w o r d 
"state" has quite different meanings i n the t w o expressions. T h e d is t inc 
t ion is that between a spectroscopic state a n d a thermodynamic state. 
T h e former has to do w i t h the deta i led q u a n t u m m e c h a n i c a l descr ipt ion 
of an i n d i v i d u a l molecule (as, for example, b y g i v i n g electronic, v i b r a 
t ional , a n d rotat ional q u a n t u m n u m b e r s ) ; the latter has to do w i t h the 
phenomenolog i ca l specification of an ensemble of molecules i n t h e r m a l 
a n d mechan i ca l e q u i l i b r i u m w i t h their surroundings. A b s o r p t i o n of l i ght 
of wave length around a b a n d m a x i m u m produces a co l lect ion of v i b r a 
t i ona l ly a n d e lectronical ly excited species each w i t h a spectroscopic 
specif ication; the co l lect ion is not, however , a thermodynamic ensemble. 
O n l y after thermal equ i l ibra t i on does the co l lect ion of molecules const i 
tute a thermodynamic state. It w i l l n o w have a convent ional molar free 
energy, enthalpy, a n d entropy; i t w i l l have a s tandard redox potent ia l . 
N o n e of these quantit ies have meaning for a F r a n c k - C o n d o n state. 
A l ternat ive ly , a thexi state corresponds conceptual ly to a c h e m i c a l isomer 
of the g round state. I t possesses e q u i l i b r i u m structure a n d dist inct ive , 
act ivated react ion kinetics. T h e thexi state is a chemica l species. 

Some of the evidence for the importance of thexi states i n the photo 
chemistry of coord inat ion compounds is g iven i n the next section, f o l 
l o w e d b y a discussion of the react ion chemistry of the thexi state important 
for C o ( I I I ) ammines. T h e conc lud ing section deals w i t h some further 
aspects of F r a n c k - C o n d o n a n d thex i states. 
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Some Evidences for the Realtiy and Importance of Thexi States 

It is possible to surmise some of the attributes of the t y p i c a l energetic 
species w h i c h undergoes l i g a n d subst i tut ion react ion f o l l o w i n g i r rad ia t i on 
i n the wave length region of an or L 2 b a n d . T h e species is not general ly 
a v ibra t i ona l ly hot g r o u n d state molecule , first of a l l , because of the 
prevalence of photoreactions different f rom thermal ones. W e c a l l such 
behavior ant i thermal . T h e energetic species is therefore almost certainly 
an e lectronical ly excited one. W i t h the C r ( I I I ) f a m i l y of complexes, 
there are some very direct indicat ions that the photosubst i tut ion occurs 
f r om a l o w l y i n g quarted excited state ( 13 ,14 ,15 ) . 

Next , there are several indicat ions that the photoreact ive species is 
not i n a F r a n c k - C o n d o n state, but rather i t is i n a thermal ly equ i l i b ra ted 
excited state. O n e indicat ion is that q u a n t u m yields as w e l l as the nature 
of the photoreact ion do not v a r y apprec iab ly as the i r r a d i a t i n g w a v e 
length traverses the w i d t h of a l i g a n d field b a n d ( a l though variations m a y 
occur on go ing f r om one b a n d to another) (13, 14, 15). I t appears that 
a c ommon reactive state is reached, regardless of the degree of v i b r a t i o n a l 
excitat ion of the in i t i a l l y p r o d u c e d F r a n c k - C o n d o n state. T h e simplest 
explanat ion is that this c ommon state is a thexi state. 

As another l ine of approach , there is at least ind irect evidence that 
the photoreactive species is m u c h longer l i v e d than w o u l d be expected 
for a F r a n c k - C o n d o n state. T h e l i fet ime of this last, that is, the re laxat ion 
t ime for thermal equ i l ibra t i on to ambient temperature, shou ld not be 
m u c h greater than a few h u n d r e d v ibrat i ona l periods a n d i t is p r o b a b l y 
m u c h less. T y p i c a l complexes are s tudied i n po lar , hydrogen -bond ing 
solvents, and the l igands must be i n excellent v ibra t i ona l c ommunica t i on 
w i t h the solvent m e d i u m . F r o m the fact that q u a n t u m yields t yp i ca l l y 
are w e l l be l ow uni ty , i t m a y also be in ferred that excess v i b r a t i o n a l energy 
is d iss ipated q u i c k l y to the surrounding m e d i u m . T h i s means that most of 
the absorbed energy is d iss ipated nonradiat ive ly , a n d it almost certainly 
passes through h i g h l y v ibra t i ona l ly excited ground states (see F i g u r e 3 
a n d Ref. 9 ) . T h e energy b e i n g diss ipated can easily be m u c h greater 
than the act ivat ion energy for a k n o w n thermal subst i tut ion react ion of 
the complex. T h e latter is t y p i c a l l y 20 -30 k c a l / m o l e , a n d t y p i c a l energies 
of absorbed l i ght quanta a n d hence energies be ing diss ipated are 5 0 - 7 0 
k c a l / m o l e . C l e a r l y , v ibra t i ona l ly excited g round states must lose excess 
energy to the m e d i u m i n less than the t ime r e q u i r e d for that energy to 
find its w a y into those par t i cu lar nuc lear motions that l ead to thermal 
chemica l reaction. T h e same situation is l i k e l y to be true for F r a n c k -
C o n d o n excited states. ( A caveat is discussed be low. ) 

B y contrast, l i fetimes of a nanosecond or longer can be in ferred for 
the ac tua l photoreact ive state. F i r s t , since q u a n t u m yie lds are rare ly 
greater than a f ew tenths, the dominant dissipative process is not one 
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12. ADAMSON Thexi State Chemistry of Co(III) Ammines 135 

of chemica l react ion; i t must usua l ly be that of radiationless deact ivat ion 
(emission n o r m a l l y be ing of t r i v i a l importance under t y p i c a l photo 
chemica l condit ions ). Neg lec t ing some possible complicat ions , the q u a n 
t u m y i e l d for c h e m i c a l react ion, φ, is then g iven approx imate ly b y 
^crAnr , the ratio of the rate constants for c h e m i c a l react ion a n d for n o n -
radiat ive r e turn to the g round state, respectively. T h e temperature de 
pendence of φ then gives an apparent act ivat ion energy, Εφ, that is e q u a l 
to (Ecr — E n r ) . Radiat ionless deact ivat ion also completes w i t h emission, 
a n d φ θ = 1 /τ 0 & η Γ where τ 0 is the n a t u r a l ( temperature- independent ) 
emission l i fet ime. T h u s E n r m a y be in ferred f r om the temperature 
dependence of the emission y i e l d ; t y p i c a l values are 3 - 5 k c a l / m o l e (9 , 
14, 15) a n d they m a y be larger. A p p r o x i m a t e l y , however , E c r = Εφ + 3 
i n k c a l / m o l e . 

T h e temperature dependence of φ was reported for a n u m b e r of 
systems. W i t h C r ( I I I ) complexes, values of Εφ range f r om near zero u p 
to 10 or more k c a l / m o l e (14, 15). Ecv values of 12 or more k c a l / m o l e 
thus seem not uncommon. O n e m a y then make the f o l l o w i n g analysis. 
T h e rate constant for a first-order react ion shou ld be about 1 0 1 3 exp-
(— E*/RT), neg lect ing act ivat ion entropy. F o r E C r = E * — 1 2 k c a l / 
mole , the rate constant kcr w o u l d be about 10 4 sec" 1 at r oom temperature. 
E v e n for an E c r of 4 k c a l / m o l e , kcr is about 1 0 1 0 sec" 1 w h i c h s t i l l corre
sponds to an excited-state l i fet ime of thousands of v i b r a t i o n a l periods. 
I n summary , the prevalence of act ivated photochemistry strongly suggests 
that the photoreactive state is m u c h longer last ing than w o u l d be ex
pected were i t a F r a n c k - C o n d o n state. T h e s ituation is that expected for 
a thexi state. 

A n o t h e r ind i ca t i on that the t y p i c a l react ing exc i t ing state is re lat ive ly 
l ong - l i ved is i n the selectivity, especial ly the stereoselectivity of photo 
c h e m i c a l subst i tut ion reactions. A s one example, £ r a n s - [ C r ( e n ) 2 C l 2 ] + 

photoaquates chlor ide , but i t gives c t s - [ C r ( e n ) 2 ( H 2 0 ) C l ] 2 + rather t h a n 
the trans thermal react ion product . F u r t h e r , i f the ethylenediamines are 
connected b y the belt l i g a n d c y c l a m so that trans-to-cis i somer izat ion 
becomes impossible , the photoaquat ion y i e l d drops a thousand f o l d ( 1 5 ) . 
Some i l lustrations i n v o l v i n g C o ( I I I ) ammines are presented be low. S u c h 
specif icity presents no p r o b l e m for a thexi state. B y contrast, a F r a n c k -
C o n d o n excited state should be too short - l ived to engage i n more t h a n 
s imple b o n d fission processes that have l i t t le stereoselectivity. 

F i n a l evidence that photoreactive species are too l ong - l i ved to be 
F r a n c k - C o n d o n states comes f r om the occasional systems for w h i c h 
emission has been reported u n d e r photochemica l condit ions. T h e r e are 
several C r ( I I I ) complexes w h i c h show sp in - forb idden emission at r o o m 
temperature (16), a n d l i fetimes of microseconds have been measured 
(17). ( E m i s s i o n l i fet imes of 1.3, 1.7, a n d 46 /xsec w e r e f o u n d (18) for 
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[ C r ( e n ) 3 ] 3 + , [ C r ( N H 3 ) e ] 3 + , a n d [ C r ( b i p y r ) 3 ] 3 + respect ively i n r oom 
temperature , aqueous solution. ) T o the extent that the emit t ing doublet 
state is ( a ) itself chemica l ly react ive or ( b ) i n t h e r m a l e q u i l i b r i u m w i t h 
a reactive quartet excited state, one is l e d to conc lude that the photochem
istry involves thexi states. I n case (a ) the react ing a n d emi t t ing state are 
the same a n d i t is therefore k n o w n that the l i fe t ime of the former is too 
l o n g for it to be a F r a n c k - C o n d o n state. I n case ( b ) the very postu lat ion 
of o rd inary k inet i c interconversion between two electronic states impl ies 
that bo th are thexi states. 

E m i s s i o n l i fetimes for sp in -a l l owed d-d transitions of coord inat ion 
compounds apparent ly have not yet been measured under photochemica l 
condit ions. T h e rad iat ive l i fe t ime, T c , can be est imated ( w i t h serious 
potent ia l error ) f r om the area under the absorpt ion b a n d ( 9 ) ; the values 
are i n the order of microseconds. T h e low-temperature fluorescence 
l i f e t ime of C r ( u r e a ) 6

3 + was reported as 50 psec (9 , 19 ) . I f one assumes 
that E n r averages about 3 k c a l / m o l e , a n order of magni tude ca l cu la t i on 
suggests a room temperature l i fet ime of about 0.02 nsec, w h i c h is s t i l l 
l ong compared w i t h v i b r a t i o n a l periods. T h i s m a y be de layed fluores-

25°Q 

Compound 

[ C o ( N H 3 ) 6 ] 3 + 

[ C o ( N H 3 ) 5 ( H 2 0 ) ] 3 + 

[ C o ( N H 3 ) 5 F ] 2 + 

[ C o ( N H 3 ) 5 C l ] 2 + 

trans- [ C o (en) 2 C 1 2 ] + 

trans- [ C o ( cyc lam) C l 2 ] 2 + 

cis- [ C o (en) 2 C 1 2 ] + 

c i s - [ C o ( e n ) 2 ( H 2 0 ) C l ] 2 + 

[ C o (trien) C l 2 ] + 

cis-a-[Co(trien) ( H 2 0 ) C 1 ] 2 + 

CÎS-/?-[CO (trien) C l 2 ] + 

cis-β- [ C o (trien) ( H 2 0 ) C 1 ] 2 + 

trans- [ C o (trien) ( H 2 0 ) C 1 ] 2 + 

[ C o ( t r e n ) C l 2 ] 2 + 

M C o ( t r e n ) ( H 2 0 ) C l ] 2 + 

•From Refs. 20, 21, and 22; irradiations 

T a b l e I . Pho to chemis t ry 

Photochemistry* 

Product 

[ C o ( N H 3 ) 5 ( H 2 0 ) ] 3 + 

[ C o ( N H 3 ) 4 ( H 2 0 ) 2 ] 3 + 

[ C o ( N H 3 ) 4 ( H 2 0 ) F ] 2 + 

[ C o ( N H 3 ) 5 ( H 2 0 ) ] 3 + 

[ C o ( N H 3 ) 4 ( H 2 0 ) C l ] 2 + 

[ C o ( N H 3 ) 5 ( H 2 0 ) ] 2 + 

trans- [ C o (en) 2 ( H 2 0 ) C 1 ] 2 + 

m - [ C o ( e n ) 2 ( H 2 0 ) C l ] 2 + 

trans-[Co(cyclam) ( H 2 0 ) C 1 ] 2 + 

i r a / w - [ C o ( e n ) 2 ( H 2 0 ) C l ] 2 + 

m - [ C o ( e n ) 2 ( H 2 0 ) C l ] 2 + 

trans- [ C o (en) 2 ( H 2 0 ) C 1 ] 2 + 

cis-a- [ C o (trien) ( H 2 0 ) C 1 ] 2 + 

cis-a- [ C o (trien) ( H 2 0 ) 2 ] 3 + 

cis-β-[Co(trien) ( H 2 0 ) C 1 ] 2 + 

trans-[Co(trien) ( H 2 0 ) C 1 ] 2 + 

cis-β-[Co(trien) ( H 2 0 ) 2 ] 3 + 

trans-[Co(trien) ( H 2 0 ) C 1 ] 2 + 

cis-[Co(trien) ( H 2 0 ) C 1 ] 2 + 

[ C o ( t r e n ) ( H 2 0 ) C l ] 2 + 

[ C o ( t r e n ) ( H 2 0 ) 2 ] 3 + 

around L i band and at either 0°C or 
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12. ADAMSON Thexi State Chemistry of Co(III) Ammines 137 

cence, however . P r o m p t fluorescence f r o m f r a n s - C r ( N H 3 ) 2 ( N C S ) 4 ~ is 
reported to be < 3 psec ( M . W i n d s o r , G . Porter a n d A . D . K i r k , p r ivate 
c ommunica t i on ) . 

Ligand Field Photochemistry of Some Co (III) Ammines 

U n t i l recently on ly scattered data were reported for the i r r a d i a t i o n 
of C o ( I I I ) ammines i n the wave length reg ion of the L i b a n d (14, 15). 
W i t h ac idoammine complexes, the ac ido group m a y be reported to photo -
aquate, b u t no a m m o n i a aquat ion was l ooked for a n d the photochemistry 
appeared to be mere ly a catalysis of the t h e r m a l react ion. R e p o r t e d 
q u a n t u m yields were l o w (except where C T character was present, i n 
w h i c h case redox decomposi t ion was also observed) , a n d the l i g a n d field 
photochemistry of this class of complexes seemed rather uninterest ing. 

Recent w o r k i n this laboratory has demonstrated that such photo 
chemistry is i n fact v e r y r i c h a n d v a r i e d (20, 21, 22). T h e l i g a n d aquated 
is not always the same as that i n the t h e r m a l react ion, a n d , moreover , the 
photoreact ion is stereospecific, often dif ferently f r o m the g r o u n d state 
react ion (see T a b l e I ) . T h e findings can be accounted for i n de ta i l i f one 

of Co ( I I I ) Ammines 0 

Photo chemistryb 

Thermal Chemistry, 
k(X 106) sec1at25°C Φ (X W4) 

2.1 
1.3 

19.6 
5.5 

50.7 
17.1 

7.9 
3.1 
4.0 

17.5 
6.5 

42 
< 0 . 1 ° 
< 0 . 1 ° 
< o . r 
80 

< o . r 
45 

< o . r 
150 
< o . r 

v e r y s m a l l 
v e r y s m a l l 
v e r y s m a l l 

0.086 
v e r y s m a l l 

1.7 
32 

v e r y s m a l l 
1.1 

v e r y s m a l l 
240 

160 
0.54 
1500 

v e r y s m a l l 
23 

v e r y s m a l l 
1700 
3000 
270 

6 Negligible Co(II) formation in all cases. 
• For any reaction. 
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assumes that the pos i t ion that is l a b i l i z e d is determined b y the f o l l o w i n g 
rules : (a ) i f the octahedral complex is represented b y three essentially 
m u t u a l l y perpendicu lar axes, the axis l a b i l i z e d w i l l be that of the lowest 
average l i g a n d field strength, a n d ( b ) i f the l igands o c c u p y i n g the 
l a b i l i z e d axis differ, the l i g a n d of greater l i g a n d field strength w i l l be the 
one preferent ia l ly l a b i l i z e d (14,15). 

W i t h complexes h a v i n g b i - a n d polydentate l igands such as ethylene-
d iamine , t r ien , a n d tren, i t was necessary to assume that even i f one of 
the coordinated nitrogen atoms was l a b i l i z e d , recoord inat ion rather than 
complete loss of the l i g a n d w o u l d occur. Secondary or tert iary nitrogens 
can recoordinate only to the or ig ina l posit ion, thereby a n n u l l i n g the 
photochemica l react ion. P r i m a r y nitrogens, be ing at the end of a short 
hydrocarbon cha in a n d hence h a v i n g some m o b i l i t y , can recoordinate 
either to the o r i g i n a l pos i t ion or to an adjacent octahedral posit ion i n a n 
intramolecu lar d isplacement react ion. These mechanist i c st ipulations 
a l l o w pred i c t i on not only of the photostereochemistry b u t also of other
wise unexpected cases of photoinertness. F o r example, cis-a-[Co(trien)-
C l 2 ] + is photoinert because the only possible lab i l i za t i on , b y the rules, is 

χ χ X 

X X X 

Inorganic Chemistry 

Figure 4. Photolysis rules as applied to (a) trans- [Co(en)2-
Cl2y, (b) cis-[Co(en)2Cl2y, (c) cis-α-[Co(trien)Cl2y, (d) 
cis-fi-\_Co(trien)Cl2y or cis-/?'-[Co(trienXH20)Cl]2 +, and (e) 

[Co(tren)Cl2y (22) 
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12. ADAMSON Thexi State Chemistry of Co(IH) Ammines 139 

that of a secondary nitrogen, whereas cis-β- [ C o ( t r ien )C1 2 ] + photoaquates 
to tram- [ C o ( t r i en ) ( H 2 0 ) C 1 ] 2 + . W i t h the latter, a p r i m a r y n i trogen is 
expected to be l a b i l i z e d , a n d i t can then undergo an intramolecular d is 
p lacement of a chlor ide . Several of these mechanist i c analyses are de
p i c t e d i n F i g u r e 4. 

60H 

2CH 

300 400 500 

λ,ητη 

600 700 

Figure 5. Photolysis at 488 nm of trans- [Co(en)2(NHs)-
Cl]2+ 

(a) Initial spectrum; (b) after 75% photolysis; (c) calculated 
final spectrum (which agrees with that expected for 80% trans-
[Co(en)*(H,0)ClY+, 20% trans-[Co(enMNH3)(H,0)Y+) 

C o m p a r a b l e (a l though different) stereospecificity is exhib i ted b y 
C r ( I I I ) ammine complexes. It was important to determine whether the 
specific l i g a n d that is ind i ca ted b y the rules as the one to be l a b i l i z e d is 
i n d e e d the part i cu lar one w h i c h undergoes substitution. W i t h C r ( N H 3 ) 5 -
C l 2 + , for w h i c h the rules pred i c t a m m o n i a aquat ion , i t was shown that i t 
is indeed the a m m o n i a trans to the ch lor ide that is photoreact ive ( 2 3 ) . 
A s i m i l a r check was desirable for the C o ( I I I ) series. H o w e v e r , the 1 5 N -
l a b e l l i n g procedure used w i t h the C r ( I I I ) was not convenient for use 
w i t h C o ( N H 3 ) 5 C l 2 + , a n d the alternative of s tudy ing the photochemistry 
of cis- a n d trans-[Co(en)2(NH3)C1]2+ was adopted. Spectroscopical ly , 
these complexes are qu i te s imi lar to C o ( N H 3 ) 5 C l 2 + ; l i g a n d field theory 
relies very m u c h on the general observation that to a first approx imat ion 
only the nature of the atoms d i rec t ly coordinated to the centra l m e t a l i o n 
need be considered. T h e spectra of cis- a n d i m r w - C o ( e n ) 2 ( N H 3 ) C l 2 + are 
presented i n F igures 5 a n d 6. F o r comparison, the L i a n d L 2 bands for 
C o ( N H 3 ) 5 C l occur at 512 n m a n d 375 n m , respect ively , a n d the respec
t ive ext inct ion coefficients are 36 a n d 39 M " 1 cm" 1 . A l l three spectra are 
thus rather s imi lar except for re lat ive ly s m a l l intensity differences. 
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£ 40 

350 400 450 500 550 600 

Figure 6. Photolysis at 488 nm of cis- [Co(en)2(NHs)Cl] 2+ 

(a) Initial spectrum; (b) cis-[Co(en),(NHsXH,0)Y+; (c) trans-[Co(en)t(NHs)(HtO)YU 
(d) cis-[Co(en)t(HzO)ClY+; (e) tmns-[Co(en)t(HtO)ClY+; (f) hashed spectrum is that 
extrapolated from runs of 15-20% reaction to 100% reaction with hashing repre

senting the experimental error range of the extrapolation 

T a b l e I I . L i g a n d F i e l d Photolysis of cis a n d 
* r * * s - [ C o ( e n ) 2 ( N H 3 ) C l ] 2 + a 

Quantum Yield (χ 104) 

Isomer ΦΝΗ$ Φοι Product 

trans 11.5 ± 0.5 trans-[Co(en)2(H20)C1]2+ 

2.9 ± 0.2 trans- [ C o (en) 2 ( N H 3 ) ( H 2 0 ) ] 3 + 

cis 2.0 ± 0.1 70 ± 1 5 % trans-[Co(en)2(H20)C1]2+ 

3.1 ± 0.1 60 ± 2 0 % cis-[Co(en)2(NH3) ( H 2 0 ) ] 3 + 

"Irradiation was at 488 nm and 25°C. Incident light intensities were determined 
by Reineckate actinometry (see Refs. 14 and 15). Ammonia and chloride aquation 
yields were determined by direct analysis for the released ligands; the isomeric com
position of the products was determined from the changes in absorption spectra 
after irradiation. 

T h e data (24) are summar i zed i n T a b l e I I . T h e analysis is as 
fo l lows. C o n s i d e r i n g first the case of f r a n s - [ C o ( e n ) 2 ( N H 3 ) C l ] 2 + , w e 
assume that the per turbat ion of r ep lac ing four equator ia l ammonias b y 
t w o ethylenediamines is m i n o r w i t h respect to l i g a n d lab i l i zat ions 
a l though absolute q u a n t u m y i e l d values m i g h t be affected b y changes i n 
kcr or fcnr. W e do observe about a five-fold dec l ine i n q u a n t u m yie lds for 
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12. A D A M S O N Thexi State Chemistry of Co(III) Ammines 141 

f r a r w - [ C o ( e n ) 2 ( N H 3 ) C l ] 2 + re lat ive to [ C o ( N H 3 ) 5 C l ] 2 + , b u t the i m p o r 
tant result is that the ΦΝΗ3/ΦΟΙ rat io is comparab le i n the t w o cases, as 
w o u l d be expected i f the rules d i d i n fact specify that i t is p redominant ly 
the ni trogen l i g a n d trans to the chlor ide that is l a b i l i z e d . W e r e the 
a m m o n i a aquat ion i n [ C o ( N H 3 ) 5 C1] 2 + r a n d o m , the v a l u e of 3 for ΦΝΗ 3 / 

φ α w o u l d mean that the q u a n t u m y i e l d for photoaquat ion of a m m o n i a 
f r o m any one pos i t ion w o u l d be 0.6 re lat ive to φαΐ- W e r e this true, 
ΦΝΗ3/Φα should have a va lue of just 0.6 for f r a n s - [ C o ( e n ) 2 ( N H 3 ) C l ] 2 + . 
T h e m u c h h igher rat io f o u n d strongly supports the rules-based mechanism. 

T h e case of cis- [ C o ( e n ) 2 ( N H 3 ) C 1 ] 2 + is more compl i cated . I f one 
assumes that one end of an ethylenediamine is aquated, recoordinat ion 
can occur b y intramolecular d isplacement at an adjacent site; the possible 
reactions are g iven i n F i g u r e 7. B y the rules, on ly React ions 1 a n d 2 
should occur to y i e l d c & - [ C o ( e n ) 2 ( N H 3 ) ( H 2 0 ) ] 3 + a n d trans-[Co(en)2-

(1) 

(2) 

(3) 

(4) 

Ν 

(5) 

(6) 

Figure 7. Rules-based mechanism for photolysis of Co(III) 
ammines 
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( H 2 0 ) C 1 ] 2 + . React ion 2 shou ld be re lat ive ly inefficient, however , since, 
a c cord ing to the assumed mechanism, m u c h of the t ime recoordinat ion 
w o u l d occur to the o r i g i n a l site, thereby a n n u l l i n g the react ion. T h e 
observed φ Ν Η 3 / Φ α ratio of 0.6 is thus qui te reasonable, as is the finding 
that the a m m o n i a y i e l d decreases on going f rom the trans to the cis f o rm 
of C o ( e n ) 2 ( N H 3 ) C l 2 + whereas the ch lor ide y i e l d remains about the same. 

T h e spectral changes ac company ing an i r rad ia t i on of c i s - [ C o ( e n ) 2 -
( N H 3 ) C 1 ] 2 + ( F i g u r e 6) were ca lculated as the hypothet i ca l produc t 
spectrum. T h a t is, the actual spectral change was f o u n d exper imental ly 
for 1 5 - 2 0 % react ion (as determined b y ammonia ana lys i s ) , a n d the 
change was extrapolated to 1 0 0 % reaction. I n c l u d e d i n the figure are 
the spectra of the four possible aquat ion products . Ana lys i s of these 
spectra reveals that the isomeric composit ions are about 60 ± 2 0 % 
cis- re lat ive to f r a n s - C o ( e n ) 2 ( N H 3 ) ( H 2 0 ) 3 + a n d about 70 =t= 1 5 % trans-
relative to m - C o ( e n ) 2 ( H 2 0 ) C l 2 + . T h e isomeric composi t ion conforms 
approx imate ly to that pred i c ted b y the rules-based mechanism since cis 
aquoamine a n d trans aquochloro predominate . M o r e accurate chro
matographic product analyses are r e q u i r e d i n order to establ ish the 
isomer ratios more exactly. 

W e r e the e thylenediamine lab i l i za t i on r a n d o m rather than rules -
based, Reactions 2, 3, 4, 5, a n d 6 ( F i g u r e 7) w o u l d occur w i t h about 
e q u a l probab i l i t y , a n d one w o u l d pred i c t 2 / 3 cis- re lat ive to trans-
[ C o ( e n ) 2 ( H 2 0 ) C l ] 2 + w h i c h agrees very poor ly w i t h observation. F u r 
thermore, i n order to obta in the observed value of 0.6 for ΦΝΗ3/ΦΟΙ b y 
r a n d o m nitrogen lab i l i za t i on , Reac t i on 1 w o u l d have to have a p r o b a 
b i l i t y of about 0.6 relative to that for n i trogen lab i l i za t i on , or a p r o b a 
b i l i t y of about 3 relat ive to Reactions 2, 3, 4, 5, or 6. O n e then expects 
about 4 / 5 ds - re la t ive to trans- [ C o ( en ) 2 ( N H 3 ) ( H 2 0 ) ] 2 + , w h i c h is about 
that observed; no d is t inct ion between the r a n d o m a n d the l a b i l i z a t i o n 
rules-based mechanism is thus possible i n this case. 

I n summary , the photochemistry of trans-[Co(en)2(NH3)C1]2+ def i 
n i t e ly supports the rules-based mechanism. T h a t of d s - [ C o ( e n ) 2 ( N H 3 ) -
C l ] 2 + is approx imate ly consistent w i t h i t . There is l i t t le support for 
r a n d o m lab i l i za t i on . 

Thexi vs . Franck-Condon States as Direct Precursors to 
Photosubstitution Reactions of Co (III) Ammines 

T w o characteristics of thex i states w h i c h d i s t inguish them f r o m 
F r a n c k - C o n d o n states are that ( a ) their properties shou ld be independent 
of the manner of their f ormat ion a n d ( b ) their l i fet imes shou ld be l o n g 
compared w i t h v ib ra t i ona l times. W h e r e emission is observable, char 
acteristic ( a ) can be conf irmed b y de termin ing that the emission spectrum 
is independent of i r r a d i a t i n g wave length . I n the case of [ R u ( b i p y r ) 3 ] 2 + , 
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12. ADAMSON Thexi State Chemistry of Co(IH) Ammines 143 

there is a strongly emit t ing state w h i c h can be generated either spec-
troscopica l ly or chemica l ly ( b y reduct ion of [ R u ( b i p y r ) 3 ] 3 + (see Ref . 
28). Character is t i c ( b ) can also be establ ished i f emission is observed b y 
de termin ing the emission l i fet ime. 

These d irect approaches are not feasible as yet w i t h the C o ( I I I ) 
ammines . N o emission has been reported for this f a m i l y of complexes. 
There is some less d irect evidence however . F i r s t , because of its s m a l l 
l i fe t ime, a F r a n c k - C o n d o n state is most l i k e l y capable on ly of s imple 
m e t a l - l i g a n d b o n d c leavage—the l i m i t i n g SN1 react ion of the coord ina 
t i on chemistry (7). T h e result of such cleavage w o u l d be a pentaco-
ord inated intermediate , perhaps square p y r a m i d a l i n geometry i n i t i a l l y , 
b u t w i t h immediate equ i l i b ra t i on t o w a r d a t r igona l b i p y r a m i d a l shape. 
B y this mechanism, solvent water then coordinates w i t h expansion of 
the coordinat ion sphere back to s ix-coordinat ion to give the final product . 
T h e p r o b l e m w i t h the l i m i t i n g SN1 mechan ism is that i t is dif f icult to 
account for subst i tut ional stereospecificity; the pentacoordinated inter 
mediate shou ld be rather stereolabile. T h i s p r o b l e m arises i n t h e r m a l 
subst i tut ion reactions, a n d there i t has seemed necessary to assume b o t h 
solvent assistance to b o n d break ing a n d some d i rec t ing effect of the 
depar t ing l i g a n d ( 7 ) . I n effect, an SN2 mechanism is ca l l ed for ( w h i c h 
is often descr ibed as associative or n o n l i m i t i n g SN1). 

T h e findings s u m m a r i z e d i n Tables I a n d I I demonstrate that the 
photochemistry of C o ( I I I ) ammines are qui te stereospecific, a n d I take 
this as an ind i ca t i on that a concerted process is invo lved . T h e rules-based 
mechan ism is of this type i f i t is s t ipulated that the l a b i l i z e d l i g a n d leaves 
i n a concerted manner w i t h i n c o m i n g solvent so that the oc tahedral 
f ramework is reta ined. S u c h a concerted process involves nuc lear m o 
tions not corresponding to s imple v ibrat ions ( the solvent water w h i c h 
coordinates is hydrogen-bonded to other waters as is the l eav ing group 
so that m a n y nuclear motions w o u l d accompany the aquat i on process) . 
T h e process is not l i k e l y to occur unless the react ing state has a l i fe t ime 
that is l ong compared w i t h a v i b r a t i o n a l per iod . T h u s the specif icity of 
the photochemistry of C o ( I I I ) ammines suggests that a reactive, b u t 
essentially n o r m a l , c h e m i c a l species is i n v o l v e d — a thex i rather t h a n a 
F r a n c k - C o n d o n state. 

A n o t h e r i n d i c a t i o n that the reactive state is moderate ly l o n g l i v e d 
is that the photoaquat ion of trans- [ C o ( en ) 2 C 1 2 ] + shows an apparent ac
t i va t i on energy of 5.2 k c a l / m o l e (20). Since, as was noted earl ier , 
the q u a n t u m efficiency depends inversely on knr, w h i c h shou ld also be 
act ivated, the i m p l i c a t i o n is that Ecr is s ignif icantly greater t h a n 5.2 
k c a l / m o l e . A species w i t h such an act ivat ion energy should , b y react ion 
rate theory, have a l i fet ime that is re lat ive ly l ong compared w i t h v i b r a 
t i ona l t imes. 
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There are thus two indirect indicat ions that the photochemistry of 
C o ( I I I ) ammines derives f r om thexi rather than f r om F r a n c k - C o n d o n 
states. T h e spectroscopic nature of this state has not been determined . It 
c o u l d be re lated (after t h e r m a l equ i l i b ra t i on a n d possible descent i n 
symmetry ) to the first excited l i g a n d field state i n Oh, xTlg. I t c o u l d be 
t r ip le t or quintet i n sp in m u l t i p l i c i t y , however . 

A n important seeming paradox remains to be discussed. O n the one 
h a n d , the photochemistry of bo th C r ( I I I ) a n d C o ( I I I ) can be large ly 
ra t i ona l i zed i n terms of the rules. These rules invoke pseudo-octahedral 
axes a n d make use of the spectrochemical series. Several recent papers 
have a p p l i e d convent ional l i g a n d field theory to exp la in the rules i n 
terms of changes i n s igma- a n d p i - b o n d i n g on l i g a n d field excitat ion 
(24, 25, 26). Except ions to the rules have been rat iona l i zed b y l i g a n d 
field theory as w e l l (25, 26, 27). O n the other h a n d , great emphasis has 
been p l a c e d i n this paper on the fact that photochemistry proceeds 
through thexi states a n d that such states are not treated b y convent ional 
l i g a n d field theory. Distort ions change the symmetry f r om that of g r o u n d 
state; the concept of l i g a n d field strength becomes difficult. H o w is i t , 
then, that the rules seem to be useful i n descr ib ing thex i state chemistry? 

I n the case of the C o ( I I I ) ammines , however , the rules-based m e c h a 
n i s m essentially retains the pseudo-octahedral axes; no stereochemical 
change occurs i f the l a b i l i z e d l i g a n d is monodentate, as w i t h trans-
[ C o ( e n ) 2 C l 2 ] + , a n d there is l i t t le effect i f the two ethylenediamines are 
rep laced b y the be l t l i g a n d cyc lam. T h e more complex stereochemical 
behaviors that occur w h e n the l a b i l i z e d pos i t ion is o c cup ied b y one a r m 
of a mult i -dentate l i g a n d are expla ined i n terms of subsequent in t ramo
lecu lar d isplacement reactions. It w o u l d appear that the difference i n 
geometry between g round a n d thex i state is one of tetragonal d istort ion . 
T h e r m a l equ i l i b ra t i on is then a fu l f i l lment of the b o n d i n g changes pre 
d i c t e d for the hypothet i ca l l i g a n d field excited s ta te—and the rules shou ld 
indeed have d irect app l i cab i l i t y . 

T h e case of the C r ( I I I ) ammine f a m i l y is not so easy since stereo
c h e m i c a l change occurs even w h e n i t is a monodentate l i g a n d that is 
l a b i l i z e d a n d , moreover, stereomobi l i ty seems to be a prerequis i te to 
excited-state react ion. A l s o , the rules lose crisp v a l i d i t y w h e n three or 
more types of l igands are present ( 2 9 ) . Because of the presence of on ly 
three meta l d electrons, there is o r b i t a l ava i lab i l i t y for increased coord i 
nat ion , a n d I regard i t as very l ike ly that thermal e q u i l i b r a t i o n of a 
C r ( I I I ) ammine leads to a geometry qu i te different than that of the 
g r o u n d state. A poss ib i l i ty is that of d is tort ion towards a pentagonal 
p y r a m i d a l geometry w i t h concerted coord inat ion of solvent to m a k e the 
thex i state a hepta-coordinated species. I t is ent ire ly possible to w r i t e 
a mechanist i c rec ipe i n v o l v i n g such an intermediate—one w h i c h retains 
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uniqueness for the ru les - indicated l a b i l i z e d group a n d w h i c h also gives 
the observed stereochemistry. I f this explanat ion is correct, the rules are 
approx imate ly v a l i d for C r ( I I I ) photochemistry for qui te different rea 
sons than for C o ( I I I ) photochemistry . F o r example, s imple l i g a n d field 
treatments of excited-state b o n d i n g changes m a y be re levant i n the latter 
case, b u t w o u l d be specious i n the former case. ( N o t e , however , that 
Z i n k (30) believes that the stereochemistry of C r ( I I I ) photoreactions 
p r o b a b l y can be accounted for i n terms of l i g a n d field analyses of exc i ted 
vs. g round state bonding . ) C u r r e n t l y p l a n n e d h i g h energy, pulse laser 
photolysis experiments m a y he lp to u n r a v e l the s i tuat ion ; w e expect to 
determine d i rec t ly the l i fe t ime of the thex i state precursor to c h e m i c a l 
react ion a n d perhaps also its spectral characteristics. 

Some Further Aspects of Franck-Condon and Thexi States 

There are some interest ing aspects to thermal e q u i l i b r a t i o n i f the 
approach is f rom a general p h y s i c a l chemica l po int of v i e w rather t h a n 
f r o m a p u r e l y spectroscopic one. T h e t y p i c a l s i tuat ion involves a strongly 
solvated complex, yet the role of the solvent cage is rare ly considered. 
T h e distort ion that occurs on t h e r m a l equ i l i b ra t i on must requ i re some 
rearrangement of the immediate solvat ion shel l . I f the net effect is e q u i v a 
lent to a shift o f just one solvent molecu le f r o m one solvent pos i t ion to 
another, or a d isplacement of, say, 2 A , phenomenolog ica l di f fusion theory 
predicts that about (2 Χ 1 0 " 8 ) 2 / ( 2 ) ( 1 Χ 10" 5) or about 0.02 nsec w o u l d 
be r e q u i r e d ( w i t h 1 Χ 10" 5 c m 2 / s e c as the solvent di f fusion coeff icient) . 
A m u c h longer t ime w o u l d be needed i n a l o w temperature, r i g i d m e d i u m . 
T w o types of thermal equ i l i b ra t i on can be postulated. T h e first occurs 
v e r y r a p i d l y , on a t ime scale such that the solvent environment is a p p r o x i 
mate ly that of a r i g i d latt ice . T h e second occurs more s l owly , at a rate 
de termined largely b y that at w h i c h the solvent cage can adjust to the 
final thex i state geometry. 

These two stages m a y be rather d ist inct i n l o w temperature , r i g i d 
lattices. A s suggested i n F i g u r e 3, intersystem crossing m a y be most 
probab le d u r i n g the first stage. Note , for example , that the phospho
rescence emission f r om a C r ( I I I ) ammine shows a break i n its t empera 
ture dependence at the glass po int of the m e d i u m (31). F r o m c o n -
committant photochemica l studies i t was i n fact in ferred that thermal 
e q u i l i b r a t i o n to the react ing quartet state competed w i t h rather t h a n 
l e d to intersystem crossing. Fors ter a n d co-workers (see Ref . 8) r eported 
l i fe t ime a n d spectral complexit ies for the phosphorescence emission f r o m 
C r ( I I I ) complexes that seem best expla ined i n terms of different so lvat ion 
species re ta in ing the ir differences through the intersystem crossing 
process. 
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T h e concept of a two-stage t h e r m a l e q u i l i b r a t i o n process m a y be 
expanded. W e assume that solvent molecules can shift on ly i n di f fusion-
l i k e jumps i n accommodat ion to the geometry changes be tween the 
F r a n c k - C o n d o n a n d the final thex i state. T h e p e r i o d between each j u m p 
c o u l d be dozens of v i b r a t i o n a l times at room temperature, a n d hundreds 
or thousands at l o w temperatures. D u r i n g the p e r i o d between jumps, the 
complex is i n a quas i - r ig id latt ice a n d has more or less def ined v i b r a t i o n a l 
states. These states change w i t h each solvent jump, however , so the 
p i c ture is that ind i ca ted schematical ly i n F i g u r e 8 where series of p a r a 
b o l i c potent ia l wel ls marks the progression towards thermal equ i l ibrat i on . 
There is an analogy i n rheology, that of visco-elastic behavior . S u c h a 
system is elastic on a short t ime scale b u t viscous on a longer one. T h e 
v ibrat ions of a F r a n c k - C o n d o n state m a y be of this visco-elastic type, 
w i t h a t ime-dependent restoring force. T h e effect w o u l d be to erase 
v i b r a t i o n a l de ta i l to give the smooth absorpt ion b a n d envelope that is 
seen. I f the e q u i l i b r i u m geometry of the excited state is near ly that 

Distortion or Reaction Coordinate 
"Concepts of Inorganic Photochemistry" 

Figure 8. Generalized scheme for the photochemical and thermal reac
tion A^±B (31) 

(1) Absorption to Franck-Condon state A*FC; (2) thermal equilibration to the 
thexi state A*; (3) emission to Franck-Condon state of A; (4) radiationless deac
tivation of A* to A, or Boltzmann activation of A to give A*; (5) activated reac
tion of A * to give thexi state B*; (6) radiationless deactivation of B* to B, or 
Boltzmann activation of Β to give B*; (7) absorption to Franck-Condon state 
B*rC; (8) thermal equilibration to thexi state B*; (9) emission from B* to 
Franck-Condon state of B; (10) radiationless deactivation or reaction of A* 
directly to B; (11) radiationless deactivation or reaction of B* directly to A . 
The path through A'* and B'* is a possible alternative thermal reaction path. 
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of the g r o u n d state, then the viscous component w o u l d be smal l a n d 
v i b r a t i o n a l states should become better defined. T h u s the 2Eg state i n a n 
octahedral dz complex involves on ly rearrangement of non -bond ing elec
trons, a n d its e q u i l i b r i u m geometry shou ld be close to that of the g r o u n d 
state. I n conf irmation, the phosphorescence emission f r om C r ( I I I ) c o m 
plexes is on ly s l ight ly red-shi f ted f r om the absorpt ion b a n d (note F i g u r e 
2 ) . Moreover , bo th emission a n d absorpt ion spectra t y p i c a l l y have f a i r l y 
sharp v i b r a t i o n a l deta i l (note also F i g u r e 1 ) . 

F i g u r e 8 is d r a w n to emphasize that a thex i state is essentially a h i g h 
energy isomer of the g r o u n d state. I t is also v e r y close i n concept to the 
trans i t ion state of react ion kinet ics ; b o t h are postulated to be i n thermo
d y n a m i c e q u i l i b r i u m w i t h their surroundings . T h e spec ia l assumption 
that a transi t ion state has an open coordinate a long w h i c h translat ion o n 
the react ion p a t h occurs is a convenience for ca l cu lat ion rather than a 
necessity. T h e trans i t ion state can, i n fact, more graceful ly be considered 
a h i g h energy, thermodynamic species for w h i c h a smal l add i t i ona l incre 
ment of energy al lows react ion to occur (33) i n w h i c h case the conceptual 
d i s t inc t ion between a thexi a n d a transi t ion state vanishes. 

T h e figure also i l lustrates that a thex i state can be obta ined i n several 
w a y s : ( a ) spectroscopical ly b y d irect l i ght absorpt ion, ( b ) b y t h e r m a l 
ac t ivat ion or the reverse of radiationless deact ivat ion , ( c ) b y c h e m i c a l 
react ion (as must be true i n chemi luminescent processes) , a n d ( d ) b y 
photochemica l react ion (as i n chemica l laser systems) . V i e w e d i n this 
l ight , bo th photochemica l a n d photophys i ca l processes ( other t h a n emis
s ion a n d l ight absorpt ion) leave their usua l spectroscopic m i l i e u to jo in 
the b r o a d field of react ion kinet ics . 
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Luminescence as a Probe of Excited 
State Properties 

G. A. CROSBY 

Washington State University, Pullman, Wash. 99163 

Quantitative investigations of the photoluminescence of 
inorganic compounds have led to experimental criteria for 
assigning orbital and spin labels to their low lying electronic 
excited states. For d 6 compounds, chemical modification of 
the sequencing of ligand-field, charge-transfer, and ligand
-localized excited states has been demonstrated. The capa
bility of prescribing the lowest excited states has produced 
a series of materials with unusual optical properties. Details 
of the charge-transfer-to-ligand excited configurations that 
have been obtained for ruthenium(II) and osmium(II) com
plexes provide a new perspective on the role of spin-orbit 
coupling in defining the properties of the associated states. 
Systematic study of excited state properties indicates possi
bilities for dictating the pathways of photochemical reac
tions, for relating spectroscopy to electrochemistry, and 
hopefully, for correlating excited state properties with 
thermal reactivities. 

mission spectroscopy has a l ong a n d venerable history of p r o v i d i n g 
va luab le in format ion on the nature of the l o w l y i n g excited states of 

organic molecules (1, 2), but , u n t i l recently, systematic use of photo -
luminescence as a probe of excited state properties of transit ion m e t a l 
complexes was not widespread . F o r complexes that contain centra l m e t a l 
ions of certa in configurations, especial ly d3 a n d d 6 , the energy l eve l 
schemes are propit ious for occurrence a n d detection of luminescence, a n d 
the s tructural a n d environmental factors that control the properties of 
the l o w l y i n g excited states are be ing defined through emission spec
troscopy. C r i t e r i a have been developed for assigning o rb i ta l a n d sp in 
labels to excited states of complexes ( 3 ) , a n d some p r i m i t i v e attempts to 
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engineer molecules w i t h s t ipulated electronic properties were successful 
(4,5). I n this paper , attention is focussed on those features of the exc i ted 
states of transi t ion meta l complexes that differentiate t h e m f rom the w e l l 
s tudied organic ones, on the magnif icent versati l i ty inherent i n transi t ion 
m e t a l chemistry for des igning molecules w i t h prescr ibed electronic p r o p 
erties, a n d on the k inds of deta i led in format ion that can be obta ined 
about the excited states of transit ion meta l complexes b y emission tech
niques. T h e usefulness of this k i n d of in format ion for other fields of 
chemica l research is considered briefly. 

Chemical Tuning 

T h e l o w l y i n g excited states of d6 strong field complexes that contain 
7r-conjugated l igands can be convenient ly classified into four o rb i ta l p r o 
mot i ona l types: (a ) ΤΓΤΓ* states i n w h i c h the excitat ion energy is l o ca l i zed 
essentially on the l igands a n d the characteristics of the states strongly 
reflect their l i g a n d parentage, ( b ) CZTT* states i n w h i c h the final states are 
der ived f rom a configuration i n w h i c h an electron has been transferred 
f r om the meta l core to an ant ibond ing o rb i ta l de loca l i zed over the l i g a n d 
7Γ system, ( c ) ird states for w h i c h a transfer of charge f rom the J igand 
system to the meta l i on can be v i sua l i zed as the p r i m a r y excitat ion 
process, and ( d ) dd states that are effectively meta l - loca l ized electronic 
excitations i n w h i c h the l igands are invo lved only as contributors of the 
nonspher ica l static potent ia l that determines the o rb i ta l promot iona l 
energy. 

W i t h the exception of ird excited states, deta i led analyses of the 
emission characteristics of d6 complexes of the second a n d t h i r d transi t ion 
series have lead to cr i ter ia for c lassi fy ing these states b y means of emission 
spectroscopy (3, 6). Moreover , further invest igation revealed that c o m 
plexes can be engineered to possess a predetermined sequence of excited 
states w i t h prescr ibed o rb i ta l types (4, 5). T h i s capab i l i ty , designated 
chemica l tun ing , has l ed to series of molecules whose l o w l y i n g excited 
states were chosen specif ical ly and whose spectroscopic properties were 
orda ined as w e l l . 

O n c e the gross o rb i ta l types of the lowest excited states of complexes 
are determined , subtle alterations in properties can be effected b y v a r y i n g 
l i g a n d substituents, b y m o d i f y i n g the environment of the active species, 
or b y subject ing the materials to external perturbations. T h i s fine t u n i n g 
of spectroscopic characteristics has p r o d u c e d a n u m b e r of unusua l elec
tronic properties w i t h potent ia l use for exploitat ion i n bo th a fundamenta l 
a n d a prac t i ca l way . W e direct attention par t i cu lar ly to charge-transfer 
excited states. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
6 

| d
oi

: 1
0.

10
21

/b
a-

19
76

-0
15

0.
ch

01
3

In Inorganic Compounds with Unusual Properties; King, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1976. 



13. CROSBY Luminescence as a Probe 151 

Unusual Properties of Charge-Transfer-To-Ligand 
(CTTL) Excited States 

Systematic investigations of series of r u t h e n i u m ( I I ) (7, 8, 9, 10), 
o s m i u m ( I I ) ( I I ) , a n d i r i d i u m ( I I I ) (12) complexes l e d to the exper i 
m e n t a l a n d theoret ical character izat ion of C T T L exc i ted states. T h e i r 
properties , der ived f r om analyses of spectra, decay t imes, a n d inter 
actions w i t h external fields, differ fundamenta l ly f r om the exc i ted states 
of organic materials a n d even f r om states of other o r b i t a l parentages 
w i t h i n the same molecule . 

Experimental Features of CTTL Excited States 

T h e intense photo luminescence exhib i ted b y complexes that d i sp lay 
emission or ig inat ing f rom CZTT* configurations was not w e l l understood 
u n t i l the observation range was extended to temperatures b e l o w 77 °K. 
F o r a single emi t t ing leve l ( or cluster of degenerate levels ) , the measured 
decay t ime a n d the q u a n t u m y i e l d should be re lated b y the equat ion 
τ = φτ0 where τ 0 , the l i m i t i n g decay t ime near 0°K, is expected to b e 
temperature independent . F r o m measurements of τ a n d φ at 77° Κ o n 
r u t h e n i u m ( I I ) (8) a n d o s m i u m ( I I ) (13) complexes, values were pre 
d i c ted for series of complexes. W h e n the l o w temperature experiments 
were per formed , however , i t was f ound that the measured decay times 
far exceeded the theoret ical l imi ts , a behavior that is strongly ind i ca t ive 
of a m a n i f o l d of emit t ing levels, each one w i t h its o w n set of rad ia t ive 

10 20 30 40 50 60 70 e K 

Figure 1. Temperature dependence of the calculated ( ) 
and observed ( · · · , Χ X X j lifetimes of tris(l,10-phenan-
throline)ruthenium(II) iodide and tris(l,10-phenanthroline)~ 
osmium(II) iodide in poly(methyl methacrylate). Energy level 
splittings and individual mean decay times were determined 

from a computer ft of the experimental lata. 
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a n d radiationless decay constants whose separations are on the order of 
kT i n the range of 5 ° - 5 0 ° K . T h e s i tuat ion is i l lustrated i n F i g u r e 1. 
B e l o w 77 °K, the decay t ime of each of the luminescent molecules rises 
monoton ica l ly w i t h decreasing temperature , a n d i t e ither fails to reach 
a l i m i t at the lowest temperatures atta ined or i t approaches a constant 
va lue that exceeds the pred i c ted l i m i t b y m a n y factors. These facts are 
inconsistent w i t h the presence of a single luminescent l eve l or a degen
erate set of such levels. 

A second pert inent feature of the decay kinetics of complexes that 
d i sp lay charge-transfer luminescence is the exponential i ty of the observed 
transients at a l l temperatures reached ( ^ 1 . 5 ° K ) . T h i s behavior is i n 
stark contrast to that exh ib i ted b y organic systems at l o w temperatures. 
F o r the latter, single exponent ia l decays are ma inta ined to — 1 0 °K, b u t 
they are rep laced b y compl i ca ted kinetics at l ower temperatures ( 2 ) . 
Nonexponent ia l decays have also been observed at l o w temperature for 
tris complexes of r h o d i u m ( I I I ) that exhib i t 3ττπ* states lowest ( 14 ) . 

Energy Level Schemes 

A l t h o u g h the emission spectra that or iginate f r o m dw* excited states 
of complexes have structure, the v i b r a t i o n a l b a n d w i d t h s exceed the 
spl itt ings of the electronic levels. T h e r e is l i t t le sharpening at l o w t e m 
perature, a n d incorporat ion into a latt ice does not appear to i m p r o v e the 
resolut ion (15 ) . Nonetheless, i t is possible to obta in the l eve l spl i tt ings 
f r o m the decay data. I f one assumes a m a n i f o l d of excited states i n 
t h e r m a l e q u i l i b r i u m at a l l temperatures, each decay ing w i t h temperature-
independent decay constants, one arrives at an ana ly t i ca l expression for 
the temperature dependence of the m e a n decay t ime of the ensemble 
( 8 , 9 , 1 0 ) : 

A computer fit of this expression y ie lds the ki's for the levels. Analyses 
of this type were made for series of drr* emitters a n d the energy l eve l 
schemes der ived f r o m the decay curves are i n c l u d e d i n F i g u r e 1. 

T h e l eve l schemes for [ R u ( p h e n ) 3 ] 2 + a n d [ O s ( p h e n ) 3 ] + 2 ( p h e n — 
1,10-phenanthroline) are representative of the clusters of l o w l y i n g elec
t ron i c states that arise f r o m άπ* configurations of m a n y r u t h e n i u m ( I I ) , 
o s m i u m ( I I ) , a n d i r i d i u m ( I I I ) complexes. T h e y are h i g h l y unusua l s ince 
they have decay parameters that he between the ranges expected for 
convent ional singlet a n d t r ip le t states a n d because of the magnitudes of 
the spl itt ings themselves. These parameters contro l the nature of dm* 
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13. CROSBY Luminescence as a Probe 153 

photoluminescence a n d are responsible for its h is tory of assignment a n d 
reassignment ( 1 6 ) . 

Coupling Model 

I n order to rat ional ize the behavior of the luminescence observed 
f r o m nd6 complexes that d i sp lay ίίπ* emission a n d to account for the 
except ional splitt ings a n d decay parameters obta ined for them, a m o d e l 
for the excited states has emerged that emphasizes the role of sp in -orb i t 
c o u p l i n g i n contro l l ing their properties (17, I S ) . A n excited άπ* c on 
figuration is v i e w e d as an abort ive ox idat ion of the d 6 complex that p r o 
duces a system w i t h a d5 core a n d a promoted ( opt i ca l ) e lectron d i s 
t r i bu ted i n an a n t i b o n d i n g o rb i ta l encompassing the π-conjugated l igands. 
T h e core is v i e w e d as a K r a m e r s i o n w i t h a set of electronic states whose 
positions are defined b y electrostatic, sp in-orbit , a n d l igand- f ie ld inter 
actions. These core states define a vector space. A second vector space 
is defined b y the set of molecular sp in orbitals open to the excited electron 
res id ing on the l igands. T h e final eigenspace for the tota l excited d? 
system is determined b y d iagona l i z ing the direct product space of the 
two subsystems u n d e r the f u l l H a m i l t o n i a n of the six-electron p r o b l e m . 

F o r the lowest <2ττ* conf iguration of a D 3 molecule , the m o d e l p re 
dicts a cluster of 8 levels ( 12 states ) l y i n g w i t h i n 3 k K a n d located 15 k K 
above the ground state (17, 18). T h e cluster is separated into three 
groups, w i t h the lowest one responsible for the observed luminescence. 
F o r t r i gona l systems, exempli f ied b y tris ( 2 ,2 ' -b ipyr id ine ) r u t h e n i u m ( I I ) , 
the pred i c t ed l eve l scheme for the emi t t ing levels is g iven i n F i g u r e 2. 

Figure 2. Manifold of d7r* emit
ting levels characteristic of Ds com
plexes of ruthenium(II) and osmium-
(II). Splitting is calculated in terms 
of a parameter related to spin-orbit 
coupling ( k j and exchange integrals 

K(ai,<*2) and K(e+,a2). 

T w o features of the m o d e l ca lcu lat ion are of s ignal importance . T h e 
c o u p l i n g scheme provides symmetry labels for the states that correlate 
w i t h the observed selection rules ( 8 ) , a n d the m o d e l reveals the key role 
p l a y e d b y spin-orbi t forces i n de termin ing the properties of dn* exc i ted 
states. Whereas the gross spl it ings of electronic excited states of organic 
molecules are contro l led b y electrostatic forces a n d spin-orb i t c o u p l i n g 
produces the fine structure ( J , 2 ) , the s i tuat ion is reversed for dir* 
excited configurations of heavy meta l complexes. I n such systems, typ i f i ed 
b y the R u ( I I ) a n d O s ( I I ) complexes of F i g u r e 1, sp in-orb i t a n d electro
static forces o n the centra l meta l atom define the separations of groups 
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of levels, a n d the fine structure ( < 100 c m " 1 ) is de termined p r i m a r i l y 
b y electrostatic (exchange) interactions. E x c h a n g e integrals have been 
determined for several r u t h e n i u m ( I I ) molecules (19); they are i n the 
range of 15 to 65 cm" 1 . S ince the spin-orbi t c o u p l i n g constant for ru the 
n i u m ( I I ) is — 900 cm" 1 , the importance of re lat iv ist ic forces i n contro l l ing 
the dispositions of the dw* levels becomes manifest. T h e l o w values of the 
exchange integrals between the promoted electron a n d the core electrons 
reveal the large degree of charge d e r e a l i z a t i o n away f rom the centra l 
i o n that occurs u p o n άπ* op t i ca l excitation. F o r an oppos ing po int of 
v i e w that is based on po lar izat ion measurements, the reader is re ferred 
to the art ic le b y F u j i t a a n d K o b a y a s h i (20). 

The Problem of Labels 

Russe l l -Saunders c oup l ing provides the appropr iate l abe l l ing scheme 
for the terms of a l l the l ight atoms (21), but the nomenclature becomes 
progressively less accurate as the nuclear charge increases. F o r the rare 
earth elements, for example, the assignment of a un ique sp in a n d orb i ta l 
designation provides a first descr ipt ion of the terms of a conf iguration, 
b u t the parentage of a state may be quite m i x e d (22). I n organic mole 
cules, the classification of states b y o rb i ta l and sp in labels can rare ly 
be faul ted , a n d the pract ice is deservedly widespread . F o r complexes, 
especial ly those that contain heavy meta l atoms, bo th sp in a n d orb i ta l 
l abe l l ing may or may not be appropr iate , a n d the proper nomenclature 
for an observed state may even depend on the host matr ix of the system. 

Spin-Based N o m e n c l a t u r e . F o r organic molecules, sp in designations 
of 7Γ7Γ* excited states are accurate, and , for most ππ* states i n complexes, 
the assignment of a un ique sp in labe l is usual ly qui te acceptable. F o r d 6 

a n d d10 complexes, m a n y 3 ππ* states have been classified b y emission spec
troscopy (6, 24), a n d spectral cr i ter ia for recogniz ing them have been 
f ormulated (3). W h e n u n p a i r e d spins are present i n the g round state of a 
meta l complex, however , the tr ip let designation fails a n d vector c o u p l i n g 
schemes have been used to sp in labe l the observed states. T h e t r i p -
mult ip lets of meta l loporphyr ins are good examples (25, 26, 27). S p i n 
s t i l l appears to be a good q u a n t u m number , however . 

A t t a c h i n g a un ique sp in l abe l to ίίπ* states i n complexes is, accord 
i n g to the c ou p l ing m o d e l descr ibed above, ent irely inappropr iate (23). 
N o un ique sp in labe l can be assigned. I n fact, app l i cat ion of S 2 to any of 
the state eigenkets denoted i n F i g u r e 2, scatters the ket not on ly into 
others of the set, but also into levels that are several ki lokaisers h igher 
i n energy. A s the sp in labe l l ing fai ls , so do such commonly used terms as 
in terna l conversion a n d intersystem crossing (1, 2). F o r ird states, a 
s imi lar inference can be d r a w n , but def init ive exper imental ver i f icat ion 
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13. CROSBY Luminescence as a Probe 155 

b y emission spectroscopy has not yet been made. T h e descr ipt ion of dd 
states i n complexes b y a s p i n l abe l is intermediate i n usefulness. Just as 
for atoms, the l a b e l is progressively less mean ing fu l as the a tomic n u m 
ber of the meta l i o n increases. 

O r b i t a l N o m e n c l a t u r e . I n the preced ing discussion w e i m p l i c i t l y 
assumed un ique o rb i ta l descriptions for excited states. I t is clear, h o w 
ever, that even o r b i t a l promot iona l designations m a y f a i l whenever a 
near degeneracy of uncoup led levels occurs. Conf igurat ion interact ion 
becomes important , a n d a zeroth-order co inc idence of levels of disparate 
o r b i t a l designations leads to some unusua l excited state properties that 
are observable b y emission techniques. 

E n v i r o n m e n t a l m o d u l a t i o n of excited state qual i t ies occurs for 
several complexes of i r i d i u m ( I I I ) (28). A l t h o u g h the energies of l u m i 
nesc ing states are on ly s l ight ly affected b y solvent perturbat ions , the 
selection rules, a n d therefore the wave functions, are substantial ly m o d i -

240 r „ 

200 

g 1601 
ω 

UJ 
5 I20| 

Lu 

80 

40 

ττττ 
drr* 

^C;*]dTT«-TTTT"gap 

C D E F 
SOLVENT 

Figure 3. Solvent dependence of the 
measured decay time of dichlorobis(5,6-
dimethyl-1,10-phenanthroline)iridium-
(III) chloride at 77°K. Solvent: A , 1:1 
glycerol-water; B, 4:1 glycerol-water; 
C, 4:1 methanol-water; D, glycerol; E, 
2:1 glycerol-ethanol; F, 1:1 glycerol-
ethanol; G, ethanol; and H, 4:1 etha-
nol-methanol. Insert: proposed sol
vent-dependent configuration interac

tion mechanism. 
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fied. T h e exper imental s i tuat ion is dep ic ted i n F i g u r e 3. A s the po lar i ty 
of the solvent glass is progressively decreased, the measured decay t ime 
of the luminescence steadily decreases also. O u r interpretat ion of this 
u n u s u a l sensit iv ity of the measured decay t ime to solvent interact ion is 
presented i n the figure insert. W e postulate the existence of a cluster of 
άπ* excited states located w i t h i n — 1 . 0 k K of the l ower V r r * emi t t ing 
leve l . T h e energy of the former is h i g h l y solvent dependent, whereas 
that of the latter is not. C l o s i n g the gap between the cluster of άπ* 
levels a n d the near-degenerate set of 3 ππ* emit t ing states lends C T char
acter to the latter, thus decreasing the measured decay t ime of the e n 
semble. Quant i ta t ive analysis of the descr ibed behavior (28, 29) p r o v i d e d 
an estimate of the configuration interact ion parameter. If the conf igura
t ion interact ion m o d e l is indeed a f a i th fu l descr ipt ion of the p h y s i c a l 
s i tuat ion , then the emit t ing levels must be descr ibed as ψβ = ^(άπ*) + 
b ^ ( ^ * ) where the a / b ratio is defined b y the solvent. F o r a / b ~ 1, 
the emi t t ing states can be assigned no un ique o r b i t a l l abe l a n d on ly a 
m i x e d terminology is appropriate . Fur thermore , w h e n the CJTT* con
figuration mixes strongly w i t h the 3ΤΓΤΓ* states, the sp in q u a n t u m n u m b e r 
of the latter emi t t ing mul t ip l e t progressively loses meaning . F o r strongly 
m i x e d άπ*-3ππ* levels, one can assign neither a u n i q u e orb i ta l nor a 
u n i q u e sp in labe l to the resultant states, a n d a state can be designated 
on ly b y the i r reduc ib l e representation l a b e l of the po int group of the 
molecule . 

External Magnetic Interactions 

A n external magnet ic field d irected a long the p r i n c i p a l axis of a D 3 

complex shou ld cause a first-order sp l i t t ing of the degenerate Ε l eve l 
(see F i g u r e 4 ) . T h i s pred i c t i on has been veri f ied (15) exper imental ly b y 
a change i n the luminescence spectrum w i t h impressed magnet i c field. A t 
1.65°K the emission spectrum i n zero field becomes a new b a n d w h e n the 
sample is subjected to a field of 75 k G . T h i s swi t ch ing of the spectrum is 
accompanied b y a substantial decrease i n measured decay t ime of the 
luminescence. Theore t i ca l analysis of this latter phenomenon y i e l d e d 
measurements of bo th the g factor of the Ε state a n d the of f -diagonal 
matr ix elements connect ing the zero field levels (30 ) . 

Circularly Polarized Luminescence 

T h e interact ion of an external magnet ic field w i t h an ensemble of 
excited molecules provides a nove l method for de termin ing excited state 
parameters b y i n d u c i n g c i r cu lar ly p o l a r i z e d luminescence. T h e s ignal 
obta ined f rom a sample of tris ( 2 ,2 ' -b ipyr id ine ) r u t h e n i u m ( I I ) ch lor ide 
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540 580 620 660 n m 

Figure 4. Emission spectra of tris-
(2,2'-bipyridine)ruthenium(H) cation in 
[Zn(bipy)3']SOA · 7HJD crystal lattice 
in zero magnetic field at 1.65° and 
4.2°Κ and in 75-kG field at 1.65°K. 
(a) Energy level diagram of [Ru-
(bipy)3]2+ and (b) magnetic fiela de
pendence of the emitting levels with 
magnetic field parallel to principal axis; 

Î, allowed transitions (15). 

50 kG 

Figure 5. Circularly pohrized lu
minescence from tris(2,2'-bipyri-
dine)ruthenium(II) cation in a KBr 

^ pellet at ^20° Κ under constant UV 
65onm excitation (31) 

conta ined i n a K B r pel let under constant U V excitat ion at . — 2 0 ° K is 
p lo t ted i n F i g u r e 5. T h e magnet i c field-dependent s ignal is d i rec t ly 
propor t i ona l to the difference between the intensities of the r ight a n d left 
c i r c u l a r l y p o l a r i z e d emitted rad iat ion . T h i s p r e l i m i n a r y finding is inter 
prétable on the basis of the c o up l ing m o d e l descr ibed above; i t d e m o n 
strates the efficacy of the emission experiment as a sensitive probe of 
excited state properties (31 ) . 
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Chemical Implications 

E m i s s i o n spectroscopy is p r o v i d i n g n e w in format ion on the excited 
states of transit ion meta l complexes. I n add i t i on to def ining the energies 
of the l o w l y i n g levels, analyses of emitted l ight can y i e l d deta i led in for 
mat ion on the w a v e functions through the behavior of the luminescence 
under intense magnet ic fields, thermal stresses, a n d environmenta l per 
turbations. Recent developments i n photochemistry (32) a n d electro
chemistry (33) confirm that the lowest excited states are inextr i cab ly 
re lated to these phenomena a n d i n some cases m a y be contro l l ing the 
chemistry as w e l l (34). F r o m the accumulated data f rom emission 
spectroscopy, photochemistry , and electrochemistry, the pr inc ip les for 
engineering molecules a n d solids w i t h unusua l a n d potent ia l ly useful 
e lectroopt ical properties are becoming defined. 
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The Use of Quenching and Sensitization 
Techniques for the Study of Excited-State 
Properties of Transition Metal Complexes 

V. BALZANI, L. MOGGI, F. BOLLETTA, and M. F. MANFRIN 

Istituto Chimico "G. Ciamician" dell'Università, Bologna, Italy 

The chemistry of electronically excited states may be con
sidered a new dimension in chemistry, and its systematic 
exploration is very promising both theoretically and prac
tically. Quenching and sensitization techniques constitute 
a powerful tool for obtaining detailed information on ex
cited-state behavior. Sensitization and quenching by elec
tronic energy transfer, chemical reactions of excited states, 
and exciplex formation are discussed, and examples with 
transition metal complexes are cited. The roles of the various 
excited states of Cr(III) complexes, the factors affecting the 
electronic energy transfer, the reducing properties of 
(3CT)Ru(dipy)32+, and the exciplex formation between 
(3CT)cis-Ir(phen)2Cl2+ and naphthalene are discussed in 
detail. 

T t is w e l l k n o w n that for each molecule there is the so-cal led ground 
•** state and there are m a n y e lectronical ly excited states. I n general , the 
g round state is the one that is responsible for the o rd inary chemistry 
w h i l e the e lectronical ly excited states are those responsible for the photo 
c h e m i c a l reactions. E a c h e lectronical ly excited state is v i r tua l l y a n e w 
molecule w i t h respect to the corresponding ground state. 

A classic example is f o rmaldehyde ( I ) w h i c h i n its g round state is 
a p lanar molecule w i t h no u n p a i r e d electrons (s inglet state) , a double 
C O b o n d , a n d a d ipo le moment of 2.3 D . I n its lowest excited state, this 
molecule has 76 k c a l / m o l e more energy t h a n the g r o u n d state, i t is not 
p lanar but p y r a m i d a l , a n d it has two u n p a i r e d electrons ( t r ip let state) , 
an essentially single C O b o n d , a n d a d ipo le moment of 1.3 D . O b v i o u s l y , 
the two states exhib i t complete ly different react iv i ty . 

160 
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14. B A L Z A N I E T A L . Quenching and Sensitization Techniques 161 

S i m i l a r changes u p o n electronic excitat ion m a y occur w i t h other 
molecules i n c l u d i n g trans i t ion m e t a l complexes. F o r example , exc i tat ion 
of a square p lanar complex can l e a d to te trahedral excited states (2, 3,4) 
thereby offering a p a t h for intramolecu lar photo isomer izat ion ( 5 ) . D r a s t i c 
geometr ica l changes can also take place u p o n excitat ion of oc tahedral 
complexes (6 ) a l though precise data o n such molecules are diff icult to 
obta in ( 7 ) . T h e different c h e m i c a l reactivit ies of g r o u n d a n d exci ted 
states of transit ion meta l complexes have been observed i n a n u m b e r of 
cases (5 , 8 ) . Some new, outstanding examples of this type of behavior 
are discussed i n this paper . 

Sensitization and Quenching Processes 

T h e events of a photochemica l process can be discussed o n the basis 
of the s imple example schemat ized i n F i g u r e 1. L i g h t excitat ion of a 

A ( S 0 ) + hi/' 

A (S 0 ) — — - A(S, ) 

* D • A(So) - - — — Α ( η ) 

+ Q J k ( 

A ( S 0 ) or ι 

Figure 1. Schematic representation of a photochemical 
system including sensitization by energy transfer and 

quenching 

g r o u n d state molecule , w h i c h is supposed to be a singlet state, leads to 
a sp in -a l l owed exc i ted state ( S i ) w h i c h can deactivate b y fluorescence, 
internal conversion to the g round state, chemica l react ion, or intersystem 
crossing to a lower l y i n g sp in - f orb idden excited state ( T \ ) . T i i n t u r n , 
can deactivate b y phosphorescence, intersystem crossing to the ground 
state, or chemica l reaction. A s was ment ioned above, each e lectronical ly 
excited state is character ized b y its part i cu lar energy content, e lectronic 
configuration, sp in value , shape, size, d ipo le moment , etc. These factors 

A ( S 0 ) + heat 

products 

A ( S 0 ) + hi/" 

, i s c . A ( S 0 ) + heat 

products 
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determine the values of the rate constants (fcs) of the rad iat ive a n d 
non-radiat ive deactivations as w e l l as those of the chemica l reactions 
( F i g u r e 1 ). W i t h direct photochemistry experiments, i t is usual ly impos 
s ible to evaluate these rate constants, a n d i n most cases i t is even 
imposs ib le to establish w h i c h excited state is responsible for the exper i 
mental ly observed phenomenon. F o r example, w h e n a photoproduct is 
obta ined , i t is difficult to establish whether i t or ig inated f rom the excited 
state obta ined d i rec t ly b y i r rad ia t i on , S i , or f rom the sp in - forb idden 
excited state populated via intersystem crossing, T V 

Sensit izat ion a n d quench ing processes can make an important contr i 
but i on i n so lv ing these problems (9, 10). F o r example, electronic energy 
transfer f rom a suitable sensitizer ( * D i n F i g u r e 1) to the molecule of 
interest can populate a specific excited state i n a selective way . I n p a r 
t i cu lar , i t is possible to populate those states w h i c h cannot be reached 
d irec t ly by i r rad ia t i on , as Α(Τλ) i n F i g u r e 1. T h e behavior of a specific 
state can thus be s tudied i n d i v i d u a l l y , a n d this of course helps greatly 
i n understanding the roles of the various excited states of the molecule . 
O n the other h a n d , the quench ing of an excited state b y k n o w n concen
trations of a suitable quencher (Q i n F i g u r e 1) al lows a quant i tat ive 
evaluat ion of the rates of the compet ing un imolecu lar deact ivat ion steps, 
a n d it can also be used to suppress complete ly the manifestations of a 
specific excited state so as to make easier the study of other processes. 

I n general , sensit ization ( b y electronic energy transfer ) a n d q u e n c h 
i n g processes can be used (9, 10) ( a ) to ident i fy the react ive state of a 
molecule , ( b ) to increase the q u a n t u m y i e l d of a process, ( c ) to increase 
the range of useful exc i t ing wavelengths, ( d ) to quench undes ired photo -
reactions a n d (e ) to study the int imate mechanism of b imo lecu lar proc 
esses. T h e y can also p rov ide in format ion on excited-state l i fet imes, 
intersystem crossing efficiencies, emission a n d react ion efficiencies, a n d 
association a n d i on -pa i r ing constants. ( F o r reviews o n these topics, see 
Refs. 9 a n d 10.) 

T h e b imolecu lar quench ing of an excited-state molecule c a n occur 
b y several d ist inct mechanisms ( 1 0 ) , the most important of w h i c h are 
expected to be : ( a ) electronic energy transfer, ( b ) c h e m i c a l react ion , 
( c ) exciplex (or exc imer) format ion , ( d ) sp in-cata lyzed deact ivat ion , 
a n d (e ) external heavy atom effect. Whereas i t is possible to demonstrate 
that a mechanism is important , i t is general ly very difficult, i f not impos 
sible , to establish whether a mechanism is complete ly ineffective. T h e 
most recent findings, however , reveal that mechanisms d a n d e l i s ted 
above are n o r m a l l y not efficient enough to compete w i t h the others. 
Therefore , w e sha l l discuss on ly those examples that invo lve electronic 
energy transfer, chemica l react ion, a n d exciplex formation. 
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14. B A L Z A N I E T A L . Quenching and Sensitization Techniques 163 

Role of the Excited States in the Photochemistry of Cr(III) Complexes 

O n e of the c r u c i a l points i n the recent developments of coord inat ion 
c o m p o u n d photochemistry has been the debate concerning the i d e n t i t y 
of the excited state(s) responsible for the photosolvat ion reactions that 
are obta ined b y i r rad ia t ing C r ( I I I ) complexes i n their l i g a n d field bands 
(5,8). D i r e c t photolysis experiments revealed that the most l i k e l y c a n d i 
dates (see e.g., F igures 2 a n d 3 ) are the lowest sp in -a l l owed excited state 
(4T2g i n octahedral symmetry ) a n d the lowest sp in - forb idden excited 
state (2Eg). S u c h experiments, however , d i d not warrant any definite 
conc lus ion about the actual role of each of these t w o states ( 5 ) . 

T h e p r o b l e m of the reactive state is str ict ly re lated to the other p r o b 
l e m of the importance of the intersystem crossing (4T2g • 2Eg) a n d 
back intersystem crossing (2Eg —-» 4T2g) steps. Sensit izat ion a n d 
q u e n c h i n g have g iven a determinant contr ibut ion to the so lv ing of b o t h 
these problems. T h e r e is m u c h evidence, i n c l u d i n g the sensit ization of 
the phosphorescence emission (11, 12,13, 14, 15), that energy transfer is 
the most important ( i f not the u n i q u e ) sensit ization a n d quench ing 
mechanism for these complexes. 

T h e best s tud ied case is p r o b a b l y that of C r ( C N ) 6
3 " . I n d i m e t h y l -

f o r m a m i d e ( D M F ) so lut ion at room temperature, the direct excitat ion 
of this complex to its lowest quartet excited state causes a photosolvat ion 
react ion a n d the phosphorescence emission (16). Sensit izat ion w i t h h i g h 
energy donors (e.g., t r ip le t xanthone ) , w h i c h can populate b o t h the 4T2g 

a n d the 2Eg excited states b y energy transfer, causes b o t h the solvat ion 
react ion a n d the phosphorescence emission (13,14). H o w e v e r , sensit iza
t ion w i t h l o w energy donors, such as R u ( d i p y ) 3 2 + , w h i c h are on ly able 
to transfer energy to the 2 £ g state, causes the phosphorescence emission, 
b u t not the solvation react ion (13,14). T h i s demonstrates that the state 
responsible for the react ion must be the quartet. T h e same conclusion was 
reached b y quench ing experiments. It was f o u n d that the phosphores
cence emission i n D M F is strongly quenched b y oxygen or water whereas 
the photoreact ion is not quenched at a l l ; therefore, i t must or ig inate f r o m 
a state different f r om 2Eg (16). B y the energy transfer technique , i t was 
also possible (17) to establish that the efficiency of the 4T2g ——» 2Eg 

intersystem crossing step of C r ( C N ) 6
3 " is about 0.5. T h i s finding, together 

w i t h the other ava i lab le data for C r ( C N ) e
3 " i n D M F at 2 0 ° C , al lows us 

to e luc idate the role of the 4T2g a n d 2Eg states i n determining the photo 
c h e m i c a l a n d photophys i ca l behavior of this complex ( F i g u r e 2 ) . O f the 
4T2g molecules, 1 0 % undergo a permanent solvation react ion, p rac t i ca l l y 
none emits, 5 0 % undergo intersystem crossing to the doublet , a n d the 
r e m a i n i n g 4 0 % undergo deact ivat ion to the ground state through an 
interna l conversion step. T h i s last 4 0 % m a y i n c l u d e deact ivat ion b y a 
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Figure 2. Excited-state behavior of Cr(CN)6
3' in DMF at 

20°C 

revers ible photodissociat ion w h i c h w o u l d not be possible i n the so l id 
state where the intersystem crossing efficiency is i n fact very near one 
( I S ) . O f the molecules w h i c h pass into the doublet state, p rac t i ca l l y 
none reacts, less than 1 0 % undergo a rad ia t ive transit ion (Le. the ob
served phosphorescence) , a n d none can give back intersystem crossing 
to the exc i ted quartet since the energy gap is too h i g h (19); therefore, 
the r e m a i n i n g molecules must be deact ivated to the g round state through 
an intersystem crossing step. I n conclusion, for C r ( C N ) 6

3 " i t was possible 
to ident i fy the excited state responsible for the photochemica l react ion 
as w e l l as to establish the re lat ive importance of the various processes 
w h i c h occur after l i ght absorpt ion. 

20 

kK 

10 

0.6 

V 
" l i s e " 1 

V 

,-3 

*29 
Figure 3. Excited-state behavior of Cr(en)s

3* in water at 
20°C 
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14. B A L Z A N I E T A L . Quenching and Sensitization Techniques 165 

F o r other C r ( I I I ) complexes, however , neither sensit ization nor 
q u e n c h i n g can f u l l y d i scr iminate between the 4T2g a n d 2Eg exc i ted states 
because these are very close i n energy a n d therefore back intersystem 
crossing f r o m 2Eg to 4T2g can also occur. T h e data obta ined f r om q u e n c h 
i n g experiments, however , revealed (20, 21, 22, 23, 24) that the photo -
react ion is less quenched than the phosphorescence emission. T h i s i n d i 
cates that at least par t of the photoreact ion originates d i rec t ly f r o m the 
quartet state. 

D e t a i l e d analysis of the q u e n c h i n g data a n d comparison w i t h the 
data obta ined f r o m direct photolysis a n d luminescence experiments have 
l e d to the conclusions about C r ( e n ) 3

3 + (23) that are s u m m a r i z e d i n 
F i g u r e 3. F o r this complex, 1 5 % of the molecules that are excited to the 
quartet state undergo a p r o m p t react ion, prac t i ca l ly none emits, 2 5 % 
undergo in terna l conversion to the ground state, a n d 6 0 % pass into the 
doublet state. S ince the energy separation between the t w o states is 
smal l , at room temperature the back intersystem crossing step is m u c h 
faster than each one of the other possible deact ivat ion paths of the d o u 
blet . Therefore , under these condit ions, the doublet state p lays the role 
of a p a r k i n g place i n w h i c h the excited molecules spend some t ime before 
coming back to the quartet where they react, deactivate, or pass aga in 
into the doublet state, as w e have seen above. T h u s , i n this complex, 
there is a de layed as w e l l as a p r o m p t photoreact ion. A t l o w temperature , 
of course, the s ituation changes since the back intersystem crossing f r o m 
2Eg to 4T2g, w h i c h needs an act ivat ion energy of about 8 k c a l / m o l e , 
slows d o w n a n d the most important depopulat ion paths for the doublet 
are then the phosphorescent emission a n d the intersystem crossing deact i 
vat i on to the g round state. 

Results qua l i ta t ive ly s imi lar to those descr ibed above for C r ( e n ) 3
3 + 

were also obta ined for f r a n s - C r ( N C S ) 4 ( N H 3 ) 2 ~ [ w h i c h was actual ly the 
first case invest igated ( 2 0 ) ] , C r ( N H 3 ) 6

3 + ( 2 1 ) , a n d C r ( p h e n ) 3
3 + ( 22 ) . 

Factors Affecting the Energy Transfer Efficiency 

I n a quench ing experiment, one can measure the exper imental b i 
molecular q u e n c h i n g constant kq of the exci ted state * D b y A . I f i t is 
assumed that the energy transfer is the on ly b imo lecu lar quench ing mode , 
then the k inet i c scheme is s i m p l y : 

* D + A D + *A (1) 

I f w e consider this process i n more deta i l , w e must s u b d i v i d e i t into at 
least two steps (Reac t i on 2 ) , i.e., the dif fusion together of the excited state 
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*D + A S [*D . . A] —-^ D + * A (2) 
k-d 

a n d the quencher to give the so-cal led encounter complex, a n d then the 
true energy transfer step w h i c h competes w i t h the dif fusion a w a y of the 
two molecules. T h u s , w e can define the energy transfer efficiency, aet, 
that is the fract ion of encounters w h i c h results i n the energy transfer 
f r o m * D to A , as 

«et = ^ (4) 

I n dea l ing w i t h organic molecules i n fluid so lut ion, i t is usua l ly 
f o u n d (9 ) that, w h e n energy a n d sp in requirements are satisfied, the 
energy transfer process is di f fusion contro l led or near ly so, i.e., the energy 
transfer efficiency equals or is near one. T h i s , however , is not general ly 
true w h e n transit ion m e t a l complexes are i n v o l v e d (see T a b l e I ) . T h e 

T a b l e I . Selected Examples of E n e r g y T r a n s f e r Ef f i c iency" 

k ^ M - 1 k d / M " 1
 a = = ^ l 

Donor Acceptor sec~l sec~l k d 

R u ( d i p y ) 3
2 + M o ( C N ) 8

4 - 9 Χ 10 9 9 Χ 10 9 1 
R u ( d i p y ) 2 ( C N ) 2 0 2 5 Χ 10 9 7 Χ 10 9 0.7 
A c r i d i n e N i ( N H 3 ) 6

2 + 3 Χ 10 8 7 Χ 10 9 0.04 
R u ( d i p y ) 3

2 + N i ( g l y ) 2 4 Χ 10 7 7 Χ 10 9 0.006 
A c r i d i n e N i ( H 2 0 ) 6

2 + 3 Χ 10 7 7 Χ 10 9 0.004 
R u ( d i p y ) 3

2 + * -Cr (en) 2 F 2 + 3 Χ 10 6 3 Χ 10 9 0.001 
R u ( d i p y ) 3

2 + Cr(en) 3
3 + <1 Χ 10 6 4 Χ 10 8 <0.002 

Cr (en ) 3
3 + C o ( H 2 0 ) 6

2 + 2 Χ ΙΟ5 > 4 Χ 10 8 <0.0005 
° Aqueous solutions at ~ 2 0 ° C . In each case, spin and energy requirements for elec

tronic energy transfer are satisfied. For some of these systems, experimental evidence 
indicates that evergy transfer is the most important (if not the unique) quenching 
mechanism (10). 

6 From Ref. 10. 
• Since the bimolecular quenching constant k<x is an upper limiting value for the rate 

constant that should be used for calculating the energy transfer efficiency (10), the a 
values are upper limiting values for a et. 

energy transfer efficiency can be as l o w as 10" 3 w h e n one of the species 
i n v o l v e d is a transit ion m e t a l complex, a n d even l ower w h e n b o t h the 
donor a n d the acceptor are transi t ion m e t a l complexes. E v i d e n t l y , i n 
these cases there are factors i n v o l v e d w h i c h reduce the q u e n c h i n g effi
c i ency d u r i n g the encounter. These factors can be ( a ) the nature of the 
l igands , ( b ) the nature of the meta l , ( c ) the ionic charge, ( d ) the o r b i t a l 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
6 

| d
oi

: 1
0.

10
21

/b
a-

19
76

-0
15

0.
ch

01
4

In Inorganic Compounds with Unusual Properties; King, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1976. 
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nature of the exc i ted states invo lved , (e ) the geometry of the complex , 
( f ) the coordinat ion number , a n d ( g ) the nature of the solvent. U n f o r 
tunately , i t is impossible to assess the role of each one of these factors 
because of the f e w avai lab le data. 

A systematic invest igat ion (15) of the quench ing of excited 
R u ( d i p y ) 3

2 + b y cis- a n d f r a r w - C r ( e n ) 2 X Y + complexes revealed that the 
nature of the l igands is an important factor indeed . T h e quench ing 
ab i l i t y increases i n the l i g a n d series F " < C l " < N C S " < B r " , w h i c h co
incides neither w i t h the nephelauxet ic series (25) nor w i t h the reduct i on 
a b i l i t y of the free l igands (26), T h e findings also demonstrated that the 
quench ing ab i l i t y of the cis isomers is greater than that of the corre
sponding trans isomers, w h i c h indicates that geometric factors p l a y some 
role i n de termin ing the energy transfer efficiency. T h e quench ing of 
organic triplets b y N i a n d P d chelates (27, 28) revealed that the energy 
transfer is more efficient w h e n i t can lead to l igand-centered rather than 
to metal -centered excited states, a n d that, w h e n the latter type of excited 
state is invo lved , the sh ie ld ing of the meta l b y a larger n u m b e r of l igands 
(e.g., oc tahedral vs. tetrahedral coordinat ion) decreases the q u e n c h i n g 
ab i l i ty of the complex. M a n y more systematic investigations are necessary 
i n order to assess the roles of the various factors. 

Chemical Reactions of the Excited States 

C h e m i c a l react ion is an important quench ing mechanism of elec
t ron ica l ly excited states. Because of the short l i fet ime (general ly less 
than 1 /*sec) of excited states i n fluid so lut ion at r o o m temperature , 
q u e n c h i n g b y chemica l react ion must be very fast i f i t is to occur. W e 
sha l l consider here only outer-sphere electron transfer reactions of excited 
states since these reactions are certainly fast enough to compete w i t h the 
other deact ivat ion modes. 

F i r s t of a l l , i t should be reca l led that electronic excitat ion lowers the 
i on izat i on potent ia l a n d increases the electron affinity of a molecule so 
that each excited state is potent ia l ly bo th a better reductant a n d a better 
oxidant than the g r o u n d state molecule . T h e actual occurrence of r educ 
t i on or ox idat ion reactions of an excited state is obviously re lated to favor 
able k inet i c factors w h i c h are expected to depend strongly on the o r b i t a l 
nature of the excited state (vide infra). 

It should also be noted that i t is diff icult to demonstrate conclus ive ly 
an electron transfer quench ing mechanism. I n several cases, bo th energy 
a n d electron transfer are a l l owed , a n d b o t h processes m a y lead to the 
same final products . A classical example is the quench ing of the ( 3 C T ) R u -
( d i p y ) 3

2 + excited state b y F e 3 + ions ( F i g u r e 4 ). ( T h e v a l i d i t y of the o r b i 
ta l (29) a n d sp in (30) labels of the excited states of m e t a l chelates of 
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this type has recent ly been quest ioned. ) I n continuous i r rad ia t i on exper i 
ments ( 3 1 ) , the quench ing of ( 3 C T ) R u ( d i p y ) 3

2 + o c curred w i t h o u t any 
permanent c h e m i c a l change i n the system, so that one cannot say whether 
the quench ing occurs via electron or energy transfer. I n flash photolysis 
experiments (32), the f ormat ion a n d the subsequent decay of R u ( d i p y ) 3

3 + 

were observed, w h i c h indicates that the process involves an electron 
transfer mechanism. It m a y be interest ing to note that i n p r i n c i p l e there 
is another deact ivat ion p a t h w h i c h involves first the energy transfer f r o m 
( 3 C T ) R u ( d i p y ) 3

2 + to F e 3 + a n d then an electron transfer react ion between 
* F e 3 + a n d R u ( d i p y ) 3

2 + ( this react ion is not i n c l u d e d i n F i g u r e 4) that is 
f o l l o w e d b y the back electron transfer react ion. A l t h o u g h i n this specific 
case the l i fet ime of * F e 3 + is too short a n d the concentrat ion of R u ( d i p y ) 3

2 + 

too smal l [less than 1 0 " 5 M ( 3 2 ) ] to make this process important , the 
poss ib i l i ty of such a deact ivat ion p a t h shou ld be considered i n other 
cases. 

I n order to demonstrate unequ ivoca l l y the occurrence of e lectron 
transfer f r om ( 3 C T ) R u ( d i p y ) 3

2 + , a quencher must be chosen to w h i c h 
energy transfer is not a l l owed . T l a q

3 + ions satisfy this cr i ter ion since the ir 
lowest excited state is m u c h higher than —50 k c a l / m o l e , w h i c h is the 
energy content of the excited r u t h e n i u m complex. T h e study of the 
R u ( d i p y ) 3

2 + - T l a q
3 + system has revealed (31) that React ion 5 is about 10 9 

k' 
( 3 C T ) R u ( d i p y ) 3

2 + + T l a q
3 + > R u ( d i p y ) 3

3 + + T l a q
2 + (5) 

k' = 1 X l O + W ^ s e c - 1 

times faster than the analogous react ion (Reac t i on 6) i n v o l v i n g the 
ground state R u complex. T h i s is a clear demonstrat ion that the c h e m i c a l 

k 
R u ( d i p y ) 3

2 + + T l a q
3 + > R u ( d i p y ) 3

3 + + T l a q
2 + (6) 

k = 2 X l O ^ M - ^ s e c - 1 

properties of the excited states can be pro f ound ly different f r o m those of 
the corresponding g r o u n d state molecules. 

T h e extraordinary r e d u c i n g ab i l i t y of ( 3 C T ) R u ( d i p y ) 3
2 + , w h i c h was 

first discussed b y Ga fney a n d A d a m s o n (33), has also been very w e l l 
documented b y B o c k et al. (32) a n d b y N a v o n a n d S u t i n (34). A v e r y 
recent w o r k (35) also demonstrated that as m u c h as 9 7 % of the spectro-
scopica l ly est imated excitat ion energy of this molecu le can be used i n 
energy conversion b y electron transfer. T h i s is i n agreement w i t h the 
fact that the R u ( d i p y ) 3

2 + exc i ted state is meta l - to - l igand charge transfer 
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electron B f \ 3 + _ 2 + 

*Ru(d ipy ) 3 

+ 

F e 3 t 

transfer r * 3 

Figure 4. Paths of electron transfer and energy transfer deactivation 
of (3CT)Ru(dipy)3

2+ by Fe3+ 

i n nature, w h i c h is expected to favor the potent ia l electron donor more 
than the potent ia l electron acceptor properties of the excited state. T h e 
reverse should be true for l igand- to -meta l charge transfer excited states 
(see, for example, Refs . 36 a n d 3 7 ) , b u t there has not yet been a sys
tematic invest igat ion of this matter. S i m i l a r l y , the redox properties of 
metal -centered excited states have scarcely been invest igated (24, 3 8 ) . I n 
conclusion, i t seems evident that the s tudy of electron transfer processes 
i n v o l v i n g the excited states of transit ion meta l complexes opens n e w 
perspectives for inorganic chemistry. 

Exciplexes of Transition Metal Complexes 

W h e n two molecules i n their g round state approach each other, no 
g round state complex can be obta ined i f the corresponding potent ia l 
energy curve does not have any m i n i m u m . H o w e v e r , i t m a y h a p p e n that, 
w h e n one of the two molecules is excited, the approach between the 
excited molecule a n d the other molecule i n its g round state leads to a 
m i n i m u m i n the potent ia l energy curve. I n such a case, an exciplex is 
f o rmed (React ions 7 a n d 8 ) . T h e exciplex f ormat ion results i n the 

(7) 

A + Q + hv" 

products (8) 

A + Q + heat 

quench ing of the or ig ina l ly excited molecule since the exciplex is sub 
jected to its o w n deact ivat ion processes, w h i c h can i n c l u d e luminescence 
a n d c h e m i c a l react ion. T h e best proof of exciplex f ormat ion is a b r o a d , 
structureless luminescence emission that is red-shi f ted w i t h respect to 

transfer 

Ru(dipy)g ++ F e 3 + 

energy B / χ2+. * 3+ 

A + hv 

* A + Q 
Ϊ 
A + hv 

" (AQ) 
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the emission of the or ig ina l excited state ( 39 ) . I n the absence of l u m i 
nescence, exciplex format ion is very diff icult to demonstrate. 

E x c i p l e x format ion is a rather c o m m o n phenomenon w i t h organic 
molecules (39 ) . W i t h transit ion meta l complexes, there is only one w e l l 
documented case, i.e. the exciplex f o rmed b y ( 3 C T ) c w - I r ( p h e n ) 2 C l 2

+ 

w i t h g round state naphthalene (40). T h e enthalpy of association is about 
—4 k c a l / m o l e . T h e exciplex l i fet ime is more than 1 /*sec i n D M F at 
2 0 ° C , i.e. longer than that of ( 3 C T ) d s - I r ( p h e n ) 2 C l 2

+ ( ^ 0.3 /*sec). T h e 
structure a n d the type of b o n d i n g of the exciplex are not k n o w n . H o w 
ever, since the excited state of the complex is i r id ium-to -phenanthro l ine 
charge transfer i n nature, w i t h a consequent increase i n the electron 
density on the phenanthro l ine l igands, a charge transfer interact ion 
between a phenanthro l ine l i g a n d a n d naphthalene seems l ike ly . 

T h e different behavior of g round a n d exci ted m - I r ( p h e n ) 2 C l 2
+ 

t o w a r d naphthalene demonstrates once again that the g r o u n d a n d excited 
states of a molecule have different chemica l properties. Since p r e l i m i n a r y 
experiments (40) have revealed that exciplexes can also be obta ined w i t h 
other transit ion meta l complexes, it seems easy to forecast that exciplex 
format ion w i l l be an important research top ic i n the next f e w years. 

Conclusion 

I n this rev iew, we have t r i ed to demonstrate that quench ing a n d 
sensit ization are very p o w e r f u l techniques for ev idenc ing unsua l c h e m i c a l 
properties of the excited states of transit ion meta l complexes. G e n e r a l l y 
speaking, each e lectronical ly excited state must be considered as a n e w 
c h e m i c a l species w i t h respect to the corresponding g round state molecule . 
T h i s means that photochemistry offers a n e w d imens ion to chemistry 
(41), the excited-state d imens ion , w h i c h , a l though most ly unexplored , is 
very p r o m i s i n g for the progress of chemica l research. 
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Environmental Effects on Intra- and 
Intermolecular Photophysical Processes in 
Cr3+ Complexes 

LESLIE S. FORSTER 

University of Arizona, Tucson, Ariz. 85721 

The effect of environment on the nonradiative processes 
4T2 —-->4A2,4T2—-->2E, and 2E—-->4A2 is reviewed. The 
rate constants for 2E—-->4A2 are insensitive to environment 
more often at low temperatures than at room temperature. 
The relatively few data on the 4T2—-->4A2 relaxation rates 
indicate a value of ≤ 105 sec-1 for most complexes, but 
notable exceptions have been found. Some evidence indi
cates a variation in intersystem crossing (4T2—-->2E) effi
ciency with environment. Concentration quenching by en
ergy transfer, where important, affects the 2E state rather 
than the 4T2 state. In general, the environmental variations 
in Φp occur mainly after the complexes have reached the 2E 
state. The need to collect photophysical and photochemical 
data under identical conditions is emphasized. 

V V T i t h the exception of molecules i n the gas phase at l o w pressures, the 
™ properties of any species are med ia ted to some degree b y the e n v i 

ronment. I n part i cu lar , the photophys i ca l processes w i t h i n a transit ion 
meta l i on complex are often m a r k e d l y dependent on the surroundings i n 
w h i c h the complex is embedded . Interest i n transit ion meta l i o n photo -
physics has been h i g h not only for the intr ins ic importance (e.g., phos
phors a n d lasers ) but also because photochemistry a n d photophysics are 
int imate ly interrelated. It is this connection between photochemistry a n d 
photophysics that w i l l be emphas ized i n this discussion. 

T h e most s t r ik ing contrast between solids, either glassy or crystal l ine , 
a n d fluids is the i n h i b i t i o n of di f fusional processes i n r i g i d med ia . H o w 
ever, photophys i ca l processes are sensitive to nondi f fusional perturbat ions 
as w e l l , a n d the effect of environmental factors i n this latter category is 

172 
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15. FORSTER Environmental Effects 173 

the subject of this rev iew. W i t h f e w exceptions, photochemistry has been 
s tudied i n fluid med ia , w h i l e most photophys i ca l measurements have 
been m a d e w h e n the complex is i n a s o l i d environment . T h r e e types of 
crystal l ine environments are discussed: ( a ) u n d i l u t e d crystals, ( b ) the 
guest species d i l u t e d i n an isostructural host, a n d ( c ) double salts. T h e 
noncrystal l ine so l id hosts i n c l u d e a l c o h o l - w a t e r glasses a n d a plast ic , 
po ly ( m e t h y l methacrylate ) . 

It is useful to d is t inguish i o n i c complexes (e.g., C r 3 + : A 1 2 0 3 ) f r o m 
molecular complexes (e.g., C r ( N H 3 ) 6

3 + ) w h i c h persist i n fluids as w e l l as 
i n solids. I n the molecu lar complexes, the l igands are c oup led m u c h more 
strongly to the central meta l i o n than to the surroundings , a n d i t is m e a n 
i n g f u l to treat the system as a molecule w i t h the environment act ing as a 
perturbant on intramolecular processes. Moreover , i n crystals of m o l e c u 
lar complexes, the b u l k y l igands prevent the close approach of meta l ions 
that is possible w i t h i on ic complexes. Consequent ly , intermolecular exc i -

45 
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Figure 1. The variation in Cr3* energy levels 
with ligand field (adapted from Ref. 49) 
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tat ion energy transfer m a y be less efficient i n solids conta in ing molecu lar 
complexes. 

Because of the extensive l i terature on the photochemistry a n d photo 
physics of hexacoordinated C r 3 + complexes (1, 2, 3, 4, 5), this group is 
very suitable for i l lus trat ing the effect of environment on the rates of i n t r a -
a n d intermolecular processes. T h e 4T2 energy, re lat ive to the g r o u n d 4 A 2 

state, is sensitive to Dq ( F i g u r e 1 ) , a n d consequently the pos i t ion of the 
4T2 <- 4 A 2 absorpt ion b a n d varies m a r k e d l y w i t h the l i g a n d . T h e 2E 
energy is, i n the crysta l field approx imat ion , re lat ive ly independent of 
l i g a n d ( 6 ) , but the 2E energies actual ly span a range of ^ 3 0 0 0 c m " 1 ( 4 ) . 

Figure 2. The absorption and emission spectra of Cr(urea)6
3+ (adapted from 

Ref. 50) 

^ Λ Λ Λ / 

Figure 3. Radiative (->) and non-
radiative ( >) relaxation processes 
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T h e di f ferential shi f t ing of 4T2 a n d 2E w i t h l i g a n d means that 4T2 c a n be 
above or b e l o w 2 E . T h e absorpt ion a n d emission spectra of C r ( u r e a ) 6

3 + 

i n F i g u r e 2 are i l lustrat ive of the case where 4T2 a n d 2E are near ly e q u i -
energetic. A l t h o u g h there are some energy variat ions f r o m one env i ron 
ment to another, the effect of environment on the 4T2 < - 4 A 2 absorpt ion 
a n d the 2E -> 4 A 2 emission energies of a g iven molecu lar complex is r e l a 
t i ve ly s m a l l ( < 500 c m " 1 ) . 

I n contrast, rad iat ive a n d especial ly nonradiat ive transit ion p r o b a 
bi l i t ies ( F i g u r e 3 ) can be v e r y sensitive to environment. T h e evaluat ion 
of k2—kQ as a funct ion of temperature a n d environment is the u l t imate 
purpose of photophys i ca l studies. T h e d irect ly measurable quantit ies are 
the luminescence q u a n t u m yie lds (Φ) a n d l i fetimes ( τ ) for fluorescence 
( 4 Γ 2 -> 4 A 2 ) a n d for phosphorescence (2E - » 4 A 2 ) . 

I n the absence of thermal ly act ivated 2E > 4 T 2 back transfer, the 
pert inent equations are : 

F k2 + k* + k, + kR

T K } 

T F - i = k2 + kz + k4 + kR

T (2) 

φ η = h. . h (3) 

= Φ 

k2 + kz + k4 + kR

T kb + k& + kR

E 

k5 
2E kb + k6 + kR

E 

Tp- 1 = kb + kt + kR

E (4) 

Φ ρ / τ ρ = Φ 2 Ε & 5 (5) 

W h e n back transfer is significant, i t is necessary to d is t inguish the p r o m p t 
fluorescence descr ibed b y E q u a t i o n s 1 a n d 2 f r o m de layed fluorescence 
w h i c h w i l l exhibit the same l i f e t ime as phosphorescence. 

T h e inc lus ion of back transfer leads to rather compl i ca ted general 
expressions, b u t two l i m i t i n g cases are important . T h e modi f i ed equations 
corresponding to these l imits (7,8) are (a) for the steady state l i m i t 
[ 4 ^ - 4 « (fc.4 + fc5 + *6 + kR

E - k 2 - h - h - kR
T)2] : 

Φ ρ = (k2 + kt + kA + kR

T) (h + h + fc-4 + kR

E) -kJc-A

 ( 3 , ) 

τρ - 1 = kb + h + (1 - Φ 2*)Α;-4 (40 

ΦΡΛΡ = Φ 2 ^ 5 (50 
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a n d ( b ) for the e q u i l i b r i u m l i m i t ( [ 4 Γ 2 ] / [ 2 Ε ] = 3e~AE/kT, where Δ Ε is 
the energy difference between the no -phonon levels of 4 T 2 a n d 2 E ) : 

Φ ρ (h + h + kR

E) + (fc2 + kz + kR

T) (3e-^kT) (3"} 

_t = h + h + fe^ + (fc2 + fc» + Χ;**) ( 3 β - Δ ^ η 
K P 1 + 3 β - Δ ^ Γ ^ ; 

Φ _ ^ (Κ>Λ 
P / K P ( 1 + 3 e ~ A £ / * r ) 

Unless Δ Ε < 1000 c m " 1 , i n the e q u i l i b r i u m l i m i t , Φ Ρ Λ Ρ ~ fc5 at ambient 
temperatures. Since the e q u i l i b r i u m l i m i t can a p p l y on ly w h e n Φ2Ε — 1, 
i.e. w h e n k2 + fc3 + « & 4 , at moderate or large Δ Ε E q u a t i o n 5 " w i l l 
l e a d to essentially the same temperature dependence as E q u a t i o n 5' i f Φ2Ε 

is constant. I n pr inc ip l e , determinat ion of Φ ρ / τ ρ & 5 as a funct ion of t em
perature can be used to evaluate thermal ly i n d u c e d changes i n Φ2Ε, but 
k5 is not necessarily temperature- invariant . W h e n Φ ρ τ ρ is constant over a 
w i d e range of temperature, i t is l i k e l y that b o t h Φ2Ε a n d k5 are also 
constant. 

I n the f o l l o w i n g discussion, the effect of environment on the i n t r a 
molecu lar re laxat ion rates fc3, fc6, a n d fc4 i n C r 3 + complexes is rev iewed . 
I n add i t i on , the var ia t ion i n intermolecular transfer efficiency w i t h e n v i 
ronment is also discussed. 

k6 

W i t h f ew exceptions (e.g., C r ( u r e a ) 6
3 + a n d C r ( H 2 0 ) 6

3 + ) , τ ρ reaches 
the l o w temperature - l imi t ing value ( τ ρ ° ) at temperatures above 77 °K. 
I n T a b l e I are l isted a representative selection of l o w temperature l i f e 
times. Since k5 is se ldom k n o w n accurately, i t is necessary to estimate 
this quant i ty i n order to evaluate fc6. F o r the symmetry -a l l owed 2 E -> 4A2 

transit ion i n C r 3 + : A l 2 O a , k5 = 260 s e c 1 (19) a n d T p ° i n C r ( o x ) 3
3 " is 

~ 1 0 " 3 sec ( T a b l e I ) . Consequent ly , k5° ~ 1 0 2 - 1 0 3 sec" 1 i n noncentro-
symmetr i c complexes. I n contrast, for symmetry - f o rb idden transitions i n 
centrosymmetr ic complexes (e.g., C r ( C N ) 6

3 " ) , fc5° ~ 10 sec" 1. These 
values vary w i t h the extent of v ibron i c c oup l ing b u t the fc6° quantit ies i n 
T a b l e I were evaluated b y assuming fc5° = 10 3 a n d 10 sec" 1 for noncentro-
symmetr i c a n d centrosymmetr ic complexes, respectively. 

I n some complexes (viz., d i lute so l id solutions of C r ( a c a c ) 3 ) is 
quite insensitive to environment , w h i l e i n other complexes (e.g., 
C r ( D 2 0 ) 6

3 + a n d C r ( C N ) 6
3 " ) the latt ice is the dominant influence ( T a b l e 

I ) . I n other complexes (e.g., C r ( o x ) 3
3 " ) kQ° m a y be re lat ive ly constant i n 

several hosts yet increase m a r k e d l y i n others. It is significant that w i t h 
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15. FORSTER Environmental Effects 177 

Complex a 

C r ( a c a c ) 3 

T a b l e I . L o w T e m p e r a t u r e L i m i t i n g τρ° a n d k$° 

Host" 

A l ( a c a c ) 3 

C r ( a c a c ) 3 

alcoho l -water glass 
po ly (methy l 

methacrylate) p last ic 

N a M g A l ( o x ) 3 - 9 H 2 0 
N a M g C r ( o x ) 3 . 9 H 2 0 
a lcoho l -water glass 
Κ 3 Α 1 ( ο χ ) 3 · 3 Η 2 0 
K 3 C r ( o x ) 3 . 3 H 2 0 

C ( N H 2 ) 3 A 1 ( S 0 4 ) 2 - 6 D 2 0 
A 1 C 1 3 - 6 D 2 0 
K A 1 ( S 0 4 ) 2 - 1 2 D 2 0 
a lcoho l -water glass 

K 3 C o ( C N ) 6 

K 3 C r ( C N ) 6 

[Cr ( en ) 3 ] [Cr (CN) 6 ] 
[ C r ( N H 3 ) 6 ] [ C r ( C N ) 6 ] 
a l cohol -water glass 

[Cr(urea) 6 ] I 3 

[Cr(urea) 6 ] B r 3 

[ C r ( u r e a ) 6 ] C l 3 

[Cr (urea ) 6 ] (C10 4 ) 3 

[Cr(urea )e ] (NO«) , 

[Cr (en) 3 ] (C10 4 ) 3 

[ C r ( e n ) 3 ] C l 3 

[ C r ( e n ) 3 ] B r 3 . 4 H 2 0 
[Cr(en) 3 ] I 3 

alcoho l -water glass 
a A c a c : acetylacetonate; en: ethylenediamine; ox: oxalate. 

one exception ( C r ( C N ) 6
3 ~ i n K 3 C o ( C N ) 6 ) kQ° » h° for molecu lar c o m 

plexes. A n y reduct ion i n Φ ρ b e l ow one i n these systems results m a i n l y 
f r o m nonradiat ive react ivat ion of the 2 E state. 

A rather different type of env i ronmenta l effect was detected i n glassy 
solutions of C r ( C N ) 6

3 " where excitation on the r e d edge of the 4 Γ 2 <— 4A 2 

absorpt ion b a n d leads to a mul t i exponent ia l decay ( 2 0 ) . T h e red-edge 
species are shorter l i v e d . 

T h e invar iance of fc6° to env ironment does not i m p l y a s imi lar con 
stancy of A:6 at h igher temperatures. T h e v a l i d i t y of this assertion is c lear ly 
evident i n F i g u r e 4 where the thermal q u e n c h i n g of the C r ( a c a c ) 3 r p be 
gins at a l ower temperature i n a plast ic host than i n C r 3 + : A l ( a c a c ) 3 ( I I ) . 

C r ( o x ) 3 

C r ( D 2 0 ) 6
3 + 

C r ( C N ) 6
3 " 

C r ( u r e a ) 6
3 + 

Cr(en) 3
3 + 

p°, μ sec k e ° , seer1 Ref. 

475 2,000 9 
115 8,600 9 

17 58,700 10 
400 2,400 9 

460 2,100 11 

910 1,000 12 
960 1,000 IS 
900 1,000 12 
100 9,900 U 
180 5,500 10 

1,500 650 12 
350 2,850 12 
750 1,300 15 
130 7,700 12 

120,000 ~ o 12 
10 100,000 16 
62 16,000 16 

3 330,000 16 
3,300 300 17 

160 6,200 18 
130 7,600 18 
240 4,100 18 
100 10,000 18 
240 4,100 18 

53 18,800 16 
40 25,000 16 
26 38,400 16 
80 12,400 16 

100 10,000 17 
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W i t h C r ( a c a c ) 3 , bo th h i g h viscosity a n d l ow temperature are necessary i n 
order to reach kG° ( 9 ) . T h e micro viscosity i n plastics is not d i rec t ly re 
lated to the macroscopic r i g i d i t y (21) a n d the microviscos i ty of po ly -
( m e t h y l methacrylate ) may decrease w i t h temperature. Sometimes an 
apparent ly m i n o r change—e.g., the removal of one water molecule f rom 
C r 3 * : N a M g A l ( o x ) 3 · 9 H 2 0 — i n d u c e s a large change i n h (12). A n 
analogous s i tuat ion prevai ls i n other complexes, e.g., C r ( e n ) 3

3 + a n d 
C r ( N H 3 ) 0

3 + (16). These findings do not encourage the in te rmix ing of 
photophys i ca l a n d photochemica l data recorded under different c o n d i 
tions of temperature a n d environment. 

I n contrast to fc(5, re lat ive ly l i t t le data exist for k3. T h i s dearth can 
be at t r ibuted d irect ly to the absence of p r o m p t fluorescence w h e n 4T2 is 
above 2 £ , the most common disposit ion of the energy levels i n C r 3 + c o m 
plexes (22). H o w e v e r , i n those f ew systems where 4T2 is be low 2E, 
intense fluorescence w i t h T F ~ 10" 5 sec (23, 24, 25, 26) is observed at l o w 
temperatures. Since this va lue is close to the natura l l i fet ime of 4T2 - » 4 A 2 , 
k3° ^k2 a n d consequently k3° is not m u c h larger than 10 5 sec" 1 i n these 
cases. 

E v e n though p r o m p t fluorescence is not observed w h e n 4 T 2 is above 
2E, (20, 24, 27) τ ρ can s t i l l be determined b y mon i to r ing the r iset ime of 
the 2 E - » 4 A 2 emission. I n the systems s tudied so f a r — C r 3 + : A 1 2 0 3 , 
C r ( a c a c ) 3 , C r ( C N ) G

3 " , C r ( e n ) 3
3 + , a n d C r ( o x ) 3

3 " — o n l y an upper l i m i t 
( 10" 9 sec ) can be est imated for r F f r om riset ime measurements ( 23, 24, 
28). Since k± > k3 i n these complexes (vide infra), this T f l i m i t is not 
h e l p f u l i n est imating k3. 

T h e centra l question is : h o w does k3 vary w i t h Dq? E v e n t h o u g h the 
4 T 2 - 4 A o separation is propor t iona l to Dq, an energy gap dependence 
analogous to that encountered i n aromatic compounds (7 ) cannot be 
assumed. T h e e q u i l i b r i u m geometries i n the ground a n d excited states 
differ l i t t le i n the aromatics a n d correspond to the so-cal led weak cou 
p l i n g l i m i t i n the theory of nonradiat ive transitions (29). I n contrast, 
the potent ia l surfaces of 4T2 a n d 4A2 are d isp laced a n d a different s i tuat ion 
prevai ls . A change i n Dq of some 100-200 c m " 1 is often sufficient to invert 
the order of 2 E a n d 4 Γ 2 . It is reasonable to suppose that k3 w o u l d not be 
m a r k e d l y a l tered b y such a smal l change i n Dq. Indeed , de layed fluores
cence is observed i n the weak field complexes C r ( D 2 0 ) e

3 + (12), 
C r ( u r e a ) 6

3 + (27, 30), a n d C r 3 + : M g O (24) w h i c h indicates that k3 is s t i l l 
< 10 5 sec" 1. 

Desp i te the difficulties i n de termin ing k3 quant i tat ive ly , changes i n 
k3 w i t h environment have been detected. E v i d e n c e for the effect o f 
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5 0 0 Γ 

4 0 0 h 

300 Γ

ΌΟ 

200 h 

l O O h 

Figure 4. Φρ (relative) and τρ for Cr(acac)3 in Al(acac)3 ( ) and 
in poly(methyl methacrylate) ( ) as a function of temperature. 

Only the variation in Φρ in a given host is meaningful. 

environment on k3 is f o u n d i n the derivatives of C r ( a c a c ) 3 . F o r C r ( 3 -
b r o m o a c a c ) 3 d issolved i n A l ( 3 - b r o m o a c a c ) 3 , Φ ρ is r educed 100-fold w h e n 
4T2 is excited rather than h igher electronic states ( 9 ) . A p p a r e n t l y , i n this 
host ks > fc4, bu t intersystem crossing to the doublet m a n i f o l d is s t i l l v e r y 
efficient f r o m higher energy states. N o comparable var ia t i on is f o u n d for 
glassy solutions of the complex. W h e n C r ( a c a c ) 3 is d i s s o l v e d i n a crys 
tal l ine host, Φρ/τρ is independent of temperature ( w h i c h is consistent 
w i t h E q u a t i o n 5 ) , b u t Φ Ρ Λ Ρ decreases w i t h temperature w h e n the host 
is a plast ic ( F i g u r e 4 ) . A s imi lar decrease i n Φ ρ / τ ρ is observed w h e n 
C r ( a c a c ) 3 is d issolved i n absolute ethanol , but the effect is not significant 
u n t i l the temperature reaches ~ 1 5 0 ° Κ (28 ) . Since k3 + fc4 > 10 9 sec" 1, 
these results indicate a n enhanced k3 ( > 10 9 sec" 1 ) i n the noncrysta l l ine 
m e d i a at h igher temperatures. 

A quant i ty of considerable importance for photochemica l cons idera
tions is the intersystem crossing efficiency ( E q u a t i o n 6 ) . T h e var ia t i on 

$>2E = k2 + kz + kA + kR
T 

(6) 
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i n Φ2Ε m a y be m u c h smaller than that i n the i n d i v i d u a l rate constants i f 
k2 + ks « & 4 . Since T F

_ 1 = k2 + fc3 + fc4 is larger than 10 9 sec ' 1 , i t is 
l i k e l y that i n m a n y cases ks « fc4, at least at l o w temperatures (vide 
supra), a n d therefore: 

φ ^ = , 1 \ τ W k4 + kR
T 

I n the absence of apprec iable photochemistry (kR
T = 0 ) , Φ 2 ε = 1 for a l l 

values of fc4. 
F o r p o w d e r e d samples of C r 3 + : K 3 C o ( C N ) 6 , Φ Ρ = 1 at r oom tempera

ture (31). Consequent ly i n this system, Φ 2 # = 1 ( E q u a t i o n 3 ) a n d k3 + 
kR

T « k4. H o w e v e r , w h e n the same complex, C r ( C N ) G
3 " , is d issolved i n 

fluid d imethy l f o rmamide ( D M F ) , h/kA > 0.8 (31a). Since 2 E > 4T2 

back transfer is neg l ig ib le i n C r ( C N ) 6
3 " , E q u a t i o n 5 is v a l i d . F o r 

C r 3 + : K 3 C o ( C N ) G , Φ ρ / τ ρ increases two- fo ld f rom 7 7 ° - 3 0 0 ° K (12). Since Φ Ρ 

is temperature- invar iant a n d equals one i n this crystal , a l l of this increase 
must be ascr ibed to the thermal enhancement of fc5. T h i s is qui te reason
able since 2E - » 4 A 2 is symmetry - f o rb idden i n this centrosymmetric e n v i 
ronment (32). I n contrast, i n a l c o h o l - w a t e r solutions of C r ( C N ) 6

3 " , 
Φ ρ / τ ρ is constant ( ± 5 % ) as the temperature is changed f r om 145° to 
225°K, a n d i t increases about 2 0 % w h e n the temperature is raised to 
289°Κ (28). These data are consistent w i t h a d i m i n i s h e d Φ2Ε i n fluid 
solutions at room temperature, but, i n the absence of quant i tat ive in for 
m a t i o n about the temperature effect u p o n k5, no definitive statement is 
warranted . 

Inc identa l ly , the evaluat ion of Φ 2 ^ f r om E q u a t i o n 5 is f raught w i t h 
uncertainty . A l t h o u g h τ ρ is read i ly measured a n d re l iab le values of Φ Ρ 

were determined i n some cases, the est imation of k» f r om absorpt ion 
measurements is very difficult (33). C o m p u t a t i o n of k5 b y per turbat ion 
theory is unre l iab le , a n d values of Φ2Κ that depend on such a ca lcu lat ion 
shou ld be v i e w e d w i t h skept ic ism (4). 

I n a l c o h o l - w a t e r solutions of C r ( e n ) 3
3 + , Φ ρ / τ „ is independent of 

temperature f r om 153° to 298°K (28). Since the 2 E - > 4 A 2 t ransit ion i n 
C r ( e n ) 3

3 + is symmetry -a l l owed , fc5 should not be very temperature-
dependent. I f one assumes that k5 is constant, the C r ( e n ) 3

3 + Φ2Ε is the 
same i n fluid a n d i n r i g i d glass solutions. I n a crystal l ine environment 
( [ C r ( e n ) 8 ] [ C r ( C N ) e ] · 2 Η 2 0 ) at 2 5 ° C , Φ 2 ^ ~ 1 for C r ( e n ) 3

3 + (34). 
Yet , i n aqueous solut ion, Φ2Ε = 0.63 is in ferred f r om the photoaquat ion 
data. Since the photoaquat ion y i e l d for d irect react ion i n 4T2 is 0.15, these 
findings i m p l y some 4 Γ 2 — — » 4 A 2 deact ivat ion, i.e. fc3 competes favorably 
w i t h Zc4. H o w e v e r , the photochemica l evaluat ion of Φ 2 ^ is c r i t i ca l l y 
dependent u p o n the magni tude of the photoaquat ion y i e l d excited b y 
d irect 2 E <- 4 A 2 absorpt ion. I f this quant i ty is 0.3 rather than the value of 
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0.4 that was used, then Φ2Ε = 0.85, i.e. fc3 « fc4, a n d the difference be
tween the so l id a n d fluid environments results solely f r o m photolysis . 

I t is of course possible that ks is ac tual ly m u c h larger i n a noncrysta l 
l ine than i n a crystal l ine environment. A l t e rnat ive ly , i f photoreact ion 
involves a dissociative mechanism as the p r i m a r y step, geminate r e c o m b i 
nat ion c o u l d serve to reduce the overa l l photoaquat ion y i e l d . I n this w a y , 
the entire decrease i n Φ2Ε to 0.63 w o u l d be attr ibutable to fcR

T. 
T h e s tr ik ing env ironmenta l sensit ivity of fc3 i n C r ( 3 - b r o m o a c a c ) 3 has 

a lready been descr ibed. T h e enhancement of fc3 i n crystal l ine solids is 
sufficient to make Φ2Ε very s m a l l for 4 T 2 > 2E. A s a group, the chro 
m i u m β-diketonates exhibit a s ingular behavior . Replacement of m e t h y l 
groups b y hydrogen atoms m a r k e d l y reduces Φ Ρ / τ ρ ( 35 ) . F u r t h e r m o r e , 
a l though Φρ/τρ for C r ( a c a c ) 3 is temperature- independent i n a crystal l ine 
host, i t decreases w i t h temperature i n noncrystal l ine m e d i a , i n bo th r i g i d 
plast ic ( F i g u r e 4 ) a n d absolute ethanol solutions (28). U n d e r some c i r 
cumstances ks apparent ly competes w i t h fc4 i n C r ( a c a c ) 3 . 

Inter molecular Energy Transfer 

I f measurements of Φ ρ a n d / o r τ ρ are to be used to evaluate i n t r a 
molecu lar re laxat ion rates, the effect of intermolecular processes on these 
quantit ies must be assessed. I n add i t i on , the efficiency of excitat ion 
energy transfer is of intr ins ic interest, especial ly i n connect ion w i t h so l id 
state photochemica l a n d photophys i ca l processes. If excitat ion energy is 
transferred to an ident i ca l center, i.e. the same species i n precisely the 
same environment , then a l l of the relaxation rates k2-kQ are unaffected, 
a n d no change i n measureable quantit ies (except po lar i zat ion ) is ex
pected. H o w e v e r , i f transfer occurs between non- ident i ca l centers, then 
observable changes w i l l occur. T w o situations can be d is t inguished (36): 
(a ) single step donor -acceptor transfer a n d ( b ) migra t i on transfer. 

I n category a are the di f fusion-control led processes that p r e v a i l i n 
fluid m e d i a [e.g., b e n z i l > C r ( C N ) 6

3 - (37) a n d C r ( N H 3 ) 2 ( N C S ) 4 -
— — > C r ( C N ) 6

3 ~ (38)] a n d energy transfer between different species 
i n solids [e.g., C o ( C N ) 6

3 " > C r ( C N ) 6
3 - (31) a n d C r ( e n ) 3

3 + > 
C r ( C N ) 6

3 " ( 3 4 ) ] . T h i s type of transfer is character ized b y the q u e n c h 
i n g of donor luminescence a n d i n some cases b y the sensit ization of 
acceptor emission. M i g r a t i o n transfer (category b ) can be v i sua l i zed as 
a r a n d o m w a l k process that is terminated either b y de-excitation of the 
excited species or b y transfer to a sink. I n C r 3 + , m igra t i on energy transfer 
m a y take p lace i n either 4 T 2 or 2 E : 

4 ! F 2 * 4 !T 2 
4 T 2 s ink 

•» s ink 
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T h e sink can be at latt ice defect or another species such as a p a i r center. 
T h e n u m b e r of C r 3 + sites traversed depends on the interact ion energy a n d 
the l i fe t ime of the excited state. 

T w o mechanisms have been suggested for energy t rans fer—mult ipo le 
a n d exchange (39 ) . M u l t i p o l e transfer i n the d ipo le approx imat ion , often 
ca l l ed Forster or resonance transfer, can take place over large distances 
( 2 0 - 5 0 A ) . E x c h a n g e transfer requires o r b i t a l overlap between the inter 
ac t ing centers a n d is short range. T h e single step donor -acceptor transfers 
are short range as expected for an exchange mechanism, a n d they appear 
to constitute an important process whenever energetical ly possible i f the 
species are i n close prox imi ty . W h e n a comparison is made of energy 
transfer i n crystal l ine a n d glassy environments , i t should be noted that i n 
C r 3 + systems dop ing at the 0.1 mole % leve l corresponds rough ly to a 
0 . 0 1 M solution. M i g r a t i o n energy transfer i n i on ic solids, e.g. r u b y , occurs 
i n 2 E b y an exchange mechanism (40). 2E energy transfer i n r u b y is 
detectable i n 0 . 1 % crystals, yet neither τ ρ nor Φ ρ of C r ( o x ) 3

3 " i n N a M g -
A l ( o x ) 3 · 9 H 2 0 crystals is m u c h affected b y C r 3 + concentrat ion i n the 
0 . 1 - 1 0 0 % range (41). T h e near constancy of τ ρ a n d Φ ρ does not neces
sar i ly ru le out 2 E migrat ion transfer since energy migra t i on does not l ead 
to quench ing i f the sink concentration is smal l . I n fact, two- fo ld v a r i a 
tions i n T p are observed i n 5 0 % crystals a n d powders f r om one sample to 
another. T h e sinks i n r u b y are pa i r centers, and these increase r a p i d l y 
w i t h concentration. T h e 2 n d - 4 t h nearest neighbors distances i n A 1 2 0 3 

are less than 3.5 A , a n d superexchange interactions via O 2 " are very i m p o r 
tant i n this lattice. O n the other h a n d , i n oxalates the closest C r 3 + - C r 3 + 

approach is greater than 7 A , a n d superexchange is not very important i n 
C r 3 + : N a M g A l ( o x ) 3 * 9 H 2 0 (41). Consequent ly , the rate of m i g r a t i o n is 
s lower in molecular crystals than the 10 5 sec ' 1 est imated f r om the r u b y 
data (40). 

Concentrat ion quench ing of 2E is ev ident i n C r 3 + : A l ( a c a c ) 3 ( 9 ) a n d 
especial ly i n C r 3 + : K 3 C o ( C N ) G (42). T h e re lat ive ly l ong 2E l i f e t ime i n 
C r 3 + : K 3 C o ( C N ) G favors concentrat ion quenching . I n add i t i on , surface 
defects become more important w i t h increasing C r 3 + concentrat ion (31). 
Perhaps b u l k defects also increase. A comparison of τ ρ ° i n glasses a n d 
u n d i l u t e d crystals suggests, at most, a m i n o r concentration q u e n c h i n g of 
C r ( e n ) 3

3 + 2E i n [ C r ( e n ) 3 ] I 3 , bu t a somewhat larger effect i n other lat 
tices. T h e near constancy of τ ρ ° for C r ( u r e a ) 6

3 + i n several crystals (10) 
again indicates the relat ive un importance of 2E concentration quenching . 
T h e nephelauxetic shift of 2E 4 A 2 i n C r ( a c a c ) 3 a n d C r ( C N ) 6

3 " indicates 
7Γ d e r e a l i z a t i o n of the C r 3 + excitation onto the l igands, a n d the 2E <—> 4 A 2 

spectra of C r ( a c a c ) 3 c lear ly show the splitt ings associated w i t h inter -
molecu lar interactions (43,44). I n the absence of ττ b o n d i n g , the l igands 
serve as insulators a n d i n h i b i t energy transfer. A l t h o u g h 2E concentration 
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15. FORSTER Environmental Effects 183 

q u e n c h i n g reduces τ ρ a n d Φ ρ , Φ ρ / τ ρ shou ld b e independent of concentra
t i on , w h i c h is t rue for C r 3 + : N a M g A l ( o x ) 3 · 9 H 2 0 (41) a n d C r 3 + : N a C a -
A l ( o x ) 3 · 3 H 2 0 (14). O n the other h a n d , q u e n c h i n g of 4 Γ 2 w i l l reduce 
Φ ρ w i t h o u t changing τ ρ . There is some evidence for a reduc t i on i n Φ ρ / τ ρ 

w i t h increasing C r 3 + i n C r 3 + : K 3 C o ( C N ) 6 (42), b u t the decay becomes 
non-exponent ia l as τ ρ decreases. T h e rate of 4 T 2 m i g r a t i o n energy transfer 
b y a mul t ipo le mechanism is l i k e l y to be greater than the rate of 2E 
transfer b y an exchange mechanism, b u t the 4 T 2 l i fe t ime is less t h a n 
10" 9 sec a n d 4 Γ 2 migrat i on p r o b a b l y cannot compete effectively w i t h fc4. 
Consequent ly , processes or ig inat ing i n the 4 Γ 2 state are unaffected b y 
intermolecular interactions. 

Thexi States 

I n a crystal l ine host, the potent ia l curves as d r a w n i n F i g u r e 5 
describe the total energy, complex a n d environment. I f v i b r a t i o n a l re laxa 
t i on w i t h i n an electronic state is faster than other compet ing steps, then 
photophys i ca l a n d photochemica l processes occur i n thermal ly e q u i l i 
b rated populat ions . F i g u r e 5 is also app l i cab le for a r i g i d , noncrystal l ine 
m e d i u m , b u t as the solvent melts a n d solvent re laxation takes p lace d u r i n g 
the excited-state l i fet ime, a more complex representation is r equ i red . 

I n C r 3 + , the 4 A 2 a n d 2E states are bo th der ived f r o m the f 2
3 conf igura

t i on , a n d they have near ly the same e q u i l i b r i u m geometries. Consequent ly 
the e q u i l i b r i u m solvent orientations are l i t t le changed i n the two states. 
Since 4 T 2 is de r i ved f r om the t2

2e configuration, the e q u i l i b r i u m pos i t ion 

Ε 

Figure 5. Potential curves for C r 3 + 
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is different, a n d the potent ia l curves before a n d after solvent re laxat ion 
are different. I n F i g u r e 6, the so l id curves correspond to the solvent d is 
t r i b u t i o n appropr iate to the g round state, w h i l e the dot ted curves refer to 
the solvent or ientat ion that prevai ls i n the re laxed 4 Γ 2 state. T h e r m a l l y 
equ i l i b ra ted states have been termed thexi states ( I ) , a n d i t has been sug
gested that thexi states are very m u c h more distorted i n fluid than i n r i g i d 
med ia . Possible consequences of this d istort ion i n c l u d e ( a ) increased T F 

due to a reduced fc4, ( b ) smal ler energy for 2E — • 4 T 2 back transfer, 
a n d ( c ) a l terat ion of the de layed fluorescence spectrum. 

D i r e c t evidence for h i g h l y distorted thexi states is diff icult to obta in . 
Intersystem crossing m i g h t precede solvent reor ientat ion a n d Φ2Ε then 
reflects on ly before-relaxation intersystem crossing. H o w e v e r , i f a s igni f i 
cant f ract ion of the excited molecules relax i n 4 T 2 a n d i f Φ2Ε is smaller i n 
the thex i state, then a reduc t i on i n Φ ρ / τ ρ w o u l d accompany the m e l t i n g 
of the r i g i d glass solvent. W i t h i n the prec is ion of our measurements 
( 5 % ) , no such change was observed for either C r ( C N ) 6

3 " or C r ( e n ) 3
3 + 

( 2 8 ) . 
A def init ive test for an increased l i f e t ime i n the re laxed state is to 

moni tor the excited-state absorpt ion, w i t h pu l sed excitat ion, as a funct ion 
of m e d i u m r ig id i ty . T h i s experiment has not yet been reported for a 
C r 3 + complex. 

T h e Stokes shift for de layed fluorescence is another measure of 
excited-state d istort ion. E v e n i n crystal l ine environments , the Stokes shift 
can v a r y w i t h the host as m u c h as 1500 c m " 1 , e.g. C r ( u r e a ) 6

3 + ( 3 0 ) . 
T h e r e are f e w direct data on the dependence of the de layed fluorescence 
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spectrum on solvent r i g i d i t y , b u t i n one instance, viz. C r ( u r e a ) e
3 + i n 

m e t h a n o l - D M F , no m a r k e d spectral change is observed at the glass 
po int (45). 

Conclusions 

A l t h o u g h nonradiat ive re laxat ion of the 4 Γ 2 state m a y be sensitive to 
environment , the major variat ions of Φ ρ w i t h environment or iginate i n 
the 2E state. T h i s w o u l d result i n the lack of corre lat ion between any 
photochemistry that occurs i n the 4 Γ 2 state a n d 2E - » 4 A 2 luminescence. 

F r o m the photophys i ca l data amassed for C r 3 + complexes as a func 
t ion of environment a n d temperature, one salient po int emerges. I f photo -
p h y s i c a l data are to be used to infer photochemica l mechanisms, the 
photophys i ca l determinations must inc lude , b u t not be l i m i t e d to, meas
urements made under prec ise ly the same condit ions as the photochemica l 
determinations. T h i s requirement has been fu l f i l l ed i n a f e w instances— 
e.g. C r ( C N ) 6

3 - i n D M F (46), C r ( e n ) 3
3 + i n H 2 0 (8), a n d C r ( N H 3 ) 2 -

( N C S ) 4 ~ i n a H 2 0 - a l c o h o l mix ture (47)—but the w i d e s p r e a d ava i lab i l i t y 
of pu l sed excitat ion i n the nanosecond d o m a i n n o w makes i t possible to 
record the faster decays that p r e v a i l under photochemica l ly m e a n i n g f u l 
condit ions, e.g. 2E - » 4 A 2 emission i n aqueous solutions at r o o m tempera 
ture (48). H o w e v e r , the ambiguit ies associated w i t h back transfer require 
that photophys i ca l data be recorded over a range of temperatures. 

T h e determinat ion of intersystem crossing efficiencies, e.g. Φ2Ε, w i l l 
cont inue to be difficult, but a comparison of results f r o m d irect a n d sensi
t i z e d photolyses a n d measurements of Φ Ρ Λ Ρ w i l l be very useful . 
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The Use of Ligand Substituents to Modify 
Photochemical Reactivities 

Studies of Ruthenium(II) and Rhodium(III) Ammine 
Complexes 

PETER C. FORD, G. MALOUF, J. D. PETERSEN, and V. A. DURANTE 

University of California, Santa Barbara, Calif. 93106 

Quantum yield data demonstrate that substituents can be 
used to modify the photoaquation reactivities of the com-
plexes Rh(NH3)5L3+ and Ru(NH3)5L2+ (L = meta- or para
-substituted pyridine). For the Rh(III) complexes, these 
modifications involve only minor shifts in ligand field 
excited-state energies, and the relatively small changes in 
the photolability of L follow an order inverse to the ligands' 

Brönsted basicities. For the Ru(II) complexes, these modi
fications involve dramatic shifts in the energy of metal-to
-ligand charge transfer excited states with the result that 
photoaquation quantum yields vary by three orders of 
magnitude. It is concluded that with the unreactive com
plexes, the charge transfer state is lowest in energy whereas 
with the more reactive complexes, the ligand field excited 
state is lowest in energy. 

C u b s t i t u e n t s at positions remote f r om react ion sites have been used 
^ extensively to study organic react ion mechanisms, b u t such effects 
have been examined to a lesser degree i n transit ion m e t a l systems. T h e 
advantages of substituent studies is read i ly apparent for certain systems. 
F o r π-unsaturated l igands (e.g., p y r i d i n e a n d other aromatic heterocycles) , 
substituents i n meta - a n d para - r ing positions can be used to generate 
re lat ive ly subtle electronic perturbations that inc lude changes i n l i g a n d 
bas ic i ty a n d i n the energies of π symmetry molecular orbitals . I n these 
positions, l i t t le or no steric interact ion w i t h the coordinat ion site results. 

187 
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T h e electronic perturbations appear to be idea l ly suited for use i n the 
modi f i cat ion of photochemica l properties. 

Prev ious ly reported w o r k demonstrated that substituents can be used 
to tune the energies of excited states responsible for the emission spectra 
of certain group V I I I meta l complexes (1) a n d to m o d i f y s ignif icantly 
the absorpt ion spectra of complexes d i s p l a y i n g meta l - to - l igand charge 
transfer ( M L C T ) bands (2). I n this presentation, w e summar ize some 
recent attempts to use l i g a n d substituents i n our studies of transit ion 
meta l complex photochemica l react ion mechanisms. T h e part i cu lar sub
jects of interest are the meta l ammine complexes M ( N H 3 ) 5 L W \ where M 
is R h ( I I I ) or R u ( I I ) a n d L is a meta - or para-subst i tuted p y r i d i n e . 

Spectral Properties 

T a b l e I lists the spectral s imilarit ies a n d differences of analogous 
r u t h e n i u m ( I I ) a n d r h o d i u m ( I I I ) complexes. T h e hexaammine complexes 
each have the two l i g a n d field transitions ( Α ι - > Τ Ί a n d A ! - » T 2 ) ex
pected for these l o w sp in 4d6 octahedral complexes. F o r the p y r i d i n e com
plexes, the h igher energy absorpt ion i n each case is a l igand-centered 
7TL—7TL* b a n d analogous to that of free p y r i d i n e ; however , the l ower 
energy bands differ i n character. F o r the r h o d i u m ( I I I ) complex, the l ong 
est wave length b a n d has an energy a n d an intensity comparable to those 
of the lower energy b a n d of the hexaammine a n d is assigned to a l i g a n d 
field transit ion ( 3 ) . I n contrast, the lower energy b a n d of aqueous 
R u ( N H 3 ) 5 p y 2 + has a very h i g h ext inct ion coefficient and , because of the 
sensitvity of the b a n d to r i n g substituents (vide infra) a n d solvent, the 
b a n d was designated M L C T i n character (2). 

T a b l e I . Spec t ra l D a t a f r o m Some R u ( I I ) a n d R h ( I I I ) 
Complexes i n Aqueous So lu t i on 

^ m a x 

Complex nm Log e Assignment 

R h ( I I I ) 
R h ( N H 3 y + 305 2.13" L F 

255 2.00 L F 
R h ( N H 3 ) 5 p y 3 + 302 2.20 L F 

259 3.44 f L - 1 T L * 
R u ( I I ) 

R u ( N H 3 ) 6
2 + 385 1.59 h L F 

275 2.83 L F + C T T S (?) 
R u ( N H 3 ) 6 p y 2 + 407 3.89<· M L C T 

244 3.66 1TL-7TL* 

° From Ref. 4> 
6 From Ref. 2. 
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4 0 r 

Figure 1. Energy level diagram for photo
reaction of Rh(NH3)6

3+. k p : aquation of re
active excited state to give photoproducts; 
k n and k r : nonradiative and radiative deacti

vation to ground state, respectively. 

Photochemistry of Rhodium (III) Complexes 

Photolysis i n aqueous solut ion of the r h o d i u m ( I I I ) pentaammine 
complexes R h ( N H 3 ) 5 X 2 + or R h ( N H 3 ) 5 L 3 + ( w h e r e X " is a halogen anion 
a n d L is an uncharged base such as N H 3 , H 2 0 , or p y r i d i n e ) a lways leads 
to photoaquat ion pathways w h e n the l ower energy L F bands are i r r a d i 
ated (4,5). T h e l i g a n d field excitation was interpreted as resu l t ing i n a n 
efficient intersystem c ross ing / in terna l conversion to a lowest energy L F 
state f o l l owed b y nonradiat ive deact ivat ion to g r o u n d state, b y aquat ion 
to products ( i n ambient temperature fluid so lut i on ) , or b y radiat ive deac
t ivat ion ( i n l o w temperature glasses) ( 6 ) . These processes are i l lus t rated 
i n F i g u r e 1 for the hexaammine complexes where the lowest excited state 
is rpresented as the tr ip let 3Tlg. ( I t shou ld be noted, however , that i n 
several recent articles (7,8,9) i t was emphas ized that sp in orb i t c o u p l i n g 
constants of the heavier metals are of such magn i tude that sp in m u l t i p l i c i 
ties m a y not be a m e a n i n g f u l w a y to l a b e l the react ive low-energy state. ) 
I f the lowest state is presumed to be responsible for the photoreactions, 
the q u a n t u m y i e l d for aquat ion is then represented b y E q u a t i o n 1 w h e r e 
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Φίο is the efficiency of interconversion of h igher states to the reactive 
state ( i t was shown to have a value of one i n previous studies w i t h the 
halopentaammines (5)). 

F o r the p y r i d i n e complex, aquat ion of the u n i q u e l i g a n d is the pre 
dominant photoreact ion p a t h w a y for 313-nm i r rad ia t i on (Reac t i on 2 ) . 

R h ( N H 3 ) 5 p y 3 + + H 2 0 h v ( 3 1 3 n m } R h ( N H 3 ) 5 H 2 0 3 + + p y (2) 

A q u a n t u m y i e l d of 0.14 m o l e / e i n s t e i n was measured for E q u a t i o n 2 
b y a spectral technique w h i l e the q u a n t u m y i e l d of compet i t ive N H 3 

photoaquat ion can be est imated f rom p H changes as h a v i n g an u p p e r 
l i m i t of 0.02. S i m i l a r or smaller l imits for Φ Ν Η 3 can be estimated for the 
other R h ( I I I ) p y r i d i n e complexes discussed here. 

Photoaquat ion q u a n t u m yields for several p y r i d i n e complexes are 
s u m m a r i z e d w i t h absorpt ion a n d emission spectral data i n T a b l e I I . 
These data indicate the f o l l owing . T h e lowest energy absorpt ion b a n d , 
l i g a n d field i n character, is l i t t le affected b y a 4 -methyl or 3-chloro sub
stituent, a n d i t appears at the same wave length for a l l three p y r i d i n e 

T a b l e I I . Photochemica l a n d Photophys i ca l Propert ies 
of [ R h ( N H 3 ) 5 L ] [ C l 0 4 ] 3 

L 

N H 3 9.25 

6.02 

5.25 

2.84 

A max ) 

nm 

305 

302 

302 

302 

Ο 

Q 
CI 

° From Ref. 13; measured in aqueous solution at 25°C for the free ligand. 
6 Maximum for the lowest absorption band (Α ι —• E) in aqueous solution 
c Photoaquation yields measured at 296°K in p H 3 aqueous solution. 
d Energy of the maxima of the emission spectral band as measured for the solid salt 

at 77°K. 

<&L,E 

moles/ 
einstein 

0.075 

0.090 

0.14 

0.34 

Ε e m / 

kK 

16.9 

16.6 

16.9 

16.5 
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16. F O R D E T A L . Modifying Photochemical Reactivities 191 

complexes. Interestingly, this wave length is very close to that of the 
analogous b a n d of the hexaammine complex. S i m i l a r l y , the l ow- tempera 
ture emission spectra indicate that the emitt ing state, designated l i g a n d 
field i n character ( 6 ) , is not strongly per turbed b y either subst i tut ing 
p y r i d i n e for N H 3 or b y the p y r i d i n e substituents examined. T h e photo 
aquat ion q u a n t u m yields are per turbed to a greater extent b y the sub
stituents and <ï>L values f o l l ow an inverse order to l i g a n d basicit ies 
( accord ing to free l i g a n d p K a values ). T h e differences are not dramat i c , 
b u t the p y r i d i n e substituents have a re lat ive ly m i n o r effect on the r h o 
d i u m ( I I I ) l i g a n d field excited-state energies a n d a somewhat greater 
effect on the labi l i t ies of the reactive excited states. 

Photochemistry of Ruthenium (II) Complexes 

V i s i b l e reg ion photolysis of R u ( N H 3 ) 5 p y 2 + i n i t i a l l y involves excitat ion 
of the M L C T b a n d i n T a b l e I. T h e overwhe lming ly dominant photo 
react ion observed is substitutional i n character w i t h bo th N H 3 a n d p y 
b e i n g l a b i l i z e d compet i t ive ly (10) (see React ion 3 ) . T h e M L C T excited 

hv > > R u ( N H 3 ) 5 H 2 0 2 + + p y (3) 

R u ( N H , ) . p y « - + H 2 0 ^ J ^ Y 
\ » R u ( N H 3 ) 4 ( H 2 0 ) p y 2 + + N H 3 

state can be conceptual ized as h a v i n g an o x i d i z e d meta l i o n a n d a r a d i c a l 
i o n l i g a n d i n a coordinat ion complex, e.g. M L C T * . I t appears u n l i k e l y 

( N H ^ R u ^ ' N ^ Q ^ 

M L C T * 

that M L C T * w o u l d be lab i l e ; i n part i cu lar , it appears u n l i k e l y that i t 
w o u l d be lab i le t o w a r d N H 3 - a q u a t i o n . T h e electron promoted f r o m the 
l o w sp in R u ( I I ) has π symmetry w i t h respect to the m e t a l - l i g a n d b o n d , 
a n d the σ meta l a m m o n i a bonds a n d the σ component of the R u - p y b o n d 
shou ld be l i t t le affected or perhaps even enhanced b y the more pos i t ive 
nature of the r u t h e n i u m i n the excited state. T h e π component of the 
R u - p y b o n d no doubt is less important i n M L C T * . H o w e v e r , since π 
b a c k b o n d i n g is re lat ive ly insignif icant i n the s tab i l i ty of R u ( I I I ) c o m 
plexes, i t is improbab le that M L C T * w o u l d be not iceably more react ive 
than the corresponding R u 1 1 1 c o m p o u n d w h i c h is not lab i le under photo ly 
sis conditions. 

O n the basis of these considerations, one might conc lude that i f one 
excited state is responsible for the aquat ion of b o t h N H 3 a n d p y f r o m 
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R u ( N H 3 ) 5 p y 2 + , i t shou ld be a l i g a n d field state. T h i s state w o u l d be 
analogous to the react ive L F state responsible for photoaquat ion of 
R u ( N H 3 ) 5 C H 3 C N 2 + (where the lowest absorpt ion b a n d is L F i n char 
acter (9 ) ) a n d of R h ( N H 3 ) 5 L 3 + (vide supra). Est imates of the energies 
of the lowest M L C T a n d L F states suggest that for R u ( N H 3 ) 5 p y 2 + the 
lowest state m a y be L F i n character (10). 

T h e above discussion can be s u m m a r i z e d as suggesting that the 
lowest L F excited state is lab i le t o w a r d aquat ion w h i l e M L C T states are 
not. There fore the react iv i ty of R u ( N H 3 ) 5 p y 2 + is a t t r ibuted to an energy 
l eve l scheme such as that dep ic ted i n F i g u r e 2 where the in i t i a l l y p o p u 
la ted M L C T states interconvert to the reactive L F state w h i c h is also the 
lowest energy state. Present data do not d iscr iminate whether n o n r a d i a -
ive deact ivat ion d i rec t ly f rom M L C T states also occurs. F i g u r e 2, h o w 
ever, does suggest the f o l l o w i n g exper imental evaluat ion of this interpre 
tat ion. T h e data for the R h ( I I I ) systems indicate that L F excited-state 
energies are not w i l d l y per turbed b y p y r i d i n e l i g a n d substituents. A t the 
same t ime, however , i t is k n o w n that p y r i d i n e substituents have dramat i c 
effects on the energies of M L C T absorpt ion b a n d m a x i m a (2) a n d pre 
sumably s imi lar effects on the energies of a l l M L C T states. There fore 
appropr iate use of substituents w o u l d tune the M L C T energy to a po in t 
where the lowest state is M L C T i n character. I f i n i t i a l excitat ion is f o l 
l o w e d b y efficient interconversion to the lowest energy excited state, the 

' C T -

hv 

Figure 2. Excited state diagram for pro
posed mechanism for photoaquation of 
Ru(NHs)5py2+. k„: reaction leading to 

photoproducts. 
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16. FORD E T A L . Modifying Photochemical Reactivities 193 

observed photoreact iv i ty shou ld reflect the react iv i ty of the lowest M L C T 
state, not that of the lowest L F state. 

W i t h r e g a r d to photoaquat ion , these predict ions appear to be borne 
out b y the data i n T a b l e I I I . I r rad ia t i on at the M L C T A m a x of a var ie ty 
of p y - X complexes i n p H 3 aqueous solut ion gives <3>L values of 0.02-0.05 
m o l e / e i n s t e i n for A m a x < ~ 460 n m a n d to values less t h a n 0.0003 w h e n 
Amax > ~ 490. F o r discussion purposes, w e shal l refer to the former 
species as reactive complexes a n d to the latter as unreact ive complexes. 
( T h e n i co t inamide complex, the sole exception to this pat tern , was d is 
cussed prev ious ly ( I I ) . ) A n overa l l range of three orders of magn i tude 
is observed i n the measurable <£L values. These observations strongly 
suggest that modi f i cat ion of the M L C T energy w i t h appropr iate e lectron-
w i t h d r a w i n g substituents leads to a reversal i n the excited state order to 
give a subst i tut ion-unreact ive charge transfer state w i t h the lowest energy. 

Several questions arise regard ing the conclusions d r a w n f rom the data 
i n T a b l e I I I . A m o n g these is the concern that the different A i r r used w i t h 
the different p y - X complexes m a y affect the q u a n t u m yie lds since, unless 
there is a r a p i d realaxation to the lowest energy state i n its thermal ly 
equ i l i b ra ted f o rm, the excitat ion energy m a y reflect factors other t h a n 
the intr ins ic react iv i ty of the lowest state. T a b l e I V il lustrates the de
pendence of <Ï>L on the excitat ion wave length for two cases. T h e 3,5-
d i ch lo ropyr id ine complex ( A m a x 447 n m ) is classified accord ing to previous 
discussion as reactive. O v e r the wave length range 405-500 n m , <ï>L is 
essentially wavelength- independent for this complex. I n contrast, the 
i sonicot inamide complex shows a definite wave length dependence i n its 
Φι, values. W i t h a M L C T A m a x of 479 n m a n d a Φι, va lue of 1.1 Χ 10" 3 

w h e n i r rad ia ted at that wave length , i t appears to f a l l i n the intermediate 
react iv i ty category. T h e effect of changing A i r r is a r ough ly 12-fold v a r i a 
t i on i n Φζ, over the wave length range of 405-500 n m ; however , the Φι, 
values are essentially wavelength- independent for A i r r > 500 n m . C l e a r l y , 
the patterns of ΦΙ, wave length dependence are different for the two 
complexes. 

F i g u r e 3 i l lustrates a rat ional izat ion of the observed wave length 
dependences. F i g u r e 3a represents the excited states of the react ive type 
complexes, i.e. those w i t h lowest energy L F excited states. It is proposed 
that i n i t i a l excitation at any wave length results i n re lat ive ly efficient 
interconversion to the lowest excited state, a substitution-reactive L F state. 
F i g u r e 3b represents the nonreactive complexes, i.e. those w i t h an M L C T 
state as the lowest energy excited state. T h e wavelength-dependent 
react iv i ty t o w a r d photoaquat ion is interpreted as i n d i c a t i n g that L F 
states intermediate between the states i n i t i a l l y popu la ted a n d the lowest 
excited state can undergo react ion at a rate compet i t ive w i t h intercon
vers ion to the lowest excited state. T h e wave length dependence m a y also 
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T a b l e I I I . Spectroscopic Q u a n t u m Y i e l d s f o r the P h o t oaqu at ions o f 
R u ( N H 3 ) 5 L 2 + i n A q u e o u s S o l u t i o n β 

R u ( N H 3 ) 5 L 2 + + H 2 Q h v
 ) R u ( N H 3 ) 5 H 2 Q 2 > + L 

(CT), (CT), X i r r , moles/einstein 

L nm kK nm X 10* 

N ^ Q ^ - C H a 398 25.1 405 37 ± 3 (2)» 

N ^ Q ^ 408 24.5 405 45 ± 2 (3)» 

N^Q^ 426 23.5 436 48 ± 2 (2)B 

CI 

Ν Çj) 427 23.4 433 8.5 ± .2 (4) 
\// 

C — N H t 

C I 

N ^ Q ^ 447 22.4 450 42 ± 2 (4) 

C I 

N ^ Q ^ — C F i 454 22.0 455 22 ±5 (2)' 

N Q ^ - C Q 2 - 457 21.9 460 26 ± 3 (4)D 

N ^ ^ i 472 21.2 475 1.4 ±0.1(4)" 
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16. F O R D E T A L . Modifying Photochemical Reactivities 195 

20.9 480 1.07 db 0.04 (4) 

20.2 500 0.28 ± 0.04 (3) 
0.25 db 0.04 (4)/ 

19.1 520 0.25 ± 0.06 (3) 

]^Q\TH+ 529 18.9 0.11 ± 0.02 ( 4 ) ' 

Q N C H , + 540 18.5 540 0.04 db 0.01 (2) Ν 

Ν Γ J V - C — Η 545 18.3 546 0.05 db 0.01 (3) 

a Measured at 25°C in p H 3 aqueous 0.2M NaCl solution except where noted other
wise. New data reported here were obtained with a 150 W xenon short arc lamp as light 
source with interference filters for wavelength selection. See Ref. 10. 

b From Ref. 8. 
c From Ref. 11. 
d At p H 10. 
« At p H 7. 
' In 1.0M HC1. 
» In 0.1 A i HC1. 

indicate that the h igher energy L F states are more react ive , or that the 
L F m a n i f o l d is popu la ted more efficiently f r om the h igher M L C T states. 
Nonetheless, i f the in t r ins i c reac t iv i ty of the lowest L F states is assumed 
to g ive a <ï>L va lue of 0.025-0.05, then the q u a n t u m y i e l d (0.0045) meas
u r e d for the isonicot inamide complex at 405-nm i r rad ia t i on suggests that 
interconversion to the lowest state is at least 8 0 - 9 0 % efficient. 

F o r Airr greater than 500 n m , <£L for the i sonicot inamide complex 
becomes approx imate ly wavelength- independent w i t h a l i m i t i n g va lue of 
^ 3 Χ 10" 4 mo le / e ins te in . T h i s m a y represent the intr ins ic react iv i ty of 
the M L C T state; however , several complexes w i t h l ower energy A m a x 

values for the M L C T are s ignif icantly less reactive. T h u s an alternative 
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T a b l e I V . W a v e l e n g t h Dependence of Q u a n t u m Y i e l d s " 
hv 

f o r R u ( N H 3 ) 5 L 2 t + H 2 0 - > R u ( N H 3 ) 5 H 2 0 2 * + L 

<E>L Χ 103 

CI 

( N H , ) . R u N 

C l 

2+ 2+ 

( N H , ) t R u N ^ Q ^ — Ô — Ν Η ι 

irr, nm 

405 38. ± 1. 4.5 ± 0.1 
449 42. ± 2. 1.5 ± 0.1 
480 43. ± 1. 1.1 db 0.1 
500 48. ± 2. 0.37 ± 0.02 
520 6 0.35 ± 0.02 
546 6 0.30 ± 0.02 

α Spectroscopic quantum yields were measured at 296°K in p H 3 aqueous solution; 
μ = 0.2M (NaCl). 

6 Not determined. 

E M 

MLCT 
states 

• p r o d . prod . 

Figure 3. Excited-state representations revised to account for tempera
ture and Xfrr dependence of aquation quantum yields for Ru(NHs)5L2+ 

quantum yields in aqueous solution, (a) Diagram for photoreactive com
plex, e.g. Ru(NHs)5(3,5-dichloropyndine)?+; and (b) diagram for a rela

tively unreactive complex, Ru(NHs)5(isonicotinamide)?+. 
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16. FORD E T A L . Modifying Photochemical Reactivities 197 

T a b l e V . Ef fect of T e m p e r a t u r e on Q u a n t u m Y i e l d s " of 
L A q u a t i o n f r o m R u ( N H 3 ) 5 L 2 * 

T , °K 
λΐΓΓ> 
nm 

moles/ 
einstein 

X 10* 
E a ( a p p ) , 
kcal/mole 

296 
N H 2 328 

500 
500 

0.37 
1.3 7.6 ± 0.4 

296 
328 

449 
449 

42. 
82. 4.1 ± 0.3 

β Measured in p H 3 aqueous 0.2M N a C l solution. 

explanat ion is attractive, namely that even the s m a l l react iv i ty noted for 
Airr greater than 500 n m w i t h the i sonicot inamide complex is the result of 
thermal back popu la t i on of the lowest L F state. E v i d e n c e i n support of 
this concept comes f r om examin ing the temperature-dependent Φι, values 
( T a b l e V ) . Photolysis of the isonicot inamide complex at 500 n m displays 
an apparent act ivat ion energy (7.6 k c a l ) that is substantial ly greater t h a n 
that observed for photolysis of the 3 ,5 -dichloropyridine complex at 449 
n m (4.1 k c a l ) . T h i s difference (3.5 k c a l ) c o u l d easi ly represent the d i f 
ference i n energy between the lowest L F * a n d the lowest M L C T * for 
the i sonicot inamide complex. 

Flash Photolysis Studies 

A previous flash photolysis study (12) of aqueous R u ( N H 3 ) 5 p y 2 + 

repor ted transient b l each ing of the M L C T b a n d f o l l o w e d b y re lat ive ly 
s l ow decay to substrate a n d aquat ion products at a rate, i n part , inverse ly 
propor t i ona l to [ H + ] . Since the transient b l each ing was too l ong - l i ved to 
represent the behavior of an excited state, this observation was interpreted 

( N H 3 ) 6 R u I I I N 2 + + H + ^ = ± ( N H 3 ) 5 R u I I I - N 3 + 

(4) 

T H + 
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i n terms of an intermediate h a v i n g a free r a d i c a l coord inated to a R u ( I I I ) 
center w i t h the p y r i d i n e n i t rogen assuming an insu lat ing tetrahedral con
figuration capable of reversible protonat ion ( 12) (see Reac t i on 4 ) . T h e 
effect of [ H + ] on the transient b l each ing paral le ls the p H effect on the 
q u a n t u m y i e l d of photoaquat ion reported (10) prev ious ly for con
t inuous photolysis studies. H o w e v e r , the proposed mechanism for for
m a t i o n of Τ involves react ion of a charge transfer state such as M L C T * 
a n d impl ies that a charge transfer state is precursor to the photo 
aquat ion of p y r i d i n e ( 12 ) . T h e continuous photolysis experiments us ing 

T a b l e V I . P r e l i m i n a r y Resul ts f o r the F lash Photolysis of the 
Complexes R u ( N H 3 ) 5 L 2 + i n Deaerated A q u e o u s Solut ions 

nm 

408 

moles/ 
einstein 

X 10* 

45. 

Flash Photolysis 
Observations'1 

transient b leaching ; 
pH-dependent decay to 
s tar t ing mater ia l a n d 
p r o d u c t s 6 

<o 
C l 

CI 

426 48. transient b leaching ; 
pH-dependent decay* 

<o 
CI 

Ο 

447 42. transient b lecahing ; 
pH-dependent d e c a y 0 

Ν - C — C H 3 523 0.25 no transient b l each ing 0 

Ν—CH .3 540 0.04 no transient b l e a c h i n g 0 

β μ = 0.2M (NaCl /HCl) , 23 db 2°C, substrate concentration ~10r*Af. 
b X(flash) > 409 nm. 
• X(flash) > 320 nm. 
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16. FORD E T A L . Modifying Photochemical Reactivities 199 

various subst i tuted pyr id ines (vide supra) c lear ly demonstrate that an 
M L C T state is not the precursor to the photoaquat ion of L i n the p H 3 
aqueous solutions used i n those studies. I n add i t i on , no enhancement of 
<£L was observed i n 1 M H C 1 for the photo-unreact ive methyl isonicot inate 
complex ( T a b l e I I I ) (11 ) . W e consider a l i g a n d field the more l i k e l y 
precursor to transients i n this system a n d have suggested that the p y r i d i n e 
r i n g c o u l d turn 90° w i t h respect to the n o r m a l R u n - N b a n d axis a n d enter 
into a weak π complex w i t h R u ( N H 3 ) 5

2 + . I n this configuration, the p y r i 
d ine ni trogen w o u l d be free to undergo protonat ion. 

W e are examining the flash photolysis of several subst ituted p y r i d i n e 
complexes, a n d p r e l i m i n a r y results are s u m m a r i z e d i n T a b l e V I . O u r 
studies confirm that transient b leach ing is indeed observed w h e n 
R u ( N H 3 ) 5 p y 2 + is flashed a n d that the kinet ics of this transients decay 
have a p H dependence s imi lar to that reported (12). E a c h complex for 
w h i c h transient b l each ing is observed also undergoes photoaquat ion . I n 
no case does a complex w h i c h is re lat ive ly unreact ive because of the 
e l e c t ron -wi thdrawing substituent d isp lay a flash-induced transient or 
transient b leaching . Since the latter complexes are considered to have 
an M L C T state as the lowest energy exc i ted state, these qual i tat ive 
observations p r o v i d e strong support for the argument that a l i g a n d field 
excited state, not a charge transfer state, is the precursor of bo th the 
transient b leach ing a n d the photoaquat ion pathways . 

Concluding Remarks 

I n this presentation w e have demonstrated h o w l i g a n d substituents 
can be used to m o d i f y the photochemica l react iv i ty of transi t ion meta l 
complexes. F o r the r h o d i u m ( I I I ) complexes, where a l i g a n d field state 
is lowest i n energy, the substituents for the series R h ( N H 3 ) 5 p y X 3 + have 
re lat ive ly l i t t le effect on the energies of the lowest state. Modi f i cat ions 
of q u a n t u m yie lds were more substantial b u t s t i l l re lat ive ly modest. O n 
the basis of an assumed dissociative mechanism, the increase i n <ï>L w i t h 
decreasing l i g a n d basic i ty argues for the substituent effect be ing reflected 
most strongly i n the react iv i ty of the excited state t o w a r d aquat ion . H o w 
ever, i n the absence of photochemica l a n d photophys i ca l data under 
ident i ca l condit ions, this conclus ion remains somewhat speculative. 

T h e use of substituents w i t h the R u ( I I ) system made possible more 
dramat i c modi f i cat ion of q u a n t u m yields . I n this case, however , the 
modif ications can be at tr ibuted to changes i n the order of excited states, 
speci f ical ly creat ing a situation where a subst i tut ion unreact ive M L C T 
state becomes the lowest energy excited state. F o r these systems, i t w o u l d 
appear l i k e l y that some n e w react ion pattern m i g h t prove characterist ic 
of the M L C T state. 
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Experimental Section 

Cont inuous photolyses were carr ied out u s i n g apparatus a n d tech 
niques descr ibed prev ious ly (4,10,11). A l l solutions w e r e thermostated. 
D a r k reactions w i t h solutions prepared under i d e n t i c a l condit ions w e r e 
r u n p a r a l l e l to a l l photolysis studies. Q u a n t u m yie lds w e r e corrected i n 
each case for dark react ion, a n d the reported data represent i n i t i a l y ie lds . 

F l a s h photolyses were carr ied out o n a k inet i c flash photolysis a p p a 
ratus based on a X e n o n C o r p . m o d e l A micropulser a n d a m o d e l C trigger 
system. F i l t e r e d flash pulses of 500 J were used. O p t i c a l density vs. t ime 
traces were ana lyzed us ing a X e n o n C o r p . m o d e l G h i g h stabi l i ty k inet i c 
a n a l y z i n g l i ght source, appropr iate filters, a n d monochromators ; they 
were recorded w i t h an E M I 6256B photomul t ip l i e r tube a n d a T e k t r o n i c 
m o d e l 564 storage oscilloscope. T h e solut ion ce l l was 12 c m long a n d 
1 c m i n diameter , a n d a l l substrate solutions ( ~ 1 0 " 5 M i n substrate, 0 . 2 M 
N a C l / H C l ) were r igorous ly deoxygenated. Luminescence spectra a n d 
emission l i fetimes were measured on apparatus constructed b y R . J . W a t t s 
of this department. 
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A Comparative Study of Some Luminescence 
Properties of Homo- and Hetero-Bischelated 
Complexes of Iridium(III) 

RICHARD J. WATTS, BOULDEN GRIFFITH, and 
JOHN S. HARRINGTON 

University of California, Santa Barbara, Calif. 93106 

Ligand substituent alterations affect the luminescence decay 
of two hetero-bischelated complexes of iridium(III). Lumi
nescence decay curves of cis-dichloro-1,10-phenanthroline-
4,7-dimethyl-1,10-phenanthroline iridium(III) chloride com
plex A) and of cis-dichloro-1,10-phenanthroline-5,6-dimethyl-
1,10-phenanthroline iridium(III) chloride (complex B) reveal 
strikingly dissimilar nonexponential behavior. While both 
complexes exhibit an emission wavelength dependence of 
the nonexponential decays, analysis of complex A on the 
basis of a two-level emission model yields two exponential 
components having lifetimes of 8.8 and 22 μsec, with the 
short-lived level lying 300-400 cm-1 lower in energy. This 
contrasts with complex Β whose short- and long-lived com
ponents are both longer lived than the corresponding levels 
of complex A and whose short-lived level lies higher in 
energy. 

T ^ T u m e r o u s studies of the emission of v i s ib le a n d u l trav io let rad ia t i on b y 
large molecules after they have been promoted to an exci ted state 

have resulted i n several b r o a d generalizations. I n l i ght -a tom molecules , 
such as hydrocarbons , as m a n y as two thermal ly non -equ i l ibrated exc i ted 
states m a y give rise to l ight emissions. These emissions are classified as 
fluorescence a n d phosphorescence a n d are associated w i t h transitions i n 
w h i c h the sp in q u a n t u m n u m b e r remains the same (f luorescence) or 
changes b y one u n i t (phosphorescence) . Phosphorescence is general ly 
caused b y a transi t ion f r om a sp in tr ip le t to a sp in singlet i n molecules 
w i t h a n even n u m b e r of electrons; fluorescence is general ly the result of 
a singlet-singlet transit ion. T h u s , there are four emi t t ing levels i n these 

201 
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molecules w h e n the c o m b i n e d effects of e lectron sp in a n d o r b i t a l momenta 
are taken into consideration. U n d e r the c o m m o n condit ions at w h i c h 
emission measurements of large molecules are made (77°K, glassy m e 
d i u m ) , the three tr ip let sublevels are i n thermal e q u i l i b r i u m w i t h each 
other whereas thermal equ i l i b ra t i on of the singlet a n d tr ip let mani fo lds 
does not occur. 

W h e n heavy atoms are in t roduced into the f ramework of a molecule , 
m a r k e d changes i n the l ight emission characteristics occur. I n par t i cu lar , 
for complex molecules w h i c h conta in meta l ions f r om the second a n d 
t h i r d transit ion series, on ly a single emission f rom a set of thermal ly 
equ i l i b ra ted excited levels is general ly observed (1-7). T h i s behavior is 
apparent ly associated w i t h a spin-orbi t c oup l ing effect, and , indeed , i t has 
been suggested that this effect is so large as to render sp in labels i n a p p r o 
pr iate i n second- a n d th i rd - row meta l complexes ( 8 ) . 

A l t h o u g h the n u m b e r of emi t t ing levels w h i c h are thermal ly p o p u 
lated at 77° Κ i n heavy meta l complexes is not general ly k n o w n , several 
studies of complexes of the d6 meta l ions, R u ( I I ) a n d I r ( I I I ) , have con
centrated on this quest ion (4-7). These studies, w h i c h use measurements 
of the temperature dependence of luminescence l i fet imes, indicate that 
complexes w i t h charge-transfer emissions luminesce f rom four thermal ly 
e q u i l i b r a t e d levels at 77 °K. These levels l ie i n an energy reg ion of 1 0 0 -
200 c m " 1 f rom each other. T h e nature of these levels has been researched 
i n considerable de ta i l i n the r u t h e n i u m t r i s b i p y r i d y l i o n a n d i n re lated 
ions of D 3 symmetry. I n these complex ions, two of the four emit t ing levels 
are degenerate a l though this degeneracy should be raised i n complexes 
w i t h reduced symmetry . 

T h e contrast ing luminescence behavior of l ight -atom a n d heavy-atom 
molecules indicates the v i t a l role of spin-orbit c o u p l i n g i n de termin ing the 
mechanisms b y w h i c h eletcronic energy is converted to v i b r a t i o n a l energy 
i n the molecular f ramework. It is w e l l k n o w n however that sp in-orbi t 
c o u p l i n g alone w i l l not ensure r a p i d energy transfer (9-11). O t h e r 
molecu lar parameters, such as energy gaps (12, 13), v i b r a t i o n a l fre
quencies (14), a n d the o rb i ta l nature of the excited states (15, 16), are 
important i n de termin ing energy transfer rates i n l ight atom molecules 
a n d must at least have complementary roles to sp in-orbi t c oup l ing i n 
heavy-atom complexes (17). Unfor tunate ly , the roles of these other 
parameters appear, i n general , to be submerged b y the dominant role of 
spin-orbit coup l ing , w h i c h causes the r a p i d energy transfer processes l e a d 
i n g to a single emission f rom a set of thermal ly equ i l i b ra ted levels i n 
heavy-meta l complexes. 

Several rare exceptions to the general luminescence behavior of 
heavy-atom molecules descr ibed above have recently been reported. I t 
has been f o u n d that hetero-trischelated complexes of R h ( I I I ) w i t h 2,2'-
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17. WATTS E T A L . Hetero-Bischelated Complexes of Iridium(IH) 203 

b i p y r i d i n e ( b i p y ) a n d 1,10-phenanthroline ( p h e n ) have non-exponent ia l 
luminescence decay curves (18). A l t h o u g h this is characterist ic of l i ght 
emission f r om several thermal ly non -equ i l ibrated states, the i n d i v i d u a l 
luminescence spectra of the non -equ i l ib ra ted levels cannot be resolved 
b y convent ional emission spectroscopy. T h i s is apparent ly the result of a 
near degeneracy of the emit t ing levels. I n these complexes, the n o n -
equ i l i b ra ted luminescent levels are thought to arise f rom excited states 
w h i c h have their energy l o ca l i zed i n either the 2 ,2 ' -b ipyr id ine or 1,10-
phenanthro l ine l i g a n d (18). 

Several hetero-bischelated complexes of I r ( I I I ) w i t h 1,10-phenan
throl ine a n d subst i tuted 1,10-phenanthroline have also been reported to 
have non-exponent ia l luminescence decay curves ( 1 9 ) . A l t h o u g h the 
i n d i v i d u a l emission spectra of the non -equ i l ibrated levels of these c om
plexes are aga in too close to resolve b y convent ional emission spectros
copy, p a r t i a l resolution has been accompl ished b y t ime-resolved emission 
spectroscopy via box-car averaging techniques (20). C o m p l e t e resolut ion 
has been accompl ished b y computer analysis of luminescence decay curves 
as a funct ion of emission wave length (20). I n these complexes, the l u m i 
nescent levels appear to arise f rom both l i gand- l o ca l i zed (πττ* ) states a n d 
charge-transfer (dw*) states. 

I n this paper w e first rev iew the exper imental data w h i c h charac
terizes the luminescence of several complexes f o rmed b y the b i n d i n g of 
t w o chlor ide ions a n d two bidentate l igands to I r ( I I I ) . O n the basis of 
this exper imental in format ion , w e present a s imple molecu lar o rb i ta l 
m o d e l w h i c h describes the o rb i ta l parentage of the luminescent states of 
these complexes. T h i s m o d e l is used to interpret the non-exponent ia l 
luminescence of hetero-bischelated complexes of I r ( I I I ) . 

Review of Experimental Results 

T h e luminescence of c is -d ichlorobis - 1,10-phenanthroline i r i d i u m ( I I I ) 
ch lor ide , [ I r C l 2 ( p h e n ) 2 ] C l , has been s tudied i n several laboratories (21, 
22). A l t h o u g h there is general agreement that a single emission f rom a 
set of thermal ly equ i l ibra ted levels occurs u p o n excitation of the complex 
at 77° Κ i n glassy med ia , there is some dispute concerning the o rb i ta l 
parentage of the emitt ing levels. Whereas C r o s b y a n d Cars tens have 
assigned the emi t t ing levels to a άπ* o rb i ta l parentage (21), D e A r m o n d 
a n d H i l l i s (22) have suggested that the emi t t ing levels conta in significant 
contr ibut ion f r om b o t h <2ΤΓ* a n d ΤΓΤΓ* configurations. [ In the p a r t i a l s tudy 
b y Crosbey a n d Carstens (21) the ds -d i ch lorob i s ( 1 ,10-phenanthrol ine) -
i r i d i u m ( I I I ) i on was incorrect ly ident i f ied as the tris species.] H o m o -
bischelated complexes of I r ( I I I ) w i t h several subst i tuted phenanthro l ine 
l igands have been studied to determine the magni tude of this conf igura
t i on interact ion , a n d the matr ix element responsible for the interact ion 
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has been est imated to be about 280 c m " 1 (23). B a s e d u p o n this estimate, 
the emi t t ing levels of the unsubst i tuted complex w o u l d conta in on ly a 
very smal l contr ibut ion f r om the πττ* conf iguration, a n d w e concur w i t h 
the assignment of these levels to a άπ* o rb i ta l parentage. 

T h e luminescence l i fe t ime of this complex at 77° Κ i n glassy m e d i u m 
has been f ound to be 6.92 /*sec, a n d the luminescence q u a n t u m y i e l d is 
0.496 (24). F r o m these values, the intr ins i c l i fe t ime for the rad iat ive 
decay of these levels at 77° Κ is estimated to be 14.0 /*sec. Studies of the 
temperature dependence of the luminscence l i fet ime of s imi lar complexes 
between 2° o n d 100° Κ indicate that the emission is caused b y four ther
m a l l y equ i l i b ra ted levels w h i c h l ie w i t h i n rough ly 100 c m " 1 of one another 
(4). T h e l i fe t ime a n d q u a n t u m y i e l d data reported at 77°Κ are therefore 
representative of the B o l t z m a n n we ighted average values of these q u a n t i 
ties for a m a n i f o l d of four thermal ly equ i l i b ra ted levels. 

T h e luminescence of c i5 -d ichlorobis -5 ,6 -d imethyl - l ,10-phenanthrol ine 
i r i d i u m ( I I I ) ch lor ide , [ I r C l 2 ( 5 , 6 - m e p h e n ) 2 ] C l , has also been s tudied i n 
glassy m e d i a at 77°Κ (23). T h i s emission has been assigned to a t rans i 
t i on f rom a ππ* excited l eve l to the g round state i n po lar m e d i a such as 
m e t h a n o l - w a t e r (25). I n less po lar solvents, increasing contr ibut ions 
f rom άπ* configurations occur, as ev idenced b y a shortening of the l u m i 
nescence l i fet ime. T h e l i fet imes for this complex at 77° Κ range f r om 448 
to 66 /xsec as the solvent po lar i ty is decreased (23). A luminescence 
q u a n t u m y i e l d of 0.77 has been determined i n e t h a n o l - m e t h a n o l glass at 
77 °K, a n d the intr ins ic radiat ive l i fe t ime is 86 ju,sec under these condit ions. 
T h e n u m b e r of emi t t ing levels w h i c h are i n thermal e q u i l i b r i u m at 77° Κ 
has not been determined for this complex. 

T h e complex i on , c i5 -d ichlorobis -4 ,7 -d imethyl - l ,10-phenanthrol ine 
i r i d i u m ( I I I ) ch lor ide [ I r C l 2 ( 4 , 7 - m e p h e n ) 2 ] C l , has luminescence proper 
ties w h i c h are intermediate between the aforementioned homo-bischelated 
complexes (23). T h e emit t ing levels of this complex are best classified as 
near ly equa l admixtures of άπ* a n d ττπ* configurations. T h e luminescence 
l i f e t ime at 77° Κ ranges f rom 208 to 22 /xsec as the solvent po lar i ty is 
decreased. T h e q u a n t u m y i e l d of 0.62 i n e t h a n o l - m e t h a n o l glass at 77°Κ 
indicates an intr ins ic radiat ive l i fet ime of 35 /xsec under these condit ions. 
T h e n u m b e r of equ i l i b ra ted levels responsible for the emission of this 
complex as i n the previous case, has not been determined . 

T h e hetero-bischelated complex, [ I r C l 2 , p h e n ) ( 5,6-mephen ) ] C l , d is 
plays a non-exponentital luminescence decay curve w h e n excited at 337 
n m i n e thano l -methano l glass at 77°K (19 ) . Analys i s of the decay curves 
of this complex b y a non- l inear least squares fit to a func t i on represent ing 
the s u m of two exponentials indicates that the emission is caused b y levels 
w i t h l i fet imes of 65 a n d 9.5 psec (20). B o t h t ime-resolved spectroscopy 
a n d analysis of decay curves as a funct ion of emission wave length ind i cate 
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17. WATTS E T A L . Hetero-Bischelated Complexes of Iridium(III) 205 

that the non-equ i l ibrated mani fo lds of emit t ing levels are separated b y 
200-300 c m - 1 , w i t h the 65-/*sec m a n i f o l d lowest i n energy. T ime-reso lved 
emission spectroscopy shows that the 65-jmsec m a n i f o l d has a n emission 
spectrum w h i c h is insensit ive to solvent po lar i ty whereas the 9.5-/*sec 
m a n i f o l d moves to h igher energy i n more po lar solvents. T h i s data sug
gests that the l ong - l i ved leve l has ττπ* o rb i ta l parentage, a n d the short
l i v e d leve l has <ίττ* parentage. 

T h e complex [ I r C l 2 ( p h e n ) ( 4,7-mephen ) ] C I also displays a n o n -
exponent ia l luminescence decay w h e n excited at 337 n m i n e t h a n o l -
methano l glass at 77° Κ (20). Ana lys i s of the luminescence decay curves 
of this complex b y a two-state m o d e l indicates that the l i fetimes of the 
two mani fo lds are 22 a n d 8.8 /*sec. I n contrast to the previous complex, 
i t is the short - l ived m a n i f o l d of levels w h i c h l i e lowest i n this molecule . 
T h e sp l i t t ing of the two mani fo lds of levels is about 300 c m " 1 i n this case. 

I n bo th hetero-bischelated complexes ment ioned above, there is some 
evidence that there m a y be three sets of non-equi l ibrated levels respon
sible for the luminescence excited b y 337-nm excitation (26). T h e deter
m i n a t i o n of the l i fet imes a n d energies of three levels b y least squares 
analysis of decay curves as a funct ion of emission wave length is current ly 
b e i n g s tudied a n d w i l l be reported. F o r now, w e w i l l analyze these c om
plexes based u p o n the two- leve l m o d e l w h i c h was used to interpret our 
data. 

Orbital Parentage af Emitting Levels 

H e r e w e discuss a s imple m o d e l for descr ib ing the o rb i ta l parentage 
of the luminescent levels of the complexes discussed above. W e concen
trate on a m o d e l w h i c h emphasizes the changes w h i c h occur i n going f r o m 
a homo- to a hetero-bischelated complex. T h e m o d e l is presented i n this 
w a y to fac i l i tate a descr ipt ion of the circumstances w h i c h l ead to the 
unusua l luminescence properties of the hetreo-bischelated complexes. 

W e beg in w i t h a considerat ion of the changes w h i c h occur i n the 
d-orbitals associated w i t h the centra l meta l atom w h e n the b i n d i n g to 
t w o ident i ca l b identate l igands i n the homo-bischelated complexes is 
rep laced b y b i n d i n g to two d iss imi lar l igands i n the hetro-bischelated 
complexes. T h i s change results i n the e l iminat i on of the C 2 symmetry 
axis. There are, however , no degenerate representations i n the C 2 s y m 
metry group of the homo-bischelated complex, a n d no degeneracies i n 
the cZ-orbitals are present to be spl i t b y the symmetry reduct ion brought 
about b y format ion of the hetero-bischelated complex. Futrhermore , no 
large changes i n the average crysta l field are expected to be caused b y the 
s l ight alterations of the 1,10-phenanthroline l i g a n d brought about b y 
m e t h y l substituents. Indeed , this has been shown to be true for the 
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methyl -subst i tuted derivatives of K [ I r C l 4 ( p h e n ) ] (27). T h u s , w e con
c lude that no significant alterations of the d-orbitals need be considered i n 
descr ib ing the luminescent states of these complexes. 

W e n o w t u r n to the ττ-orbitals of the l igands. A l t h o u g h the p-orbitals 
of the ch lor ide l igands i n these complexes undoubted ly make some con
t r i b u t i o n to the 7r-orbitals of the complex molecules, these l igands are 
c o m m o n to a l l of the complexes w e have studied. W e therefore neglect 
these ch lor ide orbitals a n d concentrate on the contr ibutions of the phe 
nanthrol ine molecular orbitals to the π-orbitals of the complex. 

iff n* V 

| l rCI 2 (4,7-mephen) 2 j + 

d 3 n 0 

[lrCI 2(ph*n) 2j + 

- 4 M 3 

«4 

ΠΑ Π Β 

[irCI 2(S ,6- m t p h « n ) 2 j 

-da 

Figure 1. Molecuhr orbital energy level diagram for homo-bischelated com
plexes of iridium(III) with 1,10-phenanthroline, 4,7-dimethyl-l,10-phenanthro-

line, and 5,6-dimethyl-l,10-phenanthroline 

W e beg in b y cons ider ing the format ion of complex ττ-orbitals f r o m 
the π molecu lar orbitals o n t w o ident i ca l 1,10-phenanthroline l igands . 
T h i s process is p i c t u r e d i n the center section of F i g u r e 1. H e r e , ττΑ a n d ττΒ 

represent the highest filled molecular orbitals of the two u n b o u n d phe 
nanthro l ine l igands, a n d ττΑ* a n d ττΒ* represent the lowest unf i l l ed m o l e c u 
lar orbitals . U p o n complex format ion , the degenerate orbitals of the t w o 
ident i ca l l igands, A a n d B , w i l l interact to f o rm complex molecu lar o r b i 
tals. Since the phenanthro l ine orbitals are degenerate before the inter 
act ion, these resultant complex orbitals w i l l conta in e q u a l contr ibut ions 
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17. WATTS E T A L . Hetero-Bischelated Complexes of Iridium(III) 207 

f r om the two l i g a n d orbitals . T h u s , TTC, TTD, TT c*, a n d TT d* w i l l be c om
plete ly de loca l i zed over the two bidentate l igands. O n the basis of F i g u r e 
1, the lowest energy ΤΓΤΓ* state of the complex w o u l d arise f rom the pro 
mot i on of an electron f rom TTd to TTC*. T h i s state should be at s l ight ly 
l ower energy than the lowest ΤΓΤΓ* state of the l i gand . T h i s effect is often 
observed i n meta l complexes w i t h ΤΓΤΓ* luminescent states (28 ) . 

T h e other states w h i c h m a y arise f rom s imple orb i ta l promotions m a y 
be dep ic ted b y i n t r o d u c i n g a set of five non-degenerate eZ-orbitals. T h e 
lowest three of these stem f rom the degenerate t2g set i n octahedral s y m 
metry , a n d these three conta in the six p a i r e d d-electrons of I r ( I I I ) . 
C r y s t a l field or d-d excited states of the complex arise f r om promot ion of 
electrons f rom these filled d-orbitals to the two empty ones w h i c h stem 
f rom the eg set i n octahedral symmetry. Since no luminescence f rom a 
d-d exc i ted leve l has been observed i n the complexes w e are consider ing , 
a l l of the d-d excited states are presumably at a higher energy than the 
ΤΓΤΓ* a n d CZTT* states. Charge-transfer or d-π* states arise f r om promot ion 
of an electron f r om the filled d-orbitals to the ττ* complex orbitals . 

T h e luminescent levels i n the I r ( I I I ) complexes w e are cons ider ing 
arise f rom (2π* or ΤΓΤΓ* o rb i ta l parentage, a n d the highest filled complex π 
o rb i ta l (TT d) a n d the highest filled d -orb i ta l (ds) are presumably close i n 
energy. Since a dv* luminescence is observed for the [ I r C l 2 ( p h e n ) 2 ] + 

i on , d% has been p laced s l ight ly above TTd to represent this s i tuation. T h e 
energy gap between the CÎTT* emit t ing state of this complex a n d the lowest 
ΤΓΤΓ* state has been est imated to be about 1.1 k K (23 ) . T h i s presumably 
arises f r om a combinat ion of the difference i n orb i ta l promot ion energy 
a n d the difference i n electron repuls ion terms for the t w o types of states. 

T h e observation of a ΤΓΤΓ* luminescence f rom the [ I r C l 2 ( 5 , 6 - m e -
p h e n ) 2 ] + i on is dep i c ted on the r ight side of F i g u r e 1. T h e lowest ΤΓΤΓ* 

state of 5 ,6 -d imethyl - l ,10-phenanthro l ine is at l ower energy than that of 
1,10-phenanthroline, a n d a smaller o rb i ta l promot ion energy is dep i c ted 
between π Α a n d ττΑ* or ττΒ a n d π Β * . S ince w e feel that the d -orb i ta l ener
gies w i l l be very near ly the same as before m e t h y l subst i tut ion of the two 
l igands , the highest filled ττ-orbitals of 5 ,6-dimethyl-1,10-phenanthrol ine 
have been p laced above those of 1,10-phenanthroline. A s s u m i n g a n 
equivalent l i g a n d - l i g a n d interact ion i n the two homo-bischelated c om
plexes, this leads to the placement of TTd above d 3 i n the [ I r C l 2 ( 5 , 6 -
m e p h e n ) 2 ] + i on . H e n c e , the o rb i ta l promot ion energy for the lowest ΤΓΤΓ* 

transit ion i n this complex is less t h a n the ίΖττ* promot i on energy. T h e 
energy gap between these two states has been estimated to be about 
0.6 k K ( 2 3 ) , a n d is again presumably caused b y a combinat i on of differ
ences i n this p romot i on energy as w e l l as electron repuls ion terms. 

O n the left side of F i g u r e 1 w e compare the orb i ta l energy levels of 
the [ I r C l 2 ( p h e n ) 2 ] + a n d [ I r C l 2 ( 4 , 7 - m e p h e n ) 2 ] + c o m p l e x ions. T h e l o w -
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est ππ* state of 4 ,7 -d imethyl - l ,10 -phenanthro l ine is k n o w n to have an en
ergy intermediate between that of 1,10-phenanthroline a n d 5 ,6 -d imethyl -
1,10-phenanthroline. T h e homo-bischelated I r ( I I I ) complex of this l i g a n d 
displays a m i x e d ππ*-ίΖττ* luminescent state. These facts are rat iona l i zed 
b y p l a c i n g ττΑ a n d π Β for this l i gand between the highest filled ττ-orbitals 
of 1,10-phenanthroline a n d 5 ,6 -d imethyl - l ,10-phenanthro l ine . A g a i n , as
s u m i n g an equivalent l i g a n d - l i g a n d interact ion i n this complex, this w o u l d 
m a k e TTd a n d d3 near ly degenerate. T h e interact ion of TTd a n d ds w o u l d 
then be par t c iu lar ly large a n d w o u l d lead to complex molecu lar orbitals 
de loca l i zed over bo th the l igands a n d the centra l meta l i on . T h i s d e r e a l i 
zat ion is dep ic ted i n F i g u r e 1 b y the format ion of orbitals l abe l l ed π 0,ί?3 
f rom the interact ion of the meta l d -orb i ta l a n d complex 7r-orbital. T h e 
transi t ion , TTC* -» -π^ά* w o u l d then l e a d to the m i x e d π π * , ^ * lumines 
cence of this complex. 

H C - ΠΑ 

^lrCl2(phen)(5t6-mephen)J 

-*5 
. d 4 

n r 

|irCI 2(phen)(4,7-mephen)J 

- 4 + — n c 

-H—d| 

Figure 2. Molecular orbital energy level diagram for hetero-
bischelated complexes of indium(III) with 1,10-phenanthro
line, 4,7-dimethyl-l,10-phenanthroline, and 5,6-dimethyl-l,10-

phenanthroline 

I n F i g u r e 2 w e depic t the f o rmat ion of complex molecu lar ττ-orbitals 
f r o m the ττ-orbitals of two non- ident i ca l phenanthro l ine l igands. O n the 
left side of the d i a g r a m , w e treat the hetero-bischelated complex i o n , 
[ I r C l 2 ( p h e n ) ( 5 , 6 - m e p h e n ) ] + . T h e l i g a n d orbtials ττΑ a n d ττΑ* represent 

molecu lar orbitals o n 1,10-phenanthroline, a n d the l i g a n d orbitals ττΒ a n d 
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17. W A T T S E T A L . Hetero-Bischelated Complexes of Iridium(III) 209 

π β * represent molecular orbitals on 5 ,6-dimethyl - 1,10-phenanthroline. I n 
this d iagram, τ τ Β has been p laced above τ τ Α i n agreement w i t h our p lace 
ment of these levels i n F i g u r e 1. Since π Α a n d τ τ Β are no longer degenerate 
i n this complex, a m u c h smaller l i g a n d - l i g a n d interact ion w i l l occur. 
W h a t e v e r interact ion does occur leads to the f ormat ion of complex 
molecu lar orbitals , TTC a n d TT d . T h e most important po int of our treatment 
is that 7TC a n d 7rD are not de loca l i zed equa l ly over the two bidentate 
l igands. Rather , TTc is l o ca l i zed p r i m a r i l y on 1,10-phenanthroline, a n d TTD 

is l o ca l i zed p r i m a r i l y on 5,6-dimethyl-1,10-phenanthrol ine. T h e lowest 
unf i l l ed π orbitals on the two l igands are represented b y π Α * a n d τ τ Β * . I n 
our treatment w e assume that the 5,6-dimethyl-1,10-phenanthrol ine o r b i 
ta l , 7TB* lies s l ight ly above ? r A * on 1,10-phenanthroline. Since ? r A * a n d τ τ Β * 

are again not degenerate, they w i l l interact less strongly than i n the homo-
bischelated complex to form complex molecular orbitals TTC* a n d T T d * . O f 
these two, τ τ Γ * w i l l be l oca l i zed m a i n l y on 1,10-phenanthroline a n d 
TTD* o n 5,6-dimethyl-1,10-phenanthrol ine. F r o m our d iagram, the lowest 
promot iona l energy is seen to occur for the 7rD ~* TTC* transit ion. H o w e v e r , 
this transit ion w o u l d represent the transfer of charge f r om one b identate 
l i g a n d to the other, a n d w e expect that this transi t ion between w e a k l y 
ineract ing chromophores w i l l l ie at m u c h h igher energy t h a n i n d i c a t e d 
b y its o rb i ta l promot ion energy. W e bel ieve i t is the TTD ~* TTD* t rans i t ion 
w h i c h represents the lowest energy ΤΓΤΓ* state of the complex. N o t e that 
the luminescence w h i c h w o u l d arise f rom this transi t ion w o u l d be c lassi 
fied as a ΤΓΤΓ* emission loca l i zed on 5,6-dimethyl-1,10-phenanthrol ine. O u r 
d iagram predicts that the next excited state of the complex w o u l d arise 
f r o m the d3 -> TTC* transit ion. T h i s excited state m a y be classified as a dn* 
state l oca l i zed i n the part of the complex i n the v i c i n i t y of the centra l 
meta l a n d the 1,10-phenanthroline l i gand . T h u s , our treatment suggests 
that of the two lowest excited states i n this hetero-bischelated complex, 
the lowest is l o ca l i zed on 5,6-dimethyl-1,10-phenanthrol ine, a n d the next 
is l o ca l i zed i n the metal-1,10-phenanthrol ine part of the complex. 

O n the r ight side of F i g u r e 2 w e dep ic t the format ion of complex 
molecu lar orbitals i n the [ I r C l 2 ( p h e n ) ( 4,7-mephen ) ] + i on . A s before, π Α 

a n d 7ΓΒ represent molecular orbitals on 1,10-phenanthroline a n d 4,7-di-
methy l - l ,10 -phenanthro l ine , respectively, as do τ τ Α * a n d τ τ Β * . T h e 4,7-
d imethy l - l , 10 -phenanthro l ine orbitals are aga in p laced above those of 
1,10-phenanthroline b u t not as far above as was done for 5 ,6 -d imethyl -
1,10-phenanthroline. T h i s corresponds to our treatment of the h o m o -
bischelated complexes i n F i g u r e 1. Interact ion of ? r A a n d π Β leads to the 
f ormat ion of complex molecu lar orbitals TTc a n d TT d l o ca l i zed p r i m a r i l y on 
1,10-phenanthroline a n d 4,7-dimethyl-1,10-phenanthrol ine. Since this i n 
teract ion is somewhat smaller than i n the homo-bischelated complex of 
4 ,7-dimethyl-1,10-phenanthrol ine, w e ind icate that TT d n o w lies close to dz 
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but be low i t . Interact ion of TTd a n d d3 n o w leads to two complex orbitals , 
the h igher of w h i c h contains more d3 than TTd a n d the lower of w h i c h 
contains more TTd than d3. T h e lowest excited π -orbitals consist of TTC*, 

w h i c h is l o ca l i zed m a i n l y on 1,10-phenanthroline a n d TTD*, w h i c h is l o ca l 
i z e d m a i n l y on 4,7-dimethyl-1 ,10-phenanthrol ine. T h e lowest promot iona l 
energy corresponds to the d3 -»TTC* transit ion. T h e excited state ar is ing 
f r om this transi t ion w o u l d be descr ibed as a άπ* l eve l , a n d the transi t ion 
density is l o ca l i zed m a i n l y i n the part of the complex between the meta l 
a n d the 1,10-phenanthroline l i gand . A smal l change i n the electron density 
on the 4 ,7 -d imethyl - l ,10 -phenanthro l ine l i g a n d is associated w i t h this 
state because of the interact ion of d3 a n d TTd. O t h e r l o w - l y i n g states w o u l d 
arise f rom the TTd - » τ τ 0 * a n d 7rD - » TT d* promotions. A s before, TTD TTC* 

is expected to l ie at somewhat higher energy than ind i ca ted b y the pro 
mot i ona l energy, a n d the state ar is ing f rom the TTD - » TT d* promot i on is 
expected to be the lowest ΤΓΤΓ* state. T h u s , our treatment of this complex 
indicates that the lowest excited leve l is a charge-transfer p r i m a r i l y f rom 
I r ( I I I ) to 1,10-phenanthroline w i t h some ΤΓΤΓ* character m i x e d i n . T h e 
next highest leve l is a ΤΓΤΓ* state l o ca l i zed on 4,7-dimethyl-1,10-phenanthro
l ine w i t h some dn* character m i x e d i n . 

A recent study of the photochemistry of [ I r C l 2 ( p h e n ) 2 ] C l a n d [ I r C l 2 -
( 5 , 6 - m e p h e n ) 2 ] C l attributes the photochemica l ac t iv i ty of these c om
plexes to t h e r m a l popu la t i on of a l o w - l y i n g set of levels of d-d o rb i ta l 
parentage (29). W e have n o w studied the t ime-resolved emission spec
troscopy of these complexes between —196° a n d 0 ° C i n g lycero l , a n d 
have conc luded that the emission around 0 ° C is p r i m a r i l y d-d i n character 
whereas the emission at —196°C is m a i n l y C Z - T T * { [ I rC l 2 ( phen ) 2 ]C l } or 
π - π * { [ I r C l 2 ( 5 , 6 - m e p h e n ) ] C l } (30). W e attr ibute the lack of d-d emis
s ion at —196 ° C to a thermal barr ier for the radiationless process w h i c h 
leads f rom the d - π * or π - π * levels to the d-d levels. 

I n v i e w of these results, it fo l lows that the p lacement of the o rb i ta l 
l abe l l ed d4 i n F igures 1 a n d 2 m a y have to be altered. T h i s o rb i ta l m a y 
be, i n fact, the lowest unf i l l ed molecular o rb i ta l i n these complexes. W e 
are current ly s tudy ing the t ime resolved spectroscopy of the hetero-
bischelated complexes between —196° a n d 0 ° C to establish the correct 
p lacement of the d-d levels. 

Energy Transfer Processes 

I n the s imple molecular o rb i ta l m o d e l for the lowest excited states 
of these molecules, the p r i m a r y difference between the homo- a n d hetero-
b ischelated complexes is i n the l oca l i zat ion of the excitat ion energy i n the 
latter. I n this section w e associate this l o ca l i zat ion of energy w i t h the 
fa i lure of the lowest excited states of the hetero-bischelated complexes to 
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17. WATTS E T A L . Hetero-Bischelated Complexes of Iridium(III) 211 

at ta in thermal e q u i l i b r i u m . O n the other h a n d , the lowest excited states 
of the homo-bischelated complexes are thermal ly equ i l i b ra ted , a n d this 
e q u i l i b r a t i o n is associated w i t h the d e r e a l i z a t i o n of the exc i tat ion energy 
over the complex. 

T h e descr ipt ion of the radiationless processes w h i c h l ead to the 
transfer of excitat ion energy f r om one excited state to another i n heavy 
meta l complexes has been discussed b y several authors ( I I , 17, 22). 
Spin -orb i t c o u p l i n g must be i n c l u d e d i n the descr ipt ion of the i n i t i a l a n d 
final states for the radiationless process b u t m a y also contr ibute to the 
c o u p l i n g terms responsible for this process ( I I , 17). There are also 
v i b r o n i c c oup l ing terms w h i c h arise f r om b r e a k d o w n of the B o r n - O p p e n -
he imer approx imat ion w h i c h presumably p l a y some role i n radiationless 
energy transfer processes i n b o t h heavy- a n d l ight -a tom molecules ( I I , 
17 ) . B e y o n d these electronic terms, there are v i b r a t i o n a l contr ibut ions to 
the rate constant for a radiationless process, a n d these contr ibut ions are 
general ly expressed as F r a n c k - C o n d o n factors ( I I ) . 

T h e essential mean ing of these c o u p l i n g terms is that the electron 
d i s t r ibut i on for a g iven excited state of a molecule , w i t h energy El9 m a y 
be a l tered to one for another excited state, w i t h energy E2, i f the energy 
difference, Ελ — E2, is transferred into nuc lear v i b r a t i o n a l energy. I n this 
transfer process, energy must flow into v ibrat ions of n u c l e i i n the reg ion 
where the electronic d i s t r ibut i on is chang ing f r o m that of the i n i t i a l state 
to that of the final state (11). I n a sense, the nuc lear v ibrat ions m a y thus 
be v i e w e d as a c ommunica t i on m e d i u m between the i n i t i a l a n d final 
e lectron distr ibut ions . I n the case where the two chang ing electron d is 
tr ibut ions are de loca l i zed over the entire molcu le , as i n the homo-bis -
ch lated complexes, the n u c l e i can effectively communicate messages be
tween the two distr ibut ions . H o w e v e r , where two l o ca l i zed chang ing 
distr ibut ions are encountered, as i n the hetero-bischelated complexes, 
there m a y be no n u c l e i i n c o m m o n to the two. A l t e r n a t i v e l y , the n u c l e i 
w h i c h are i n the reg ion where changes i n b o t h occur m a y not part i c ipate 
i n v ibrat ions w h i c h have the appropr iate f requency to p r o v i d e the c o m 
m u n i c a t i o n m e d i u m . 

Since the non-equ i l ibrated levels of the hetero-bischelated complexes 
are separated b y on ly several h u n d r e d wavenumbers , there are a l i m i t e d 
n u m b e r of v ibrat ions of the appropr iate f requency to enable the molecule 
to undergo a trans i t ion f rom one of these levels to the other. I t is our 
po int of v i e w that i n these complexes, there are no appropr iate v i b r a t i o n a l 
frequencies of n u c l e i i n the reg ion where the two chang ing electron 
distr ibut ions overlap to b r i n g about a transit ion f rom one to the other. 
T h u s , thermal equ i l i b ra t i on of these l oca l i zed electron distr ibut ions does 
not occur, a n d emissions f rom several independent mani fo lds of different 
o rb i ta l parentage are observed. 
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Concluding Remarks 

W e have descr ibed the o rb i ta l parentage of the lowest exc i ted states 
of homo- a n d hetero-bischelated complexes of I r ( I I I ) . T h i s descr ipt ion 
stresses the l o ca l i zat ion of t ransi t ion charge density i n excited states of 
hetero-bischelated complexes i n specific areas of the molecu lar f ramework. 
I n the homo-bischelated complexes, d e r e a l i z a t i o n of the transit ion charge 
density over large segments of the molecu lar f ramework is emphasized . 
W e bel ieve that these factors are important i n de termin ing the pathways 
for energy transfer processes i n these complexes. 

T h e hetero-bischelated complexes discussed represent key molecules 
for the further study of energy transfer processes i n heavy-atom mole 
cules. S ince two or more non -equ i l ibrated sets of excited mani fo lds of 
different o r b i t a l parentage are k n o w n to emit l ight i n these complexes, 
i t w i l l now-be possible to determine whether selective popu la t i on of any 
of these mani fo lds f r om higher excited states occurs b y s tudy ing the 
effect of excitat ion wave length on the rat io of the emission intensi ty f r o m 
the luminescent levels. I n this w a y , w e m a y be able to determine whether 
or not there are selective pathways for radiationless deact ivat ion of the 
h igher excited states of heavy-atom molecules such as those w h i c h are 
k n o w n to occur for l ight -atom molecules ( 15,16). 
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Fluorescence Properties of Rare Earth 
Complexes Containing 1,8-Naphthyridines 

M. NGSEE, H. W. LATZ, and D. G. HENDRICKER 

Ohio University, Athens, Ohio 45701 

The solid state fluorescence spectra of some Eu+3, Sm+3, 
Tb+3, and Dy+3 nitrate, chloride, and acetylacetonate (acac) 
complexes of 1,8-naphthyridine (napy) and 2,7-dimethyl-
1,8-naphthyridine (2,7-dmnapy) are recorded. The relative 
fluorescence intensities of analogous complexes of the same 
metal are in the order NO3- > Cl- > acac and 2,7-dmnapy 
> napy. The Stark splittings of the europium emission lines 
are consistent with site symmetries of C2 for the 10-coordi-
nate Eu(napy)2(NO3)3, of Cs for the 8-coordinate Eu(acac)3-
(2,7-dmnapy), and of C3 for the chloride arrangement in 
the 11-coordinate EuCl3(napy)2(H2O). 

f l u o r e s c e n c e of a rare earth complex was first reported b y W e i s s m a n i n 
·** 1942 ( I ) . B y the early 1960's, a deta i led understanding of the mecha 
n i sm of fluorescence of rare earth chelates h a d been achieved that was 
p r o v i d e d i n large part b y the extensive studies of C r o s b y a n d co-workers 
(2, 3, 4, 5, 6). T h e discovery of laser act ion of an a l coho l so lut ion of 
e u r o p i u m benzoyl-acetonate b y L e m p i c k i a n d Samelson (7 ) s t imulated 
interest i n the preparat ion of numerous rare earth complexes a n d i n the 
invest igat ion of their potent ia l as laser materials (8, 9). O f the m a n y 
rare earth complexes w h i c h are k n o w n to fluoresce, the vast major i ty con 
ta in β-diketonate l igands. H o w e v e r , there are also a f e w w h i c h contain 
on ly nitrogen heterocyc l ic l igands (9, 10, 11). 

T h e l igands 1,10-phenanthroline ( p h e n ) a n d 2 ,2 -b ipyr id ine ( b i p y ) 
y i e l d fluorescent complexes w h e r e i n five-membered chelate r ings are 
f o rmed (9, 10, 11). Recent ly , studies of the coord inat ing a b i l i t y of the 
f our -membered r ing-che lat ing agents, 1 ,8-naphthyridine ( n a p y ) a n d 2,7-
d i m e t h y l - l , 8 - n a p h t h y r i d i n e (2 ,7 -dmnapy) w i t h rare earth hal ides (12) 
a n d nitrates (13, 14) y i e l d e d complexes w i t h proposed coord inat ion 

214 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
6 

| d
oi

: 1
0.

10
21

/b
a-

19
76

-0
15

0.
ch

01
8

In Inorganic Compounds with Unusual Properties; King, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1976. 



18. NGSEE E T A L . Fluorescence of Rare Earth Complexes 215 

numbers of 10-12 . I n add i t i on , m i x e d l i g a n d complexes of the type 
M ( ^ - d i k e t o n a t e ) 3 ( 2 , 7 - d m n a p y ) where M — rare earth were also p re 
p a r e d (12). 

T h e q u a n t u m yie lds for emission lines of these complexes are ex
pected to increase as the coordinat ion n u m b e r about the rare earth 
becomes larger a n d as the energies of the l i g a n d tr ip le t state a n d i o n 
resonance leve l approach one another. O n the basis of these cr i ter ia , the 
n a p h t h y r i d i n e complexes of S m + 3 , E u + 3 , T b + 3 , a n d D y + 3 m i g h t be expected 
to y i e l d more intense emission spectra than s imi lar p h e n a n d b i p y c o m 
plexes. A l s o , the n u m b e r a n d spl i t t ing of emission lines observed for the 
e u r o p i u m complexes are ind icat ive of the symmetry about the meta l (9 , 
11, 15 ) , a n d thus they m a y be used to del ineate possible coordinat ion 
geometries. F o r these reasons, w e undertook a n invest igat ion of the 
fluorescence spectra of several naphthyr id ine complexes of S m + 3 , E u + 3 , 
T b + 3 , a n d D y + 3 . 

Experimental 

T h e rare earth complexes were prepared as prev ious ly reported ( 12, 
13, 14), a n d their f o rmulat i on was veri f ied b y e lemental analysis. S o l i d 
state fluorescence spectra were recorded at r oom temperature w i t h a n 
A m i n c o — B o w m a n m o d e l 4-8202 m o d e l spectrophotofluorometer e q u i p p e d 
w i t h a 600 l i n e / m m grat ing a n d a xenon l a m p . T h e spectra were obta ined 
b y the front surface fluorescence m e t h o d us ing the so l id sample accessory 
C73-62140 a n d a quar tz ce l l . A paste compr ised of n i tromethane a n d 
complex was prepared a n d p laced on the surface of the ce l l . T h e n i t r o 
methane was then evaporated b y a n i trogen stream, w h i c h left a film of 
complex. A n excitation wave length of 310-320 n m was used i n a l l exper i 
ments. Spectra were observed us ing 0.5 m m slits a n d slit p r o g r a m n u m b e r 
one. I n this operat ing mode, reso lut ion to ± 1 n m is expected. Phospho 
rescence decay times were determined b y mechan i ca l l y b l o c k i n g the 
excitat ion rad iat ion a n d record ing the emission decay curve us ing an 
X - Y recorder d r i v e n at 2 in . / sec . T h e l i fet ime values ( τ ) are accurate 
to ± 0 . 0 2 sec. 

Results and Discussion 

T h e details of the so l id state fluorescence spectra are tabulated i n 
T a b l e I . T h e b a n d energies for the samar ium complexes are near ly 

napy 2,7-dmnapy 
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T a b l e I . Deta i l s of U n c o r r e c t e d Fluorescence 

Compound 

Sm(N03)3(2f7-dmnapy)2 Sm(NOz)z(napy)2 SmCh(napy)2(H20) 

λ, nm RI" λ, nm RI λ, nm RI 

465 v w 463 w 463 v w 
506 w 506 w 505 w 
562 2.5 558 2.0 559 .27 
568 2.8 566 2.3 
595 3.1 593 2.5 595 .45 

Eu (NOs) 3 {2,7-dmnapy) 2 Eu(N03)3(napy)2 EuCl3(napy)2(H20) 

λ, nm RI λ, nm RI λ, nm RI 

478 v w 470 v w 467 v w 
529 1 525 w 535 w 
548 w 552 w 553 w 
573 2 572 2 580 1.5 
586 18 586 6.5 591 5.5 
608 52 608 44 614 5.5 

Tb(N03)3(2,7-dmnapy)2 Tb(N03)3(napy)i TbCl,(napy),(HJ)) 

λ, nm RI λ, nm RI λ, nm RI 

488 1020 487 110 488 74 
539 1420 541 148 542 121 
584 60 583 8 581 14 
617 5 620 w 616 w 

Dy{N03)3(2,7-dmnapy) 2 Dy(N03)3(napy)i DyCl3(napy)2(H20) 

λ, nm RI λ, nm RI \, nm RI 

458 1.7 456 w 456 v w 
481 60 479 17 480 13 
573 54 572 15 570 7 

° Relative intensity (RI) is assigned arbitary units; vw = very weak, w = weak. 
6 Mol . phos. = molecular phosphorescence. 

ident i ca l . T h e assignments of the transitions of the fluorescence emissions 
at 505 n m to 4GV2-6H5/2, those at 559 n m to 4 G 5 / 2 - 6 H 5 / 2 , those at 568 n m 
to 4 F 3 / 2 - 6 i / 7 / 2 , a n d those at 595 n m to 4 G 5 / 2 - 6 # 7 / 2 agree w i t h assignments 
made b y others (16,17,18). T h e s a m a r i u m complexes have the weakest 
fluorescence of the four rare earths studied . T h e very w e a k b a n d at 465 
n m , w h i c h is also observed i n the dyspros ium a n d e u r o p i u m complexes, 
apparent ly results f r om l i g a n d molecu lar phosphorescence. Strong m o 
lecular phosphorescence of n a p y was reported at 450-454 n m (19, 20). 
T h e l i fet imes of this b a n d of the 2 ,7-dmnapy complexes of s a m a r i u m a n d 
dyspros ium nitrate are τ = 0.14 sec a n d 0.10 sec, respectively. L i f e t i m e s 
of this magni tude are reasonable on ly for phosphorescence a n d not for 
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18. NGSEE E T A L . Fluorescence of Rare Earth Complexes 217 

Spectra of R a r e E a r t h Complexes 

Compound 

Sm (acac) 3 (2,7-dmnapy) A ssignment 

λ, nm RI 

m o l . phos . 6 

4 G7/2 - 6 #5/2 
560 W 4(?5/2-6#5/2 

4F 3/2-6#7/2 
598 w 4 G 5 / 2- 6 #7/2 

Eu (acac) 3 (2,7-dmnapy) 

λ, nm RI 

m o l . phos. 
bDl-7F2 

525 0.5 5 D 0 - 7 ^ o 
588 0.4 5 D o - 7 ^ i 
607 3.0 5 D 0 - 7 ^ 2 

Tb (acac) 3 (2,7-dmnapy) 

λ, nm RI 

486 700 5 D 4 - 7 F 6 

542 1320 5 D 4 - 7 ^ 5 
579 44 5 D 4 - 7 ^ 4 
615 4 5 D 4 - 7 F 3 

Dy (acac) s(2,7-dmnapy) 

\, nm RI 

458 0.9 m o l . phos. 
481 23 4^9/2- 6#15/2 
573 19 4 F 9 / 2 - 6 # i3 /2 

fluorescence emission (9,10). 
T h e b a n d intensities of the dyspros ium a n d e u r o p i u m complexes are 

f a i r l y s imi lar except for the acetylacetonate (acac ) adducts . T h e assign
ments for the two i o n emission bands observed for the dyspros ium c o m 
plexes are 6 F 9 / 2 - 6 H 1 5 / 2 at 480 n m a n d 4 F 9 / 2 - 6 H L S / 2 at 572 n m (21). F o r 

m a n y other dyspros ium complexes, a b a n d assigned to the 4 F Q / 2 - 6 H 1 Î / 2 

transit ion was also reported at approx imate ly 650 n m (5 , 16). Second-
order scatter rad iat ion f r om the excitat ion source w h i c h occurs i n this 
reg ion prevented observation of this transit ion. T h e e u r o p i u m complexes 
have on ly two avai lable resonance levels, 5 D 0 a n d 5 D i (8,9,22). F o r the 
appropr iate assignments for the observed bands, see T a b l e I . T h e 5 D 0 - 7 F 2 
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transit ion is associated w i t h the laser behavior of these complexes (7,8,9). 
T h e t e r b i u m complexes have b y far the most intense fluorescence. 

F o r t e r b i u m , the 5 D 4 state at 20,500 c m " 1 is the on ly i on resonance l eve l 
b e l o w the 22,210 c m " 1 t r ip le t state of napy (8, 9, 22). T h e assignments 
for the five observed transitions agree w i t h several reports (23, 24). N o 
b a n d attr ibutable to l i g a n d molecular phosphorescence was observed for 
any of these stronger fluorescent complexes. 

T h e fluorescence intensity of the same ion resonance b a n d of rare 
earth nitrate complexes of n a p y is always less than that of the correspond
i n g 2,7-dmnapy analog. T h e increased basic i ty of 2 ,7-dmnapy re lat ive to 
napy result ing f rom the electronic effects of the m e t h y l groups ortho to 
the donor n i trogen sites results i n a stronger m e t a l - l i g a n d b o n d a n d thus 
a more efficient energy transfer w h i c h enhances fluorescence. S i m i l a r 
effects were observed b y S inha (25) w i t h e u r o p i u m a n d t e r b i u m c o m 
plexes of b i p y a n d methyl -subst i tuted b i p y a n d b y F i l i p e s c u et al. i n a 
study of methoxy-subst i tuted β-diketonate rare earth complexes (26). 

O n a qual i tat ive basis, the fluorescence of the n a p y complexes con 
ta in ing ch lor ide is weaker than that of the corresponding nitrate com
pounds. Such var iat ion can be ascr ibed to the difference i n coord inat ing 
ab i l i ty of the anion a n d / o r to the amount of coordinated water. C o n 
d u c t i v i t y studies of the nitrate a n d chlor ide complexes i n ni tromethane 
y i e l d Λ values of 13-19, w h i c h indicates that the complexes are n o n -
electrolytes (12, 13, 14). T h e presence of bands attr ibutable to v M - C l 
a n d v M - O H 2 i n the I R spectra of the ch lor ide complexes substantiates the 
conclus ion that a l l species are b o u n d to the rare earth i on (12). V i b r a 
t i ona l modes ind icat ive of bidentate nitrate a n d the lack of bands sug
gesting monodentate ni trate are reported for the rare earth ni trate 
complexes of napy a n d 2,7-dmnapy (13,14). 

T h e ab i l i t y of the anions to coordinate w i t h rare earths decreases i n 
the order N 0 3 ~ > CI" . T h e stronger covalent b o n d f o rmed b y nitrate 
than b y ch lor ide should prov ide better sh ie ld ing of the meta l i o n a n d 
thus result i n enhanced fluorescence intensity. E u + 3 i n ni trate so lut ion 
y ie lds stronger fluorescence than i n ch lor ide solut ion (27). Intensities of 
emissions f rom hydrated complexes are signif icantly l ower than those of 
the same meta l complex i n anhydrous f o rm (6). T h e proposal that the 
decrease i n fluorescence intensity is caused b y a h i g h energy v i b r a t i o n of 
the water that provides a radiationless de-excitat ion of the rare earth i o n 
has been conf irmed b y deuter ium subst i tut ion studies (28, 29). Because 
of the apparent ly greater coordinat ion n u m b e r of the ch lor ide complex 
re lat ive to the nitrate c o m p o u n d (vide infra), one w o u l d expect a greater 
fluorescence intensity for the former compound . Therefore , bo th the 
b o n d i n g ab i l i ty of the an ion a n d the presence of coordinated water con
t r ibute to the lower fluorescence intensity of the ch lor ide complexes r e l a -
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18. NGSEE E T A L . Fluorescence of Rare Earth Complexes 219 

t ive to the nitrate complexes. Since no anhydrous chlor ide complexes 
have yet been obta ined , i t is not n o w possible to evaluate the c o n t r i b u 
t i on of each effect to the total fluorescence intensity of the complex. 

F o r 2 ,7-dmnapy complexes of the same rare earth, the recorded i n t e n 
sities of the nitrate complexes are always greater t h a n those i n w h i c h acac 
is the anion. C o n d u c t i v i t y measurements on ni tromethane solutions of 
M ( a c a c ) 3 ( 2 , 7 - d m n a p y ) give Λ values of 6 -9 w h i c h are t y p i c a l of n o n -
electrolytes ( I I , 12 ) . I R spectra of the acac complexes have v C O absorp
tions at approximate ly 1600 a n d 915 c m ' 1 a n d v M - O bands at 405 a n d 
313 cm" 1 . These absorptions a n d the lack of a 1700-cm" 1 b a n d indicate 
that b o t h oxygens of each of the acac units are coordinated to the m e t a l 
( I I , 3 0 ) . T h e more intense fluorescence of the nitrate complex m a y 
result f r om the presence of a second 2 ,7-dmnapy l i g a n d w h i c h w o u l d 
increase the coordinat ion n u m b e r of the rare earth f rom 8 to 10. T h e 
tr ip le t state of acac is reported at 25,300 c m " 1 ( 31 ) . T h e t r ip le t state of 
napy at 22,210 c m " 1 is closer to the rare earth resonance levels a n d m a y 
contribute to a more efficient energy transfer w h i c h i n turn w o u l d enhance 
fluorescence intensity. 

T h e fluorescence spectra of the e u r o p i u m adducts also prov ide in for 
mat i on about the geometry of the complex. T h e lower the l o ca l site 
symmetry about the e u r o p i u m i on , the more numerous the lines i n the 
spectrum. T h i s fine structure results f r om interna l Stark sp l i t t ing of the 
ion ic levels. T h e m a x i m u m n u m b e r of l ines into w h i c h each transit ion 
w i l l be spl i t as a funct ion of geometry has been tabulated b y several 
authors ( I I , 15, 3 2 ) . T h e observation of a 5 D 0 - 7 D 0 t ransit ion for a l l the 
complexes reported indicates that none possesses a center of symmetry . 

T h e fluorescence spectrum of E u ( n a p y ) 2 ( N 0 3 ) 3 has a qu intup le t for 
the 5 D 0 - 7 F 2 t ransit ion a n d three lines for the 5 D 0 - 7 F i emission. T h i s 
sp l i t t ing pattern, i n conjunct ion w i t h the observation of the 5 D 0 - 7 F 0 l ine , 
is consistent w i t h site symmetries of C w . o r C n v where η < 3 ( 15 ) . F r o m 
the I R a n d conduct iv i ty data , a 10-coordinate e u r o p i u m i o n is expected 
(14). T h e two most energetical ly favored p o l y h e d r a for coordinat ion 
n u m b e r 10 are the b i c a p p e d square ant ipr i sm a n d the b i c a p p e d dodeca
hedron (33, 34). I n the structure of L a ( b i p y ) 2 ( N 0 3 ) 3 as determined b y 
x-ray methods, the l igands are so arranged as to give b i c a p p e d dodeca-
h e d r a l geometry w i t h C 2 site symmetry for the l a n t h a n u m (35 ) . A s i m i 
lar structure for the analogous n a p y complex w o u l d be complete ly con
sistent w i t h the sp l i t t ing pat tern observed i n the fluorescence spectrum 
a n d w i t h the k n o w n preference of n a p y for the dodecahedra l coord inat ion 
po lyhedron i n e ight-coordinate complexes (36, 37). 

T h e sp l i t t ing pattern i n the fluorescence spectrum of the E u (acac ) 3 -
( 2 ,7-dmnapy) complex is near ly ident i ca l to that reported for E u (acac ) 3 -
( phen ) (17, 38). A singlet, t r ip let , a n d qu intup le t are observed for the 
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5 D 0 - 5 F 0 , 5 D 0 - 5 F i , a n d 5 D 0 - 5 F 2 transitions respectively. T h i s pattern 
l imi ts the site symmetry of the meta l to C n or C n v w h e r e η < 3. X - r a y 
structure determinat ion of the complex E u ( a c a c ) 3 ( p h e n ) reveals that the 
e u r o p i u m ion is e ight-coordinate ( 39 ) . T h e l igands span the s edges of a 
distorted square ant ipr i sm about the e u r o p i u m whose site symmetry is C s . 
T h e I R a n d conduct iv i ty data for the 2,7-dmnapy analog also support 
octacoordination (12). H o w e v e r , the smal ler l i g a n d b i te of 2 ,7 -dmnapy 
( ~ 2 . 3 A ) compared w i t h those of p h e n (2.74 A ) a n d acac (2.82 A ) 
suggests that a dodecahedral l i g a n d arrangement w h i c h also y ie lds C 8 

site symmetry for e u r o p i u m w o u l d be more reasonable for E u (acac ) 3 -
(2 ,7 -dmnapy) (33,34,36). 

T h e Stark sp l i t t ing of the 5 D 0 - 5 F i a n d 5 D 0 - 5 F 2 l ines into a doublet 
a n d qu intup le t i n the spectrum of E u C l 3 ( n a p y ) 2 ( H 2 0 ) is ident i ca l to the 
sp l i t t ing pattern reported for E u C l 3 ( b i p y ) 2 ( H 2 0 ) (40). T h e proposed 
structure for the b i p y complex is an octahedron of b r i d g i n g chlorides w i t h 
the water molecule located on a C 3 axis of the octahedron a n d the t w o 
b i p y molecules arranged so that their n i trogen atoms f o rm a square about 
the same C 3 axis (40). Since the I R a n d conduct iv i ty data indicate that 
a l l species i n E u C l 3 ( n a p y ) 2 ( H 2 0 ) are b o u n d to the meta l , an 11-coordi -
nate structure for the n a p y complex s imi lar to that of the b i p y analog 
m i g h t be expected (12). I f a l l the chlorides of E u C l 3 ( n a p y ) 2 ( H 2 0 ) 
were non -br idg ing , an 8-coordinate complex of symmetry C s w o u l d be 
produced . As was observed for the 8-coordinate E u ( a c a c ) 3 ( 2 , 7 - d m n a p y ) 
c o m p o u n d of s imi lar symmetry , a tr ip let a n d quintr ip le t for the 5 D 0 - 5 F i 
a n d 5 D o - 5 F 2 l ines should occur. Since such is not the case, the 11-
coordinate m o d e l is presently favored. 
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Unusually Volatile and Soluble Metal 
Chelates: Lanthanide N M R Shift Reagents 

R. E. SIEVERS,1 J. J. BROOKS,2 J. A. CUNNINGHAM,3 and W. E. RHINE3 

Aerospace Research Laboratories,4 ARL/LJ, Wright-Patterson Air Force Base, 
Ohio 45433 

Novel lanthanide β-diketonate complexes have been synthe
sized. Their properties include thermal, hydrolytic and 
oxidative stabilities, volatility, Lewis acidity, and unusually 
high solubility in nonpolar organic solvents. Various combi
nations of these properties make lanthanide complexes useful 
as NMR shift reagents and fuel antiknock additives and in 
other applications. NMR spectral studies revealed that the 
Pr(III), Yb(III), and Eu(III) complexes of 1,1,1,2,2,3,3,7,7,7-
decafluoro-4,6-heptanedione have sufficient Lewis acidity to 
induce appreciable shifts in the proton resonances of weak 
Lewis bases such as anisole, acetonitrile, nitromethane, and 
p-nitrotoluene. Data from single-crystal structure determi
nations indicate that the NMR shift reagent-substrate com
plexes are not stereochemically rigid and that effective axial 
symmetry may exist by virtue of rapid intramolecular re
arrangements. 

T y j~etal β-diketonate complexes d isp lay a variety of interesting a n d 
unusual properties. A m o n g these are thermal , hydro ly t i c , a n d ox i 

dat ive stabil it ies, vo lat i l i ty , L e w i s ac id i ty , a n d unusua l so lub i l i ty i n 
nonpolar organic solvents. I n general , i t is a part i cu lar combinat ion of 
these properties rather than any single one that makes possible the use 
of these complexes i n a diverse range of appl icat ions . F o r example, be -

1 Present address: Dept. of Chemistry, University of Colorado, Boulder, Colo. 
80302. 

'Present address: Monsanto Research Corp., Dayton Laboratory, Dayton, Ohio 
45407. 

'Present address: Air Force Materials Laboratory, Wright-Patterson Air Force 
Base, Ohio 45433. 

* On June 30, 1975, The Aerospace Research Laboratories were abolished; con
sequently, all correspondence should be directed to the first author at his present 
address. 
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cause of the vo la t i l i t y a n d t h e r m a l s tabi l i ty of certain of these complexes, 
the app l i cat ion of gas chromatography to u l tratrace m e t a l analysis became 
feasible ( J ) . Because of other combinat ions of properties , these c o m 
pounds are used as N M R shift reagents (2,3,4), f u e l ant iknock addit ives 
(5 , 6 ) , homogeneous catalysts ( 7 ) , m o d e l compounds for gas phase 
stereochemical studies ( 8 ) , a n d selective gas chromatographic l i q u i d 
phases ( 9 ) . 

Perhaps the most w i d e l y recognized use of l anthanide β-diketonates 
is as N M R shift reagents. T h i s app l i ca t i on takes advantage not on ly of 
the in t r ins i c paramagnet ic nature of certain of the lanthanide ions, b u t 
also of the L e w i s ac id i ty , h y d r o l y t i c s tabi l i ty , a n d h i g h so lub i l i ty i n n o n -
po lar organic solvents of their complexes. T h i s paper describes our recent 
studies of the use of these u n u s u a l chelates as N M R shift reagents. 

V o l a t i l e , stable rare earth complexes were or ig ina l ly synthesized w i t h 
the hope that differences i n vo la t i l i ty w o u l d prov ide a means of separating 
a n d p u r i f y i n g the rare earths. E a r l y c la ims that the lanthanide acety l -
acetonates were volat i le were later shown to be incorrect . T h e tris c o m 
plexes general ly occur as hydrates , a n d they do not exhib i t the necessary 
stabi l i ty for f ract ional sub l imat ion or gas chromatographic separation. 
T h e hydra ted lanthanide acetylacetonates undergo sel f -hydrolysis o n 
heating, a n d the react ion products are no longer apprec iab ly vo lat i le . 
T h e synthesis a n d character izat ion of the anhydrous, ster ical ly h i n d e r e d 
L n ( t h d ) 3 complexes represented a major advancement i n the search for 
volat i le , stable lanthanide complexes ( 1 ). T a b l e I lists the l igands s tud ied 
most extensively i n our laboratory. 

T a b l e I . S t r u c t u r e s a n d A b b r e v i a t i o n s of /? -Diketones 

Θ 

Ο Ο 

R — C — C H — C — R 2 

R1 R* Abbreviation 

C H 3 - - C H 3 acac 
C ( C H 3 ) 3 - - C ( C H 3 ) 3 t h d 
C F 3 C F 2 C F 2 - - C ( C H 3 ) 3 fod 
C F 3 C F 2 C F 2 - - C F 3 d fhd 

A n extension of this research l e d to the preparat ion of fluorinated 
β-diketones w h i c h f o r m stable a n d even more vo lat i le rare earth c o m 
plexes. D e t a i l e d studies of the L n ( t h d ) 3 ( J ) , L n ( f o d ) 3 ( 1 2 ) , a n d 
L n ( d f h d ) 3 (13, 14) complexes revealed that the vo la t i l i t y of the tris 
complex is d i rec t ly propor t i ona l to the degree of fluorine subst i tut ion a n d 
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inversely propor t i ona l to the i on i c radius (15) of the m e t a l atom for a 
g iven series of chelate complexes. 

I n 1969 (16) i t was reported that add i t i on of the b i s -pyr id ine adduct 
of E u ( t h d ) 3 i n d u c e d large shifts i n the pro ton N M R spectrum of choles
terol . Subsequently , i t was reported that the unsolvated E u ( t h d ) 3 was 
even more effective as an N M R shift reagent (17). S ince these first 
reports appeared, more than 400 papers have been p u b l i s h e d (2, 3, 4) 
i n this field on subjects rang ing f rom spectral c lari f icat ion to the selection 
of the best shift reagent for a g iven app l i ca t ion . T h e reagents most w i d e l y 
used i n the early studies were the t r i s - thd complexes of E u ( I I I ) , P r ( I I I ) , 
a n d Y b ( I I I ) . I n general , E u ( t h d ) 3 a n d Y b ( t h d ) 3 induce downf ie ld shifts 
whereas P r ( t h d ) 3 induces upf ie ld shifts. A l t h o u g h the shifts i n d u c e d b y 
Y b ( t h d ) 3 are usual ly greater than those i n d u c e d b y the P r a n d E u ana
logs, m u c h of the fine structure i n the N M R spectra is often lost because 
of s ignal broadening . 

Despi te the successes achieved w i t h the L n ( t h d ) 3 complexes used 
as shift reagents, they have l i m i t e d so lub i l i ty i n the usual N M R solvents 
(18,19) such as ch loro form a n d carbon tetrachlor ide , a n d they are near ly 
inso luble i n solvents such as acetonitri le , nitromethane, a n d p-dioxane. 
I n add i t i on , the interact ion between the L n ( t h d ) 3 chelates a n d w e a k 
nucleophi les is often not strong enough to result i n complexes w h i c h 
exhibi t large i n d u c e d shifts. 

D u r i n g the course of our research on volat i le rare earth complexes, 
w e f ou n d that the f od chelates were more soluble i n a w i d e range of 
solvents than either the acetylacetonates or the t h d complexes. W e postu 
lated that the presence of the electronegative fluorine atoms increases the 
L e w i s ac id i ty of the meta l w h i c h results i n a stronger interact ion w i t h 
various nucleophi les (20). T h e greater L e w i s ac id i ty of E u ( f o d ) 3 r e l a 
t ive to E u ( t h d ) 3 was demonstrated b y the resolut ion of resonances i n a 
mixture of isomeric azoxybenzenes (21). T h i s phenomenon was also 
demonstrated independent ly b y gas chromatography ( G C ) (9)—fluori-
nated β-diketonate complexes interact more strongly w i t h organic nuc leo 
phi les than do nonf luorinated ones. A s imi lar G C study that concentrated 
on E u ( f o d ) 3 (10) re lated the strengths of these interactions to the donat
i n g abil it ies of the organic nucleophiles a n d to steric constraints. T h e f o d 
complexes are n o w the most w i d e l y used class of N M R shift reagents 
because of greater convenience i n use a n d w i d e r a p p l i c a b i l i t y to weak 
nucleophi les . 

F u r t h e r substitution of fluorine atoms i n the β-diketone side chains 
has l e d to the synthesis a n d character izat ion of the L n ( d f h d ) 3 complexes 
as N M R shift reagents. A l t h o u g h the h y d r a t e d L n ( f o d ) 3 complexes are 
more soluble i n ch loro form than the h y d r a t e d L n ( d f h d ) 3 complexes, the 
lanthanide d f h d complexes have superior so lub i l i ty i n dioxane a n d aceto-
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T a b l e I I . S o l u b i l i t y o f Some L a n t h a n i d e β-Diketonate S h i f t Reagents* 

Solvent 

Complex Acetonitrile Dioxane Chloroform 

L n ( d f h d ) 3 - x H 2 0 6 > 1 > 1 0.08 
L n ( f o d ) 3 - x H 2 0 6 0.8 0.03 0.5 
L n ( t h d ) 3 insoluble 0.03 0.03 

° Solubility is given in g/g. 
6 Drying the shift reagent over P4O10 increases its solubility in chloroform. 

ni t r i l e ( T a b l e I I ) . I t is important to have shift reagents that are soluble 
a n d that can func t i on w e l l i n solvents such as acetonitr i le a n d dioxane 
because m a n y compounds of b i o l og i ca l importance are soluble only i n 
solvents such as these. T h e d f h d complexes appear to be very p r o m i s i n g 
for such appl icat ions . 

T h e h i g h degree of so lub i l i ty of the d f h d complexes i n deuterated 
acetonitr i le makes i t possible to measure exper imental ly the degree of 
h y d r a t i o n of these complexes. T h e integrated intensity of the H 2 0 proton 
resonance compared w i t h that of the methine proton of the shift reagent 
provides a measure of the relative amount of water present. T h e c h e m i c a l 
shift of the water protons depends o n the concentrat ion, b u t i t is observed 
downf ie ld f rom the methine proton resonance of the shift reagent. T y p i c a l 
res idua l water after d r y i n g 3 days in vacuo over P4O10 is 0.5 m o l e / m o l e 
e u r o p i u m chelate. T h i s amount of water does not seriously interfere w i t h 
the a b i l i t y of the complex to funct ion effectively as a shift reagent. 

T h e increased L e w i s ac id i ty of the L n ( d f h d ) 3 complexes re lat ive to 
the t h d a n d the f od compounds is demonstrated b y a comparison of the 
i n d u c e d shifts i n C D C 1 3 solutions of such weak bases as acetonitri le , 
nitromethane, a n d anisole ( T a b l e I I I ) . T h e i n d u c e d shifts are for the 
m e t h y l protons of each compound . A l t h o u g h P r ( d f h d ) 3 a n d Y b ( d f h d ) 3 

induce the largest shifts, l ine broadening is apprec iable ; i n fact, i n exper i -

T a b l e I I I . Compar i son of Shi f ts I n d u c e d i n the 
Spectra of W e a k L e w i s Bases α 

Anisole Acetonitrile Nitromethane 

Complex 0.1 R:Sb 0.1 R:S 0.3 R:S 0.1 R:S 0.3 R:S 

P r ( d f h d ) 3 - 1 . 5 8 - 1 . 5 0 - 3 . 4 5 - 1 . 2 0 - 2 . 2 7 
Y b ( d f h d ) 3 2.03 2.28 5.67 1.50 3.00 
E u (dfhd) , 0.68 0.77 1.92 0.45 0.88 
E u (fod) 3 0.22 0.40 0.85 0.20 0.23 
E u (thd) 3 0.35 0.38 0.75 0.20 0.23 

0 Shifts are given in ppm. Data obtained at 60 M H z with 10~4 mole shift reagent 
dissolved in 0.5 g CDC1 3 . 

6 R:S—the mole ratio of shift reagent to substrate. 
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ments w i t h te trahydro furan ( T H F ) , no fine structure was observed i n 
the T H F proton resonances. I n s imi lar experiments w i t h E u ( d f h d ) 3 , 
there was no discernible broadening . 

T h e greater L e w i s ac id i ty of the L n ( d f h d ) 3 shift reagents is also 
demonstrated b y the fact that adducts are f o rmed a n d re lat ive ly large 
shifts are i n d u c e d even w i t h w e a k L e w i s bases such as nitrobenzene 
derivatives. T h e i n d u c e d shifts are perhaps best i l lustrated b y the p a r a -
substituted derivatives such as p-chloronitrobenzene a n d p-nitrotoluene. 
T h e data for i n d u c e d shifts w i t h E u ( d f h d ) 3 are s u m m a r i z e d i n T a b l e I V . 

T a b l e I V . N M R Shi f ts i n / r -Chloroni trobenzene a n d ^ - N i t r o t o l u e n e 
Induced by A d d i t i o n of E u ( d f h d ) 3

a 

° Shifts are given in ppm. Data obtained at 60 M H z with 10~4 mole complex dissolved 
in CDC1 3 ; mole ratio of shift reagent to substrate, 0.3. 

T h e e l e c t ron -wi thdrawing chloro group reduces the L e w i s basic i ty of 
the nitro group, a n d therefore the i n d u c e d shifts for p -chloronitrobenzene 
are smaller , as might be expected f rom considerat ion of the H a m m e t t 
s igma funct ion . Plots of chemica l shift vs. mole rat io of shift reagent-to-
substrate for each proton are l inear over the range of 0.0-0.5 mole rat io . 
It is assumed that the slopes of these lines give the magnitudes of the 
i n d u c e d shifts w h i c h contain in format ion about the geometry of the 
complex. 

I n order to approx imate the conformation of the complex i n solut ion, 
a ca lcu lat ion of the type descr ibed b y W i l l c o t t et al. (22) (assuming 
effective axia l symmetry ) was made on the p-nitrotoluene chemica l shift 
data (see Ref . 2, p . 143) . Because ax ia l symmetry is assumed, the s i m p l i 
fied M c C o n n e l l - R o b e r t s o n equat ion can be used. I n several calculat ions 
the p r i n c i p a l magnet ic axis was var i ed so that i t was d irected f r om the 
e u r o p i u m atom to various points a long the l ine b isect ing the O - N - O 
angle. A b r o a d m i n i m u m was obta ined ; therefore, w i t h i n the above con 
straints, the or ientat ion of the p r i n c i p a l magnet i c axis does not appear to 
affect seriously the ca lcu lated gross geometry of the complex. T h e best 
fit of the N M R data was obta ined w h e n the E u atom was pos i t ioned 2.2 ± 
0.2 A above the p lane of the ni tro group a n d coplanar i ty of the n i t ro 
group a n d the benzene r i n g was assumed. T h e ca lcu lat ion i n w h i c h the 
p r i n c i p a l magnet ic axis was assumed to be col inear w i t h the E u - N vector 
is i l lustrated i n F i g u r e 1. 

Re la t ive to either the L n ( t h d ) 3 or the L n ( f o d ) 3 chelates, use of the 
L n ( d f h d ) 3 complexes offers an add i t i ona l advantage since the /?-diketone 

p-Chloronitrobenzene p-Nitrotoluene 

o r t h o - H 
m e t a - H 
m e t h y l - H 

1.5 
0.5 

1.9 
1.2 
0.33 
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Figure 1. Calculated coordina
tion geometry of the europium-

p-nitrotoluene interaction 

has on ly the methine proton resonance w h i c h can poss ib ly co inc ide w i t h 
the substrate proton resonances. I n the d f h d complexes there are on ly 
3 methine protons i n the chelate she l l whereas there are 3 methine a n d 27 
teri-butyl protons i n the L n ( f o d ) 3 complexes a n d 3 methine a n d 54 tert-
b u t y l protons i n the L n ( t h d ) 3 complexes. Fur thermore , interference is 
very u n l i k e l y i n E u ( d f h d ) 3 complexes since the methine proton resonance 
experiences a shift i n the opposite d i rec t ion f r om that of the substrate 
resonances; for E u ( d f h d ) 3 d r i e d over P4O10, this resonance appears u p -
field f rom T M S . Consequent ly , one can accompl i sh the same objective of 
e l iminat ing inter fer ing proton peaks b y subst i tut ing f luorine atoms for 
m e t h y l groups i n the f od l i g a n d as was done prev ious ly b y deuterat ion. 

M a n y questions concerning the interpretat ion of N M R shift reagent 
data r e m a i n unanswered . H o p e f u l l y , s ingle-crystal s tructura l de termina
tions of shift reagent-substrate complexes w i l l a l l o w basic s t ructura l 
pr inc ip les to be deduced . T h e structures of E u ( t h d ) 3 ( D M F ) 2 , E u ( t h d ) 3 -
( D M S O ) , E u ( t h d ) 3 ( l , 1 0 - p h e n a n t h r o l i n e ) , a n d Y b ( t h d ) 3 ( D M S O ) were 
recently determined (23 ) . These structures, i n conjunct ion w i t h structures 
determined i n other laboratories (see Ref . 2, pp . 368 -369 ) , l ead to several 
generalizations concerning the stereochemistry of shift reagent complexes. 

I n the s ingle-crystal structure of E u ( t h d ) 3 ( D M S O ) , two conforma
tions of the complex occupy the same uni t ce l l . T h e two conformations 
have the same gross stereochemistry, but they differ s ignif icantly i n deta i l . 
Therefore , this indicates that the N M R shift reagent complexes are not 
structural ly r i g i d , b u t rather that the coordinat ion po lyhedron a n d the 
l igands can be easily d istorted b y p a c k i n g effects. T h i s is not an iso lated 
example. T h e same phenomenon was also observed i n crystal l ine 
E u ( t h d ) 3 ( D M F ) 2 w h i c h also contains two non-equivalent molecules i n 
the u n i t ce l l . 

A comparison of Y b ( t h d ) 3 ( D M S O ) a n d E u ( t h d ) 3 ( D M S O ) reveals 
that these compounds crystal l ize i n different space groups a n d that there 
are significant differences i n the stereochemistry of the ir so l id state 
structures. T h e coord inat ion geometry of the Y b complex can best be 
descr ibed as a t r igonal base - tetragonal base po lyhedron whereas the E u 
complex can best be descr ibed as a distorted pentagonal b i p y r a m i d . I n t r a 
molecu lar a n d in ter l i gand contacts between terf-butyl groups indicate 
that there are no serious steric interactions. T o date, the pre ferred stereo
chemistry of h igher coordinate complexes has not been successfully 
correlated w i t h factors such as crystal field s tab i l i zat ion , l i g a n d - l i g a n d 
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interactions, a n d solvat ion energies, a n d the crystal latt ice energy appears 
to be the most important factor that determines the so l id state structure 
(24). W e conc lude that the observed differences between the so l id state 
structures of Y b ( t h d ) 3 ( D M S O ) and E u ( t h d ) 3 ( D M S O ) m a y be caused 
predominant ly b y p a c k i n g considerations. 

T h e b u l k y tert-butyl groups on the t h d l i g a n d do not appear to be 
the dominant factor i n de termin ing or l i m i t i n g the coordinat ion geometry 
to any one configuration. I n the octacoordinate complex E u ( t h d ) 3 ( D M F ) 2 , 
the l igands f o rm a distorted square ant ipr i sm w i t h two of the t h d moieties 
f o r m i n g one square face a n d one t h d a n d the two D M F l igands (cis to 
each other) f o r m i n g the other face. T h e 1,10-phenanthroline adducts of 
E u ( t h d ) 3 a n d E u ( a c a c ) 3 also have square ant ipr ismatic so l id state struc
tures (25). Differences between the latter two structures cannot be 
a t t r ibuted to the presence of b u l k y terf-butyl groups. I n fact, i t is the 
t h d complex w h i c h has the most compact coordinat ion po lyhedron , a n d 
the β-diketonate r i n g i n closest p rox imi ty to the 1,10-phenanthroline group 
has a smaller f o ld angle about the oxygen-oxygen vector. Perhaps the 
greater e lectron-donating ab i l i t y of the t h d l i gand m a y account for the 
shortening of the L n - O b o n d lengths i n the t h d complex. I n contrast to 
the above pattern, the nucleophi les i n E u ( t h d ) 3 ( p y r i d i n e ) 2 (26) a n d 
H o ( t h d ) 3 ( p i c o l i n e ) 2 (27) are b o n d e d to opposite faces of a square a n t i -
p r i s m a n d are as far apart f rom each other as possible. Analyses of these 
structures i m p l y that several arrangements of the l igands about the centra l 
meta l atom are possible. 

I f one wishes to extract stereochemical in format ion about substrates 
i n solut ion f rom the data obta ined i n the N M R experiments, two p h y s i c a l -
mathemat i ca l models are avai lable . F o r shifts i n d u c e d b y a d ipo lar 
(pseudocontact ) mechanism, the M c C o n n e l l - R o b e r t s o n equat ion ( E q u a 
t i on 1) (28, 29)—where u, 0 t, a n d φ{ are the spher ica l po lar coordinates 
of the i t h resonating nucleus i n the coordinate system of the p r i n c i p a l 
magnet ic axes—relates the d irect ion a n d magn i tude of the shift to the 
geometry of the substrate—chelate complex. I f the substrate-chelate 

AHi/H = Κ (3 cos 2 Bi - l ) / r \ + K' (s in 2 θ{ cos 2 φ,·) M (1) 

complex has ax ia l symmetry (a C 3 or h igher axis of r o ta t i on ) , E q u a t i o n 1 
m a y be s impl i f ied to the more manageable f o rm of E q u a t i o n 2 were Si 
is the angle between the p r i n c i p a l magnet ic axis a n d the vector f r o m the 
lanthanide i on to the i t h resonating nucleus. 

AHi/H = Κ (3 cos 2 Bi - l)/r\ (2) 

Br iggs et al. (30) have s h o w n that an equat ion s imi lar i n f o r m to 
E q u a t i o n 2 can be der ived a n d that i t shou ld be v a l i d w h e n the substrate 
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l i g a n d undergoes free rotat ion about an axis passing through the l a n 
thanide i on as w e l l as w h e n the substrate-chelate complex forms three or 
more interconvert ing rotamers that are equa l ly populated . Signi f icantly , 
i n this der ivat ion no a priori assumptions are made concerning the s y m 
metry of the complex. I n the Br iggs et al. equat ion, θι n o w denotes the 
angle between the rotat ion axis a n d the vector f rom the paramagnet ic 
lanthanide i on to the i t h resonating nucleus. 

A l t h o u g h almost a l l the reported crystal structures of l anthanide 
N M R shift reagent complexes are devo id of any symmetry element 
greater than the t r i v i a l C i rotat ion axis, this need not e l iminate the possi 
b i l i t y of effective ax ia l symmetry i n solution. T h e coordinat ion geometry 
exhib i ted b y higher coordinate lanthanide ions i n a crystal l ine arrange
ment apparent ly is affected b y p a c k i n g considerations. A d irect c o m p a r i 
son of so l id state a n d solut ion structure as determined f r om N M R exper i 
ments m a y not be v a l i d because of the great difference i n the t ime scales 
of the two techniques. A v e r a g i n g of several d issymetric arrays, such as 
those f o u n d i n the crysta l structure of E u ( t h d ) 3 ( D M S O ) , leads to an 
equivalent a n d possibly an ax ia l ly symmetr ic descr ipt ion for the l a n 
thanide shift reagent-substrate complex. L o w potent ia l energy barriers 
between the idea l i zed h igher coordinate po lyhedra m i g h t also permi t the 
t ime-averaged solut ion conf iguration to be signif icantly different f r om that 
d i sp layed i n the crystal . T h i s averaging process, whatever the details , 
must be r a p i d w i t h respect to the N M R t ime scale since shift reagent 
studies at ambient temperatures always revea l a single N M R spectrum 
that is the average of free a n d complexed substrate a n d of a l l intermediate 
species i n solution. C r y s t a l structure determinations, however , i n d i c a t e d 
that, i n the seven-coordinate substrate - lanthanide shift reagent complex , 
steric c r o w d i n g is not as serious as was once be l ieved , a n d that free ro ta 
t ion about the L n - X b o n d is possible. Consequent ly there m a y be two 
processes operat ing i n solution that a l l ow successful app l i ca t i on of the 
s impl i f i ed equat ion : (a ) free rotat ion of the substrate a n d ( b ) r a p i d inter -
conversion of geometric isomers to produce an effective ax ia l ly symmetr i 
ca l complex. 

L a n t h a n i d e complexes w i t h opt i ca l ly active β-diketones have been 
used to determine the p u r i t y of opt i ca l isomers (see chap. 4, p. 87 of 
Ref . 2 for a r e v i e w ) . T h e most w i d e l y used c h i r a l shift reagents are based 
on 3-trif luoroacetyl-ci-camphor, the anion of w h i c h is designated facam. 
T h e crysta l structure determinat ion of the D M F adduct of t r i s ( 3 - t r i -
fluoroacetyl-d-camphorato) p r a s e o d y m i u m ( I I I ) , the first of a c h i r a l shift 
reagent, has been completed (31). T h e asymmetr ic u n i t contains the 
d imer , ( facam ) 3 P r ( D M F ) 3 P r ( facam ) 3 , w i t h the D M F oxygen atoms 
f o rming bridges between the t w o P r ( facam ) 3 moieties. Therefore , each 
P r ( I I I ) i on is nine-coordinate w i t h a geometry best descr ibed as a c a p p e d 
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Figure 2. A stereoscopic drawing of the dimer (facam) 3Pr(DMF)sPr(facam)s. 
Average bond distances and angles: Pr-O(facam), 2.46(3) A; Pr-O(DMF), 

2.60(2) A; Pr-Pr, 4.078(9) A; and Pr-0(DMF)-Pr, 103.6(1.8) A. 

square ant ipr i sm (see F i g u r e 2 ) . B y ignor ing the r i n g backbones a n d 
focusing only on the P r 2 O i 5 core, one can see that there is a pseudo-mirror 
p lane conta in ing the three b r i d g i n g D M F oxygen atoms. T h e presence of 
the asymmetr ic centers i n the facam backbone prevents the entire d imer 
f r om h a v i n g m i r r o r symmetry . E v e n i n this molecule , w h i c h contains 
large facam l igands, there is s t i l l sufficient space i n the coordinat ion sphere 
of P r ( I I I ) to accommodate three D M F groups. O n e m a y conclude that 
the unsolvated complexes, par t i cu lar ly for the early members of the 
lanthanide series, should be able to b i n d large nucleophi les w i t h l i t t le 
diff iculty. N o w that x-ray data are avai lable , i t is apparent that steric 
c r o w d i n g is not as severe as was or ig ina l ly be l ieved. It is also note-
WOrthy that i n a l l structures determined , the L n - X b o n d lengths are i n 
the expected ranges but that major reorganizations of the l igands about 
the meta l atom are observed. 

Literature Cited 

1. Eisentraut, K. J., Sievers, R. E., J. Am. Chem. Soc. (1965) 87, 5254. 
2. Sievers, R. E., Ed., "Nuclear Magnetic Resonance Shift Reagents," Aca

demic, New York, 1973. 
3. Cockerill, A. F., Davies, G. L. O., Harden, R. C., Rackham, D. M., Chem. 

Rev. (1973) 73, 553. 
4. Reuben, J., Prog. Nucl. Magn. Reson. Spectrosc. (1973) 9, 1. 
5. Tischer, R. L., Eisentraut, K. J., Scheller, K., Sievers, R. E., Bausman, R. C., 

Blum, P. R., "New Rare Earth Antiknock Additives that Are Potential 
Substitutes for Tetraethyl Lead," Aerospace Res. Lab., Wright-Patterson 
Air Force Base, Ohio (1974) Rep. ARL TR-74-0170 (Nat. Tech. Inf. Ser. 
Rep. AD/A-006, 151/5 WP). 

6. Eisentraut, K. J., Tischer, R. L., Sievers, R. E., "Rare Earth β-Ketoenolate 
Antiknock Additives in Gasoline," U.S. Patent 3,794,473 (1974). 

7. Sievers, R. E., et al., unpublished data. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
6 

| d
oi

: 1
0.

10
21

/b
a-

19
76

-0
15

0.
ch

01
9

In Inorganic Compounds with Unusual Properties; King, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1976. 



19. SIEVERS ET AL. Lanthanide NMR Shift Reagents 231 

8. Kutal, C., Sievers, R. E., Inorg. Chem. (1974) 13, 897. 
9. Feibush, B., Richardson, M. F., Sievers, R. E., Springer, Jr., C. S., J. Am. 

Chem. Soc. (1972) 94, 6717. 
10. Brooks, J. J., Sievers, R. S., J. Chromatogr. Sci. (1973) 11, 303. 
11. Sicre, J. E., Dubois, J. T., Eisentraut, K. J., Sievers, R. E., J. Am. Chem. Soc. 

(1969) 91, 3476. 
12. Springer, C. S., Meek, D. W., Sievers, R. E., Inorg. Chem. (1967) 6, 1105. 
13. Richardson, M. F., Sievers, R. E., Inorg. Chem. (1971) 10, 498. 
14. Scribner, W. G., Smith, B. H., Moshier, R. W., Sievers, R. E., J. Org. Chem. 

(1970) 35, 1969. 
15. Sievers, R. E., in "Coordination Chemistry," S. Kirschner, Ed., p. 270, 

Plenum, New York, 1969. 
16. Hinckley, C. C., J. Am. Chem. Soc. (1969) 91, 5160. 
17. Sanders, J. K. M., Williams, D. H., Chem. Commun. (1970) 422. 
18. Demarco, P. V., Elzey, T. K., Lewis, R. B., Wenkert, E., J. Am. Chem. Soc. 

(1970) 92, 5734. 
19. Ibid. (1970) 92, 5737. 
20. Rondeau, R. E., Sievers, R. E., J. Am. Chem. Soc. (1971) 93, 1522. 
21. Rondeau, R. E., Sievers, R. E., Anal. Chem. (1973) 45, 2145. 
22. Willcott, M. R., Lenkinski, R. E., Davis, R. E., J. Am. Chem. Soc. (1972) 

94, 1742. 
23. Cunningham, J. Α., Sievers, R. E., Proc. 10th Rare Earth Res. Conf., 

Carefree, Ariz., April-May 1973. 
24. Blight, D. G., Kepert, D. L., Theor. Chim. Acta (1968) 11, 51. 
25. Watson, W. H., Williams, R. J., Stemple, N. R., J. Inorg. Nucl. Chem. 

(1972) 34, 501. 
26. Cramer, R. E., Seff, K., Chem. Commun. (1972) 400. 
27. Horrocks, Jr., W. De W., Sipe, J. P., Luber, J. R., J. Am. Chem. Soc. (1971) 

93, 5258. 
28. McConnell, H. M., Robertson, R. E., J. Chem. Phys. (1958) 29, 1361. 
29. Horrocks, Jr., W. DeW., J. Am. Chem. Soc. (1974) 96, 3022. 
30. Briggs, J. M., Moss, G. P., Randall, E. W., Sales, K. P., J. Chem. Soc. Chem. 

Commun. (1972) 1180. 
31. Cunningham, J. Α., Sievers, R. E., J. Am. Chem. Soc. (1975) 97, 1586. 
RECEIVED February 26, 1975. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
6 

| d
oi

: 1
0.

10
21

/b
a-

19
76

-0
15

0.
ch

01
9

In Inorganic Compounds with Unusual Properties; King, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1976. 



20 

The Effect of Coordination Pattern and 
5f Electron Configuration on 
Organoactinide Reactivity 

TOBIN J. MARKS 

Northwestern University, Evanston, Ill. 60201 

This article discusses developments in two fields of organo
actinide chemistry: sigma-bonded actinide organometallics 
and actinide ions as templates in ligand cyclization reactions. 
The marked thermal stability of (η5-C5H5)3U-R and (η5-
C5H5)3Th-R compounds results largely from coordinative 
saturation which thwarts decomposition via β-hydride elim
ination as well as other routes. Thermolysis of these com
pounds occurs by intramolecular elimination of R-H. The 
coordinatively unsaturated UR4 and ThR4 compounds are 
less thermally stable, and they decompose where possible by 
hydride elimination. The organometallic product of (η5-
C5H5)3ThR thermolysis is (η5-C5H5)2Th(η1:η5-C5H4)2Th(η5-
C5H5)2 which suggests the importance of an intermediate 
(η1-C5H4)Th(η5-C5H5)2 carbene complex-ylid species. When 
phthalocyanine condensations are carried out in the pres
ence of uranyl ion, a complex of the macrocyclic super
-phthalocyanine ligand, a five-subunit, expanded analog of 
phthalocyanine, is obtained. 

' " p h e great flowering i n transi t ion meta l organometal l i c chemistry d u r i n g 
A the last 20 years has, u n t i l very recently , largely i gnored the act in ide 

elements. F u l l interest i n act in ide organometal l i c chemistry d i d not f u l l y 
a w a k e n u n t i l the recent synthesis of the nove l c o m p o u n d uranocene. Since 
then i t has become increasingly apparent that the actinides have a r i c h 
a n d diverse organometal l ic chemistry (1-7). Moreover , these meta l ions 
have u n i q u e stereochemical ( h i g h coord inat ion numbers , unusua l co
ord inat i on geometries ) a n d electronic ( 5/ valence orbitals ) features that 
are u n k n o w n i n the d t ransi t ion series w h i c h suggest interest ing prospects 
for their use as reagents a n d catalysts. T h i s paper presents recent deve l -

232 
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20. MARKS Organoactinide Reactivity 233 

opments i n two burgeoning fields: act inide-to -carbon s igma bonds a n d 
act in ide ions as templates i n cyc loo l igomer izat ion reactions. T h e p r i n c i p a l 
focus is o n those coordinat ive as w e l l as e lectronic features w h i c h contro l 
the rates a n d selectivities of the chemica l transformations that are u n d e r 
gone w h e n organic l igands are coordinated to act in ide ions. 

Actinide-to-Carbon Sigma Bonds 

P r i o r to a n d d u r i n g the M a n h a t t a n Project , considerable effort was 
d i rec ted t o w a r d the synthesis of vo lat i le u r a n i u m a l k y l compounds such 
as U ( C 2 H 5 ) 4 for use i n isotope separation. These attempts were unsuc 
cessful {8,9) a n d i t was assumed that the u r a n i u m a l k y l b o n d was i n 
tr ins i ca l ly unstable . T h u s , for several decades the nature of the u r a n i u m -
to-carbon l inkage r e m a i n e d unexplored , a n d there was even some ques
t i on as to whether such b o n d i n g c o u l d take place . 

These preconceptions were d i spe l l ed b y the synthesis of the remark
a b l y thermal ly stable u r a n i u m organometal l ics of the f o r m u l a ( τ ; 5 - 0 5 Η 5 ) 3 -
U - R via Reac t i on 1 (10, I I , 1 2 , 1 3 , 14). T h e molecu lar structure of the 

R L i 
( C « H 5 ) 8 U C 1 - » ( C r , H 5 ) 3 U - R (1) 

R M g X 

R = C H 3 = neopentyl = p - t o l y l 
= 7 & - C 4 H 9 = ter£-C4H9 = b e n z y l 
= a l l y l = C 6 H 5 = -2-cis-2—butenyl 
= t - C 3 H 7 = C G F 3 = -2-£rarw-2-butenyl 
= v i n y l = C 2 C o H 5 

R = phenylacety l ide complex is dep i c ted i n F i g u r e 1 ( 1 5 ) . A l t h o u g h they 
are exceedingly a ir sensitive, these compounds general ly have v e r y h i g h 
t h e r m a l stabi l i ty . F o r example , the hal f - l i f e of the R = η-butyl c o m p o u n d 
i n toluene solut ion at 97 ° C exceeds 1000 hr . 

T h a t such monohapto organometal l ics are not u n i q u e to u r a n i u m was 
demonstarted b y the h i g h y i e l d synthesis of the t h o r i u m ( I V ) analogs 
( R e a c t i o n 2 ) (16,17). These complexes have even greater thermal s tab i l -

R L i 
( C 5 H 5 ) 3 T h C l > ( C 5 H 5 ) 3 T h - R (2) 

R M g X 

R = n - C 4 H 9 = - 2 - c i s -2 -buteny l 
= a l l y l = -2-£rcms-2-butenyl 
= i - C 3 H 7 = 5-hexenyl 
= neopentyl = n - C 3 H 7 

i t y t h a n the ( C 5 H 5 ) 3 U R compounds. F o r example, i n toluene so lut ion 
(sealed tube ) at + 1 7 0 ° C ( C 5 H 5 ) 3 T h ( n - b u t y l ) has a ha l f - l i f e of more 
t h a n 95 hr . T h e t h o r i u m complexes offer an i n t r i g u i n g oppor tuni ty to 
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Figure 1. The structure of (v5-C5H5 ).-
UC2C6H5 (15) 

examine the effects of two 5f electrons ( T h ( I V ) is 5 f ; U ( I V ) is 5 f ) o n 
the properties of act in ide a lkyls . 

I n v i e w of the reported ins tab i l i ty of u r a n i u m tetra-alkyls , w e under 
took a n invest igat ion of those factors w h i c h stabi l ize act in ide- to -carbon 
s igma bonds (13,17). T h e approach was to s tudy the k inet i c aspects of 
( C 5 H 5 ) 3 M R thermolysis i n solut ion a n d to scrut inize the t h e r m a l decom
pos i t ion products , i n c l u d i n g those i n w h i c h deuter ium a n d stereochemical 
labels were incorporated . Several signif icant patterns emerged. T h e r m o l y 
sis of bo th ( C 5 H 5 ) 3 U R a n d ( C 5 H 5 ) 3 T h R compounds i n toluene so lut ion 
does not occur via the c ommonly observed ^ -hydrogen eh'mination se
quence ( R e a c t i o n 3 sometimes f o l l owed b y R e a c t i o n 4 ) (18-28). Rather , 

C H 2 = C H R 
i 

M - C H 0 C H 3 R ^ M — H ^± M - H + C H 2 = C H R (3) 

M - H + M - C H 2 C H 3 R -> 2 M + C H 3 C H 2 R (4) 

for bo th M — T h a n d U , R - H is e l iminated (13,17). D e u t e r i u m - l a b e l l i n g 
studies—e.g . ( C 5 D 5 ) 3 M R thermolyzed i n toluene a n d ( C 5 H 5 ) 3 M R ther-
m o l y z e d i n t o l u e n e - d 8 — i n d i c a t e that abstract ion of a cyc l opentad ieny l 
r i n g h y d r o g e n takes place. Crossover experiments (e.g. Reac t i on 5 ) i n 
dicate that abstract ion is p redominant ly intramolecular . Some crossover 

( C 5 H 5 ) 3 M R ' R ' - H 
-> (5) 

( C 5 D 5 ) 3 M R R - D 

was observed i n the products of the t h o r i u m experiment. H o w e v e r , mass 
spectra of s tart ing mater ia l iso lated f r o m par t ia l l y thermo lyzed samples 
indicates that this s c rambl ing occurs p r i o r to t h e r m a l decomposit ion. 
Exper iments were also des igned i n v i e w of the fact that v i n y l i c free r a d i 
cals are k n o w n to invert at a rate w h i c h is compet i t ive w i t h di f fusion out 
of solvent cages a n d intercept ion b y the most potent r a d i c a l scavengers 

<̂  / r ^ \ / r 

C = C ^ , C = C (6) 
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20. M A R K S Organoactinide Reactivity 235 

( R e a c t i o n 6 ) (13, 2 9 - 3 7 ) . T h e -2-cfc-2-butenyl a n d -2-*rans-2-butenyl 
complexes of b o t h u r a n i u m a n d t h o r i u m , thermoylze to p roduce pure cis-
2-butene a n d trans-2-butene, respect ively (13, 17). T h u s , the h y d r o g e n 
abstract ion occurs w i t h retent ion of conf igurat ion at the c a r b o n atom 
b o u n d i n i t i a l l y to the act in ide , a n d free radicals are apparent ly not present 

• 1 6 7 ° C 

neopentyl 

Li 1 1—, 1 1 1 I I I I I I I L 
0 200 400 600 800 1000 1200 

Time (hr.) 

• I 6 7 ° C 

0 ÎÔOÔ 2ÔO"o" 3Ô0Ô 4Ô0Ô 500(5" 
Time (min) 

Figure 2. Kinetic plots for the thermal decomposition of various 
(CsH5)sThR compounds in toluene solution. Functional groups in paren

theses indicate the PMR resonances monitored for the data. 
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for any length of t ime a long the react ion coordinate. F o r ( C 5 D 5 ) 2 ( C 5 H 5 ) -
U ( n - b u t y l ) , the hydrogen abstract ion exhibits a k ine t i c isotope effect 
(kn/kD) of approx imate ly 8 ± 1 ( 3 8 ) . A s a compar ison , some kn/kD 

values for β-hydride e l iminat i on i n organometal l i c systems are r h o d i u m 
7.04 ( 3 9 ) , copper 4.7 ( 4 0 ) , l i t h i u m 2 - 3 ( 4 1 ) , a n d i r i d i u m 2.28 ( 4 2 ) . T h i s 
suggests that C - H b o n d b r e a k i n g is p robab ly i n v o l v e d i n the rate-deter
m i n i n g step of ( C 5 H 5 ) 3 U R thermolysis . 

K i n e t i c investigations of ( C 5 H 5 ) 3 U R a n d ( C 5 H 5 ) 3 T h R t h e r m a l de 
compos i t ion i n so lut ion indicate a un imo lecu lar (good first-order k ine t i c 
p lots ) process (e.g., see F i g u r e 2 ) . F u r t h e r support for un imo lecu lar i ty 
is p r o v i d e d b y the observation that, for b o t h u r a n i u m a n d t h o r i u m sys
tems, a d d e d ( C 5 H 5 ) 3 M ( i - p r o p y l ) does not affect the rate of decompos i 
t i on of ( C 5 H 5 ) 3 M ( n - b u t y l ) a n d vice versa. Ana lys i s of P M R spectra, 
together w i t h k inet i c data for the rate of disappearance of resonances 
corresponding to various groups on the same ( C 5 H 5 ) 3 M R molcu le , d e m 
onstrates that fac i le ^ - h y d r i d e e l iminat i on p r i o r to thermolysis (43,44)— 
such as i n the i somerizat ion of Reac t i on 7 (see Ref . 45 a n d references 
c i ted there in )—does not occur to any apprec iable extent. D a t a on u r a -

H 
I 

C H 3 C H 2 = C — C H 3 

I 4 
M - C H — M - H ^± M - C H 2 C H 2 C H 3 (7) 

C H 3 1 

n i u m a n d t h o r i u m complexes are c o m p l i e d i n T a b l e I. I n a l l cases, the 
t h o r i u m organometal l ics are more thermal ly stable. 

I n construct ing any mechanist i c scheme to describe the t h e r m a l de 
compos i t ion of act inide a lkyls , the first questions w h i c h arise are w h y 
^ - h y d r i d e e l iminat i on does not occur i n ( C 5 H 5 ) 3 U R a n d ( C 5 H 5 ) 3 T h R 
complexes a n d whether this behavior is a fundamenta l property of a l l 
ac t in ide a l k y l complexes. I n order to answer these questions, w e examined 

T a b l e I . C o m p a r a t i v e K i n e t i c D a t a f o r 
Thermolys i s o f ( C 5 H 5 ) 3 M R Compounds i n To luene S o l u t i o n 0 

M=U M = Th 

R A G * , kcal/mole t$, hr A G * ; kcal/mole t i ; hr 

n - C 4 H 9 33.3 (97° ) 1130 37.6 (167°) 96 
N e o p e n t y l 32.2 (97° ) 270 41.4 (167°) 7500 
i - C 3 H 7 29.8 (72°) 201 34.3 (167°) 7.2 
A l l y l 28.7 (72° ) 40 38.6 (167°) 566 
i r a n s - 2 - B u t e n y l 34.6 (97°) 6730 36.8 (167°) 39 

β Good first-order kinetic plots. 
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20. M A R K S Organoactinide Reactivity 237 

the thermal ly unstable products of React ion 8 (46,47). W h e n R possesses 

M C 1 4 + 4 R L i -> [ M R 4 ] -> products (8) 

M — T h , U 

a β-hydrogen, the presumed act in ide tetraalkyls decompose to y i e l d large 
quantit ies of olefin. F o r example, for M = U a n d R = η-butyl, the or
ganic product y ie lds i n hexane solut ion are 4 9 % n-butane, 4 6 % 1-butene, 
a n d 1 % η-octane whereas for M = T h a n d R = η-butyl they are 3 8 % 
1- butene a n d 6 0 % η-butane. I n b o t h cases, the act in ide is isolated as the 
metal . Important ly , on ly traces of octane were detected. T h e products of 
a free r a d i c a l homo ly t i c decomposi t ion ( R e a c t i o n 9) w o u l d be pred i c ted 

M - R - * M - - R (9) 

(48, 49, 50) to be predominant ly R - R f rom r a d i c a l d imer i za t i on , together 
w i t h smaller quantit ies of R - H f rom solvent hydrogen atom abstract ion 
as w e l l as R - H a n d the olefin R - H - ( H 2 ) f r om r a d i c a l d i sproport iona-
t ion . D i m e r i z a t i o n to d isproport ionat ion ratios are ca. 10:1 for p r i m a r y 
a l k y l radicals (48, 49). T h u s , the products of the thermal decomposi t ion 
of the unstable act in ide tetraalkyls are those expected f r o m β-hydride 
e l iminat i on (React ions 3 a n d 4 ) . 

W e bel ieve that the differences i n the thermolysis p a t h w a y a n d hence 
to a great extent i n the stabi l i ty of these compounds compared w i t h that 
of the tr iscyclopentadienyls is p r i m a r i l y the result of the degree of co-
ord inat ive saturation. It is w e l l established (24, 25, 26, 27, 28) that β-
h y d r i d e e l iminat ion ( React ion 3 ) proceeds via intermediate h y d r i d e olefin 
complexes (Structure l ) . These configurations are usua l ly at ta ined b y 
expansion of the meta l coord inat ion sphere or b y dissoc iat ion of another 
l i gand . I n the coordinat ive ly congested ( C 5 H 5 ) 3 M R complexes, a p 
parent ly neither of these two possibi l i t ies can be achieved b y a reasonable 
expenditure of free energy, a n d an alternative route is traversed. T h e exact 
degree of steric congestion is impossible to quant i fy ; however , consider
able c r o w d i n g of groups is apparent f rom the x-ray data ( the « a l k y l 
carbon is less than 3.0 A f r o m the r i n g carbon atoms ) a n d various spec
troscopic studies. F o r example, the barr ier to rotat ion about the U - C 
s igma b o n d i n ( C 5 H 5 ) 3 U ( i - p r o p y l ) is o n the order of 10 k c a l / m o l e (13) 
( F i g u r e 3 ) . O n the other h a n d , the act in ide tetraalkyls presumably have 
coord inat ion numbers as l o w as four, a n d intermediates (or t rans i t ion 
states ) such as Structure 1 are read i ly achieved , thus fac i l i ta t ing β-hydride 
ehminat ion . I f no β-hydrogen is present o n the R group i n the M R 4 c o m 
pounds , the major thermolysis product is R - H . F o r the 2-cis- a n d 2-trans-
2- b u t e n y l systems, stereochemical integr i ty at the α - carbon a tom is m a i n 
ta ined w h i c h indicates that free R · radicals are not invo lved . T h e t h o r i u m 
tetraalkyls are more thermal ly stable than those of u r a n i u m (46). Indeed , 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
6 

| d
oi

: 1
0.

10
21

/b
a-

19
76

-0
15

0.
ch

02
0

In Inorganic Compounds with Unusual Properties; King, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1976. 



238 I N O R G A N I C C O M P O U N D S W I T H U N U S U A L P R O P E R T I E S 

(b - c w . u - c m c H , ) , 

Figure 3. PMR spectra (at 90 MHz) 
in the C6H5 region of (CsHs)sU(iso-
propyl) as a solution in dimethyl ether-
toluene. Computer-generated spectra 
are for mean pre-exchange lifetimes of 

the low field resonance. 

0.000275 Sec. 

100 150 Hz 

C H r V ^ C H , H ^ Y ^ C H , C H . ^ X ^ H 

t e t rabenzy l thor ium can be iso lated as a colorless, crystal l ine so l id w h i c h 
decomposes s l owly at r o o m temperature ( 5 1 ) . T h e fact that none of the 
act in ide tetraalkyls is as stable as the tr iscyc lopentadienyls presumably 
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20. M A R K S Organoactinide Reactivity 239 

indicates that coordinat ive saturat ion also plays a role i n h i n d e r i n g ther 
molysis pathways other than β-hydride e l iminat ion . 

N o mechanist i c s tudy w o u l d be complete w i t h o u t a n account ing of 
a l l react ion products . T h o u g h , as shown above, considerable in format ion 
can be obta ined f r o m the organic products , the resultant ac t in ide -conta in-
i n g thermolysis species are also of great interest. Solutions of ( C 5 H 5 ) 3 U R 
complexes deposit a pyrophor i c b r o w n prec ip i tate u p o n thermal decom
pos i t ion (13). T h i s so l id analyzes as ( C 5 H 5 U H n , η = 2 or 3; the I R spec
t r u m c lear ly reveals the presence of an 7 7 5 - C 5 H 5 funct ional i ty . Mass spec
t ra reveal the presence of several u r a n i u m atoms. W e have so far been 
unable to crystal l ize this compound . Thermolys is solutions of the 
( C 5 H 5 ) 3 T h R series deposit a colorless so l id . I f thermolysis is carr ied out 
s l owly ( 1 7 0 ° C ) , the product can be obta ined as colorless needles (17) 
w h i c h analyze ( C , H , a n d mass spectrum) as [ ^ H s ^ T h ^ H U ) ^ . A g a i n 
the I R spectrum has bands that are attr ibutable to ^ 5 - C 5 H 5 r ings. T h e 
molecu lar structure of this complex was determined b y x-ray di f fract ion 
( F i g u r e 4) (52). T h e configuration of this remarkable molecule can be 

Figure 4. The molecular structure of [ (C 5 H 5 ) 2 (C S H\)-
TK]2 (52) 

v i e w e d as that obta ined b y remov ing the elements R - H f r o m a (C5H5)3-
T h R molecule a n d then d i m e r i z i n g the resultant species. H e n c e , each 
t h o r i u m atom is b o n d e d to two pentahaptocyc lopentadieny l r ings , a n d i t 
shares a t h i r d via a double T/5:̂ 1-C5H4 br idge . I n m a n y ways the structure 
is s imi lar to that of niobocene (53) except that there is no evidence for 
either a direct t h o r i u m - t h o r i u m b o n d or a m e t a l h y d r i d e . 

W h a t pathways then are open for the thermal decomposi t ion of the 
coord inat ive ly saturated ( C 5 H 5 ) 3 U R a n d (C 5 H 5 ) 3 ThR compounds? W i t h 
the avai lable data , w e can great ly n a r r o w the possibi l i t ies . T h r e e descr ip 
tions of the p r i m a r y event n o w seem most l i k e l y ( M e c h a n i s m s 2, 3, a n d 
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2 3 4 

4) for the transfer of a h y d r o g e n f rom a cyc lopentad ieny l ring to the R 
moiety . A homolyt i c free r a d i c a l b o n d scission ( M e c h a n i s m 2 ) f o l l o w e d 
b y abstract ion of a r i n g hydrogen is acceptable only i f i t occurs i n a so l 
vent cage (54, 55) w h i c h is sufficiently t ight to ensure retent ion of con
figuration i n R H . C o n s i d e r i n g the structure of the organoact inide i n the 
ground state as w e l l as the other spectroscopic evidence for coordinat ive 
congestion, such a s i tuat ion cannot be r u l e d out since the α-carbon atom 
of R is w i t h i n 3 A of several of the surrounding r i n g hydrogens. T h e 
stabi l i ty t rend as a funct ion of R , p r i m a r y > secondary > tert iary , also 
suggests r a d i c a l character. H o w e v e r , the near ly complete retent ion of 
conf igurat ion w e observe for the hydrogen abstract ion was never observed 
prev ious ly for v i n y l r a d i c a l a tom transfer reactions ( 2 9 - 3 7 ) , nor is such 
stereospecificity c ommonly observed for caged r a d i c a l p a i r recombinat ion 
reactions i n so lut ion (54, 55, 56, 5 7 ) . I n add i t i on , one should note that , 
i f a caged r a d i c a l pa i r is sufficiently constrained, i t is not leg i t imate to 
consider the radicals free a n d the react ion verges u p o n a concerted pro 
cess. M e c h a n i s m 3 is such a concerted, four-center process i n w h i c h the 
h y d r o g e n is transferred d i rec t ly to R. It c o u l d also be v i e w e d as an i n t r a 
molecu lar proton transfer react ion (58 ) . W e have a lready observed that 
protonolysis of a c t i n i d e - a l k y l bonds is fac i le w i t h alcohols (Reac t i on 10) 

C H 3 O H 
( C 5 H 5 ) 3 M - R > ( C 5 H 5 ) 3 M - O C H 3 + R H (10) 

M = T h , U 

(13,17). F i n a l l y , M e c h a n i s m 4 is f o rmal ly an oxidat ive a d d i t i o n react ion 
i n w h i c h a l i g a n d C - H b o n d is a d d e d to the meta l center. I n d t rans i t ion 
m e t a l chemistry , there is considerable precedent for this type of process 
(59, 60, 61) i n c l u d i n g examples i n w h i c h the hydrogen is subsequently 
transferred to a n a l k y l group (62,63) ( f o rmal ly a reduct ive e l iminat i on ) 
as w e l l as those i n w h i c h a cyc l opentad ieny l r i n g provides the add i t ive 
C - H b o n d , (64,65). 

T h e uncerta inty i n mechanist i c pathways is essentially r educed to the 
quest ion of whether the h y d r o g e n is transferred d i rec t ly to the R l i g a n d , 
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20. M A R K S Organoactinide Reactivity 241 

or whether i t is transferred first to the m e t a l a n d then subsequently to R . 
I t is certa in that these transfers must be i n a t ight ly contro l led , i n t r a m o 
lecular fashion. A l t h o u g h the organic t h e r m a l decompos i t ion products are 
ident i ca l , i t is not certa in that the u r a n i u m a n d t h o r i u m systems traverse 
exactly the same thermolysis react ion coordinate. I n this connect ion, i t is 
instruct ive to examine the re lat ive abi l i t ies of u r a n i u m a n d t h o r i u m to 
shuttle between ox idat ion states (66). T h e u r a n i u m potentials i n R ea c 
t i on 11 a n d 12 are for aqueous solutions (66); data for t h o r i u m is est i -

- 0 . 6 3 V +0 .32 V 
U ( I I I ) < U ( I V ) > U ( V I ) (11) 

- 3 . 7 V 
T h ( I I I ) < T h ( I V ) • T h ( V I ) (12) 

m a t e d f r o m spectroscopic correlations (see Ref . 67 a n d references c i t ed 
t h e r e i n ) . U r a n i u m ( I V ) can be reduced or ox id i zed w i t h re lat ive ease. It 
is far more diff icult to reduce t h o r i u m ( I V ) ( f e w t h o r i u m ( I I I ) compounds 
are k n o w n — ( C 5 H 5 ) 3 T h (68), T h O F (69), a n d T h B r 3 (70)), a n d i t is 
imposs ib le to ex id ize i t w i t h o u t remova l of l o w l y i n g electrons f rom the 
c losed 6p shel l . T o the extent that organometal l i c react ion mechanisms 
can be descr ibed i n terms of f o rmal changes i n ox idat ion state, rate-deter
m i n i n g processes i n v o l v i n g either reduct ion ( e.g. M e c h a n i s m 2 ) or ox ida 
t i on of the meta l should be more fac i le for u r a n i u m ( I V ) t h a n for 
t h o r i u m ( I V ) . H e n c e the difference i n rates of ( C 5 H 5 ) 3 U R a n d 
( C 5 H 5 ) 3 T h R thermolysis m a y reflect either u n e q u a l energetic requ i re 
ments for f o l l ow ing the same react ion p a t h w a y or the f o l l o w i n g of d i f 
ferent pathways . 

T h e above discussion represents on ly a single facet of the t h e r m a l 
decomposi t ion react ion : h o w H is transferred to R. H o w e v e r , once R - H 
expuls ion occurs a n d b y whatever mechanism, the act in ide -conta in ing 
species that r e m a i n must f o rm the product w h i c h is isolated. F o r b o t h 
u r a n i u m a n d t h o r i u m , the un imo lecu lar i ty of R - H e l iminat i on impl icates 
a n intermediate such as Structure 5. T h i s is a carbene complex (71, 72, 
73) of w h i c h d i a r y l (74, 75) a n d d i a l k y l (76, 77) examples are n o w 

Φ Q Q 

5 6 7 
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k n o w n . H o w e v e r , no d t rans i t ion meta l cyc lopentadienyl idene complexes 
have yet been isolated ( 78, 79 ) w h i c h , i n v i e w of the very e lec trophi l i c 
character of this carbene (80 81, 82, 8 3 ) , is not surpr is ing . T h e resonance 
h y b r i d ( Structure 5 ) has an ant iaromatic four-electron π system. H o w 
ever, a very e lectron-r ich meta l (one actual ly capable of undergo ing a 
f o r m a l two-electron oxidat ion ) such as a d iva lent ac t in ide m i g h t stabi l ize 
the aromat ic y l i d h y b r i d (Structure 7 ) . T h u s an intermediate such as 
Structure 7 c o u l d be reasonbaly stable, a n d w h e n M = t h o r i u m i t ap 
parent ly persists u n t i l d i m e r i z a t i o n occurs to y i e l d the isolated produc t 
[ ( C 5 H 5 ) 2 T h ( C 5 H 4 ) ] 2 i n F i g u r e 4. F u r t h e r rat ionale for the existence of 
Structure 7 is that t r ipheny lphosphine forms a very stable complex 
w i t h cyc lopentadienyl idene , i.e. t r ipheny lphosphon iumcyc lopentad ieny l ide 
(Structure 8 ) (84, 8 5 ) . It is h i g h l y probab le that c a r b e n e - y l i d (T?1-

C 5 H 4 ) M species are i n v o l v e d i n a large number of thermolysis a n d group 
transfer reactions of bo th d a n d / transit ion meta l ( 7 / 5 - C 5 H 5 ) M compounds . 

It is thus c lear that coordinat ive saturat ion a n d presumably also 
i m m o b i l i z a t i o n i m p a r t e d b y other l igands plays a n important role i n sta
b i l i z i n g act in ide- to -carbon s igma bonds. O n e w a y i n w h i c h to examine 
the energetics of coordinat ive saturation is to study act in ide a l l y l c o m 
pounds . A s is revealed b y I R a n d laser R a m a n spectrascopy, the c o m 
pounds ( C 5 H 5 ) 3 U ( a l l y l ) (13) a n d ( C 5 H 5 ) 3 T h ( a l l y l (17) have mono -
h a p t o a l l y l g r o u n d state geometries. I n b o t h cases, however , the r o o m 
temperature P M R spectra have d y n a m i c A 4 X t ime-averaged spectra ( F i g 
ures 5 a n d 6 ) . W i t h the u r a n i u m ( I V ) c o m p o u n d (13) i sotropic shifts 
(a t tr ibutable to the two u n p a i r e d 5/ electrons) are sufficiently large (i.e. 
they i m p a r t sufficient t ime resolut ion) (86, 87, 88) so that the s low ex
change l i m i t spectrum can be observed at l o w temperature ( F i g u r e 5 ) . 
T h i s confirms the instantaneous monohapto geometry a n d al lows ca l cu la 
t i o n ( f r o m the spectral coalescence po in t ) of the free energy of ac t ivat ion 
for the d y n a m i c s igmatropic process i n Reac t i on 13. T h e m a x i m u m i n 
free energy b y w h i c h the t r ihapto geometry can exceed the monohapto is 
the act ivat ion energy, A G * = 8.0 ± 1.0 k c a l / m o l e . Because of the d i a -

8 

U u 
(13) 
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Figure 5. Field sweep PMR spectra (at 90 MHz) of (C5H5)SU-
(attyl) as a solution in toluene-d8. Resonance A is attributable to 
the cyclopentadienyl protons whereas resonances B, C, D, and Ε 
are attributable to the allyl protons. Dispersion bands are an 

artifact of 15 KHz field modulation. 

magnet ism of the t h o r i u m analog , the f requency separation be tween its 
exchanging sites at 90 M H z is insufficient for observation of spectra b e l o w 
the spectral coalescence po in t ( F i g u r e 6) before the sample so lut ion 
freezes. H o w e v e r , b y us ing reasonable estimates for the resonance pos i 
tions (89, 90) a n d assuming the coalescence po in t to be —100° i t 10 °C , 
w e calculate A G * — 7.6-8.7 k c a l / m o l e . T h i s is surpr is ing ly close to th? 
va lue f o u n d for the u r a n i u m system, a n d i t suggests that the potent ia l 
energy surface for the tautomeric process represented b y Reac t i on 13 
changes l i t t le w h e n t h o r i u m is subst i tuted for u r a n i u m . 
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-87° 

Τ 30 40 50 6.0 70 8.0 

Figure 6. Variable temperature PMR spectra (at 90 
MHz) of (CsHs)sTh(aUyl) in toluene-d8. Inset reso
nance at bottom resulted from applying a decoupling 
frequency to the center of the methine multiplet 

(denoted by arrows). 

These findings, a long w i t h the previous discussion of thermolys is , 
suggest that the organometal l i c chemistry of u r a n i u m a n d t h o r i u m that 
involves tautomeric processes a n d valence isomerizations (as w e l l as cer
t a i n cata lyt i c processes) p r o b a b l y has rather s imi lar products a n d a c t i v a 
t i o n energetics. H o w e v e r , any c h e m i c a l transformations of u r a n i u m a n d 
t h o r i u m organometal l ics that invo lve changes i n ox idat ion state m a y have 
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qui te different products a n d rates. I n this w a y , the 5/ electrons shou ld 
have a significant effect on the chemistry . 

T h e tetraallyls U ( a l l y l ) 4 (91) a n d T h ( a l l y l 4 (92) are also k n o w n . 
T h e y possess g round state t r i h a p t o a l l y l structures. A t temperatures above 
ambient , the t h o r i u m c o m p o u n d exhibits fluxional behavior . T h i s is best 
represented (93, 94) b y Reac t i on 14 where the potent ia l energy surface 

is a n approx imate ly inverted f o rm of that for the monohaptoa l ly l . T h e 
invers ion no doubt arises f rom a decrease i n coordinat ive saturation. U n 
fortunately , the thermal instab i l i ty of the corresponding u r a n i u m tetra-
a l l y l h inders efforts to observe the fluxional process. 

T h e t r i scyc lopentadienyl a lkyls a n d the tetraalkyls represent two ex
tremes i n act in ide a l k y l chemistry . T h e former are thermal ly stable a n d 
re lat ive ly non lab i l e whereas the latter are thermal ly unstable a n d lab i le . 
It is of interest to determine whether some intermediate compromise i n 
these characteristics can be achivede b y suitable choice of support ing 
l igands. 

O n e p r o m i s i n g approach to the adjustment of coordinat ive saturation 
is to alter the n u m b e r of cyc lopentad ieny l rings. Since the great b u l k of 
t i t a n i u m , z i r c o n i u m , a n d h a f n i u m organometal l i c chemistry is that of 
( C 5 H 5 ) 2 M X 2 systems, compounds such as the recently reported ( C 5 H 5 ) 2 -
U C 1 2 (95) w o u l d seem to be idea l precursors. W e (96) as w e l l as others 
(97) have f ou n d this to be an incorrect f o rmulat i on of the react ion p r o d 
uct of U C U a n d 2 T 1 C 5 H 5 . W h e n the react ion is carr ied out i n d imethoxy-
ethane ( D M E ) w e find (96) b y N M R that the produc t is ac tua l ly a m i x 
ture of ( C 5 H 5 ) 3 U C l a n d ( C 5 H 5 ) U C 1 3 · D M E (98). 

A n o t h e r approach is to t ie the cyc lopentad ieny l r ings together (96) 
(e.g. R e a c t i o n 15 ) . F o r X = C H 2 , the dark r e d crystal l ine p roduc t is 

^ [ ^ - Χ - < Θ ] ^ ^ Χ ^ α υ ^ Χ L i * 

\2f V 
X = C H 2 , C H 2 C H 2 C H 2 , ( C H 3 ) 2 S i , etc. (15) 
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Λ 

Figure 7. Top: field-sweep PMR spectrum (at 60 MHz) of 
[ΟΗα(η5-€5ΗΜ2υ2€15-Ιΐ · 2THF; the peak marked S is attrib
utable to C6D5H. Bottom: expansion of spectrum to show coordi

nated THF and CH9 resonances. 

obta ined as a te trahydro furan adduct , [ C H 2 ( C 5 H 4 ) 2 ] 2 U 2 C l 5 - L i + · 2 T H F . 
T h e pro ton N M R spectrum ( F i g u r e 7 ) indicates that the molecu le has 
on ly one p lane of symmetry as i n Structure 9. T h e coordinated T H F 

H 2 C 

c , 

C l 
X C K C l 

L i 

/ v 
T H F T H F 

C H , 
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cannot be removed in vacuo w i t h o u t destruct ion of the c o m p o u n d ; h o w 
ever, i t r a p i d l y exchanges w i t h a d d e d free T H F i n so lut ion ( F i g u r e 8 ) . 
S ince the rate of exchange is r ough ly a func t i on of a d d e d T H F , a n d since 
the exchange is accompanied b y evo lut ion of a t ime-averaged symmetry 
p lane , r a p i d equ i l i b ra t i on w i t h a monomer i c species such as Structure 10 

is suggested. These results ind icate that i t m a y be possible to tune the 
degree of coordinat ive saturation at u r a n i u m b y s imple m a n i p u l a t i o n of 
the size of the br idge between the cyc lopentad ieny l r ings. 

P r e l i m i n a r y studies indicate that these n e w dihal ides c a n b e con 
verted to a l k y l , a r y l , a n d tetrahydroborate derivatives of v a r y i n g stabi l i ty 
(96, 99 ) . A n o t h e r useful precursor for some types of b i s cyc lopentad ieny l 
derivatives of u r a n i u m ( I V ) is the amido c o m p o u n d ( C s H s ^ U f N ^ H s ^ L 

Actinide Ions as Templates 

T e m p l a t e reactions (101, 102,103, 104, 105) constitute a n extensive 
class of chemica l transformations ( b o t h sto ichiometr ic a n d cata lyt i c ) i n 
w h i c h a meta l i o n serves as a f ramework for the coordinat ive cyc l i za t i on 
of organic l igands. A n i n t r i g u i n g quest ion is whether , b y increas ing the 
i on i c radius of the template (e.g. b y us ing an act in ide i o n ) , i t is possible 
to produce a n expanded macrocyc l i c l i gand . T h e pronounced tendency of 
the u r a n y l i o n to achieve a pentagonal b i p y r a m i d a l (Structure 11) or 
hexagonal b i p y r a m i d a l (Structure 12) coord inat ion geometry l e d us to 

( -2) 

T H F 
(Cl ) 

T H F 
( C l ) 

10 

(100) . 

ο 

11 12 
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0 % 

6% 

12% 

17% 

27% 

0 4 8 12 16 20T 

Figure 8. Proton NMR spectra (at 60 MHz) of \CH2-
fa5-CsHA)9]9U9CL-U+ · 2THF as a function of added 

THF (measured as a percentage of solution volume) 
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invest igate the var ia t i on i n the phtha locyanine (106, 107) condensat ion 
( E q u a t i o n 16) i n w h i c h the u r a n y l i o n serves as a template (108, 109, 
110,111,112). 

X - r a y di f fract ion (113) reveals that the so-cal led u r a n y l phtha lo 
cyanine is i n rea l i ty a complex of the superphthalocyanine l i g a n d , a n ex
p a n d e d five-subunit analog of phtha locyanine (112,113). ( T h e rigorous 
Chemical Abstracts name of this complex is 5,35:14,19-diimino-7,12:21,-
26 :28 ,33- tr in i tr i lopentabenzo[c ,h ,m,r ,w, ] [1,6,11,16,21] pentaazacyc lopen-
t a c o s i n a t o d i o x o u r a n i u m ( V I ) . T h e molecu lar structure of this u n i q u e 
complex is dep i c ted i n F i g u r e s 9 a n d 10. T h e coord inat ive preferences of 
the u r a n y l i o n can dramat i ca l l y alter the n o r m a l course of the cyc l i za t i on 
react ion ( E q u a t i o n 17 ) . 

Figure 9. Model in perspective of 
the uranyl superphthalocyanine 
molecule. The view is approxi
mately perpendicular to the mean 

plane of the macrocycle. 

Figure 10. Diagram derived from 
Figure 9 to illustrate the nonplanarity 
of the uranyl superphthalocyanine 
macrocyclic ligand. The perpendicular 
displacement of the atoms, in units of 
0.01 A, is given with respect to an 

arbitrary mean plane. 
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It is of great interest to determine the degree to w h i c h the s tructural 
a n d chemica l stabil it ies of the macrocyc l i c l i g a n d ( a n d b y inference its 
format ion a n d select ivity ) are i m p a r t e d b y the unusua l coordinat ive prop 
erties of the u r a n y l i on . U n d e r meta l i o n d isplacement condit ions , a sur
p r i s i n g l i g a n d contract ion process ( equat ion 18) occurs (114) w h i c h , to 
our knowledge , is unprecendented i n macrocyc le coord inat ion chemistry . 
Products were conf irmed b y I R , mass, a n d v is ib le spectra. A n example of 
this react ion, moni tored spectrophotometrical ly , is presented i n F i g u r e 11. 
U n d e r ident i ca l condit ions, meta lat ion of the free phthalocyanine l i g a n d 
is far slower. A l s o , react ion w i t h tr ivalent meta l salts such as lanthanide 
tr ihal ides y ie lds the corresponding P c M X compounds. Reac t i on w i t h 
finely dispersed active metals (e.g. N a , Κ i n ref luxing mesity lene) p ro 
duces the corresponding meta l phthalocyanines . Treatment of u r a n y l 
superphthalocyanine w i t h aqueous a n d nonaqueous acids results i n de-
metalat ion accompanied b y r i n g contract ion. 

• = U 0 2 

M = C o , N i , C u , Z n , S n , P b 
X " = hal ide 
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l/* ίο 4 , cm"' 
1.60 1.50 1.40 1.30 1.20 1.10 100 

1.0 p i 1 Ρ -ι 1 1 1 1 1 1 1 ι I r — 

«00 650 TOO 750 fOO 880 900 950 IOO0 /050 
λ , nm 

Figure 11. Spectrophotometry record of the reaction of uranyl super
phthalocyanine ($PcU02) with CuCl2 in 200/1 1-chloronaphthalene/DMF 

at 75°C (PcCu: cupric phthalocyanine) 

T h e propensity w h i c h the superphthalocyanine l i g a n d exhibits for 
r i n g contract ion indicates that the favorable pentagonal b i p y r a m i d a l 
u r a n y l coord inat ion geometry a n d the o p t i m u m U - N b o n d distance of ca. 
2.5 A (113) are important i n s tab i l i z ing the expanded macrocyc l i c l i g a n d 
system. T h o u g h stannous phthalocyanine is severely d istorted (115), w i t h 
the re lat ive ly large S n ( I I ) i o n d isp laced 1.1 A f rom the r i n g coordinat ion 
p lane (115), t i n appears to f a i l the above cr i ter ia on b o t h counts ( S n - N 
= 2.25 A ) (115) a n d contract ion s t i l l occurs ( E q u a t i o n 18) . I n a d d i t i o n 
to these cr i ter ia , i t is l i k e l y that steric strain i n the five-subunit l i g a n d 
(113) m a y be an important d r i v i n g force for contract ion. T o a first ap 
prox imat ion , e lectronic factors w i t h i n the l i g a n d do not appear to be a 
factor. H i i c k e l molecu lar o rb i ta l calculations (116) on the free four- a n d 
five-subunit free l igands ( assumed p lanar ) minus the fused benzene rings 
indicate that the π energy of superphthalocyanine is not s ignif icantly d i f 
ferent f r o m that of phthalocyanine (117,118, 119) p lus phthaloni tr i l e . 

T h e m a r k e d tendency of the u r a n y l i o n to f o rm pentagonal b i p y 
r a m i d a l seven-coordinate complexes w i t h U - N b o n d lengths of ca. 2 . 5 -
2.6 A suggests that this ion ( as a template ) is idea l ly sui ted for construct
i n g pentadentate macrocyc l i c l igands such as phthalocyanine a n d p o r p h y 
r i n analogs. O n a more general l eve l , the present findings indicate that 
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act in ide ions m a y be capable of a l ter ing the n o r m a l course of a n u m b e r of 
organic cyc loo l igomer izat ion reactions via unusua l requirements of co
ord inat ion geometry a n d ion ic radius . F u r t h e r efforts to explore the scope 
of this react ion pattern are i n progress. 
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Use of the Bulky Alkyl Ligand (Me3Si)2CH

-to Stabilize Unusual Low Valent Transition 
Metal Alkyls and Dialkylstannylene 
Derivatives 

MICHAEL F. LAPPERT 

School of Molecular Sciences, University of Sussex, 
Brighton BN1 9QJ, England 

New kinetically stable homoleptic metal alkyls MRn were 
prepared using principally the ligand (Me3Si)2CH-(R)-: (a) 
low coordination number complexes of Group III-VI transi
tion metals such as [YR3] and [Ti(η5-C5H5)2CHPh2], and 
(b) stannylene complexes of transition metals such as trans-
[Cr(CO)4(SnR2)2], [Fe2(η5-C5H5)2(CO)3SnR2], and [Fe(η5-
C5H5)(CO)2SnR2X] (X = Cl or Me). With type b, SnR2 

behaves as a good σ donor, and its coordination chemistry is 
much like that of tertiary phosphines with the added com
plication that, in some reactions, products of insertion may 
be obtained in which the Sn has increased its oxidation state 
but it is still attached to the transition metal. Monomeric 
(cyclo-C6H12 solution), yellow GeR2 was obtained from 
Ge{N(SiMe3)2}2 and LiR. He(I) photoelectron data on 
bivalent Ge, Sn, and Pb alkyls and amides are presented and 
analyzed. 

ecently there has been m u c h interest i n the synthesis, structure, char-
A ^ acter izat ion, a n d t h e r m a l decomposi t ion of unusua l stable homolept i c 
meta l a lkyls M R n ( I ) . ( T h e term homolept i c is used to describe a meta l 
complex i n w h i c h a l l the l igands are ident i ca l ( 2 ) , i.e. T i R 4 a n d 
S n ( N R ' 2 ) 2 are examples of homolept i c meta l a lkyls a n d d ia lky lamides 
whereas T i ( C l ) R 3 a n d S n ( N R ' 2 ) R are heteroleptic compounds . ) There 
are three classes (2 ) of these complexes: ( a ) transi t ion meta l compounds , 
(b) d iamagnet i c l ower valent m a i n group element derivatives such as the 

256 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
6 

| d
oi

: 1
0.

10
21

/b
a-

19
76

-0
15

0.
ch

02
1

In Inorganic Compounds with Unusual Properties; King, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1976. 



21. L A P P E R T (MesSi)3CH- 257 

d ia lky l s of S n a n d P b ( s 2 complexes ) , a n d ( c ) paramagnet ic m a i n group 
compounds , i. e. the metal -centered radicals such as the «^complexes M R 3 

( M = S i , G e , or S n ) . T h e key feature is that t h e r m a l s tabi l i ty is gov
erned p r i m a r i l y b y k inet i c factors. H e n c e , b y the choice of suitable 
l igands R", n o r m a l l y l o w act ivat ion energy decomposit ion pathways be 
come energetical ly unfavorable . S u c h l igands are of four types : ( a ) b u l k y 
a lkyls that are free f rom β-hydrogen atoms, i n c l u d i n g the neopenty l types 
( R 3 M ' ) m C H g-»," (m = 1, 2, or 3 ) (2) such as M e 3 S i C H 2 ' (3, 4, 5) a n d 
M e 3 P C H 2 ( 6 ) , a n d P h C H - f ( 7 ) ; ( b ) b u l k y a lkyls that are free f r o m « - H 
atoms such as 1-norbornyl ( 8 ) a n d f e r f -buty l ( 9 ) ; ( c ) s imple a lkyls i f the 
meta l is (near ly ) coordinat ive ly saturated, e.g. M e " i n W M e e ( J O ) ; a n d 
( d ) che la t ing a lkyls such as o - M e O · C 6 H 4 · S i ( M e 2 ) C H 2 " (11, 12) a n d 

C H 2 

M e 2 P ^ - (6). 

C H 2 

T a b l e I . Stable H o m o l e p t i c M e t a l A l k y l s , 
M R , , of N e o p e n t y l T y p e 

R = R = R = R = 
Type" Me3SiCH2 (Me3Si)2CH Me3CCH, Me3SnCH2 

( M R ) . ( C u R ) 4 d 1 0 

( M R . ) , S n R 2 ) , 
PbR» S s 

( M R , ) , SiR„ 
G e R 3 

S n R 3 

Y R 3 d° 
T i R 3 d 1 

V R 3 d2 

M R 4 T i R 4
3 ? T i R 4 ) T i R 4 

Z r R 4 } d° Z r R 4 \ d° Z r R 4 \ d° 
H f R 4 ) H f R 4 ) H f R 4 ) 
V R 4 ° dl 

C r R 4
c d2 

C r R 4 " 

° For details, see Ref. 2. 
" T h e degree of molecular aggregation (x) refers to the situation in C e H i 2 

solution. 
"These complexes were first prepared by G . Wilkinson et al., the others by 

M . F . Lappert et al. (see Ref. 2). 
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A l ist of stable (at 2 0 ° C i n an inert atmosphere) neopentyl - type 
complexes is presented i n T a b l e I. T h e most b u l k y of these l igands , 
( M e 3 S i ) 2 C H " , c lear ly favors three-coordinat ion for the meta l . T h i s m a y 
be i l lustrated b y reference to Y { C H ( S i M e 3 ) 2 } 3 (H); w i t h the less h i n 
dered M e 3 S i C H 2 " , the meta l a l k y l can also be ob ta ined i n presence of a 
donor solvent as w i t h M ( C H 2 S i M e 3 ) 3 · 2 T H F ( M = Sc or Y ) (12). A n 
interest ing s tructura l feature is f ound i n [ C u C H 2 S i M e 3 ] 4 (see F i g u r e 1 
for the crystal a n d molecu lar structure) w h i c h demonstrates the u n u s u a l 
single a l k y l br idge between two C u atoms (13). T h e convent ional syn -

Figure 1. The crystal and molecular structure of (Cu-
CH2SiMes)â ( 1 3 ) — Cu-Cu, 2.417 A; Cu-C (mean), 2.02 
A; < C-Cu-C, 164°; CuACÂSig coiplanar; centrosymmetric 

thet ic route to a l l a lkyls , except for the s1 der ivat ives , has been f r om cor
responding chlorides , or ch lorometal complexes, a n d the appropr iate a l k y l 
of L i or M g (2). 

T h e s2 S n a n d P b complexes M { C H ( S i M e 3 ) 2 } 2 are u n u s u a l i n be ing 
stable, monomer i c i n C 6 H 6 so lut ion ( b y c ryoscopy ) , co lored, a n d d i a -
magnet i c (14). Moreover , they behave as good donors a n d give rise to 
complexes such as { ( M e 3 S i ) 2 C H } 2 S n - C r ( C O ) 5 ; the crystal a n d mole 
cu lar structure of this stannylene complex has a n u n u s u a l t r igona l p lanar 
environment for the t i n atom ( F i g u r e 2 ) (15). 
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21. L A P P E R T (Me3Si)2CH- 259 

Figure 2. The crystal and molecular structure of {(Me3-
Si)2CH}2SnCr(CO)5 ( 1 5 ) — S n - C r , 2.562 A; Sn-C, 2.19 
A; < C-Sn-C, 96°; < C-Sn-Cr (mean), 13Γ; C.SnCr-
(C0)3 essentially coplanar with Cr in octahedral envi

ronment 

Results 

Synthesis. A n e w m e t h o d has been dev ised (see Reac t i on 1 ) . It 

n L i R 
M ( N R ' 2 ) » - » M R n + n L i N R / 2 (1) 

was used effectively for p r e p a r i n g the f ormer ly e lusive (14)—i.e. not 
accessible f r o m G e C l 2 / L i R ) — G e { C H ( S i M e 3 ) 2 } 2 (16). T h e starting 
amide was G e { N ( S i M e 3 ) 2 } 2 w h i c h is monomer i c i n c y c l o - C e H i 2 so lut ion 
( b y cryoscopy) (17). T h e products were separated b y convert ing the L i 
amide to S n { N ( S i M e 3 ) 2 } 2 (us ing S n C l 2 ) (17) w h i c h is extremely soluble 
i n c y c l o - C 6 H i 2 a n d m u c h more so t h a n the G e ( I I ) a l k y l . T h e same p r o 
cedure was used successfully for the corresponding S n R 2 (16) a n d P b R 2 

(also monomers i n C 6 H i 2 ) (18). I t is p r o m i s i n g b u t as yet inconc lus ive 
for C r R 3 a n d F e R 3 [ R ' — M e 3 S i , R = ( M e 3 S i ) 2 C H ] (19). 

THE B E N Z H Y D R Y L LIGAND (19). React ions w i t h L i C H P h 2 a n d meta l 
chlorides such as T i C l 4 , H f C l 4 , VCI4, T a C l 5 , N b C l 5 , C r C l 3 , M0CI5, F e C l 3 , 
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a n d S n C l 2 have not at this t ime afforded character ized crystal l ine p r o d 
ucts. H o w e v e r , i t was noted that this par t i cu lar l i t h i u m a l k y l is a rather 
p o w e r f u l r educ ing agent. T h e group I V metal locene d ichlor ides ( R = 
P h 2 C H ) m a y be s u m m a r i z e d b y Reac t i on 2. 

M(V
5-C5K5)2C\2 + 2 R L i -> M(T75-C5H5)2R2 (2) 

M = Z r : orange; dec. > 130°C; 
Ti(r,5-C5H5)2R r ; 3 . 4 ( P h ) , 5 . 2 ( C 5 H 5 ) , 

d a r k green ; E S R doublet 7.3 ( C H ) 
a ( H ) ~ 5 G , 0 — 1.98 (20°C M = H f : y e l l o w ; m.p. 192-194°C 

inC6D6) (dec.) ; r ; 3.4, 5.25, 7.4 

T H E R M A L D E C O M P O S I T I O N . Var i ous pathways are avai lab le for t rans i 
t i on m e t a l a l k y l decomposi t ion ( J ) . A p p a r e n t l y s m a l l s t ructura l changes 
c a n change tota l ly the nature of the products . T h i s is i l lustrated b y the 
tetra-alkyls of T i , Zr , a n d H f (see React ion 3 ) . 

heat 
M ( C H 2 M ' M e 3 ) 4 -> M e 3 M ' C H 3 (3) 

M = C or S i (20) (sole vo lat i l e product) 

heat 
M = Sn (21) 

( M e 3 M ' C H 2 ) 2 

(p r inc ipa l vo lat i l e product) 

A M o n o m e r i c G e r m a n i u m ( I I ) A l k y l ( 1 6 ) . D i [bis ( t r i m e t h y l s i l y l ) -
m e t h y l ] g e r m a n i u m , G e { C H ( S i M e 3 ) 2 } 2 , is a y e l l o w so l id , m.p. 1 7 9 ° -
181 ° C (under a r g o n ) , that sublimes at 110°C a n d 10" 3 m m H g . I t is 
thermochromic , be coming r e d w h e n molten . It is a monomer i n C 6 H 6 

a n d c y c l o - C 6 H i 2 ( b y cryoscopy) (18). T h e monomer i c parent i o n is the 
highest peak i n the mass spectrum. T h e R a m a n spectrum of the so l id has 
a strong l ine at 300 c m " 1 w h i c h m a y arise f r om a G e - G e stretch i n the 
d i m e r i c so l id ( b y analogy w i t h F i g u r e 3 ) (22). T h e Ή N M R spectrum 
shows a single sharp m e t h y l resonance at 9.55 τ, whence i t is in ferred that 
the molecule i n so lut ion is the d iamagnet i c singlet (poss ib ly of C2v s y m 
m e t r y ) . 

T h e C r y s t a l a n d M o l e c u l a r S t r u c t u r e of [ S n { C H ( S i M e 3 ) 2 } 2 ] 2 ( 2 3 ) . 
T h i s c o m p o u n d crystal l izes as smal l r e d plates. T h e molecule is centro
symmetr i c a n d p r e l i m i n a r y parameters are shown i n F i g u r e 3. T h e e n 
v i ronment about each t i n atom is perhaps best descr ibed as distorted 
tetrahedral , w i t h the sum of b o n d angles at t i n as 341° ; for " p u r e " spz Sn 
this w o u l d be ca. 329° a n d for " p u r e " sp2, 360° . T h e two sets of a l k y l 
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Figure 3. The crystal and molecular structure of [Sn{CH(Si-
Mes)i}*]» ( 23 )—Sn-Sn , 2.76 A; Sn-C, 2.17 A; < Sn-Sn-C (mean), 

115°; < C-Sn-C, 112° 

l igands at each t i n a tom are d i rec ted a w a y f r o m one another as i n Struc 
ture I . I t was diff icult to obta in good q u a l i t y single crystals, but numer 
ous samples were taken for index ing a n d each be longed to the same space 

R 

S n 

R 

I 

group, Fx, as the eventual sample crystal . W e hope to examine this par 
t i cu lar crysta l b y R a m a n spectroscopy; w e expect to locate a l ine at ca. 
180-200 c m " 1 that is at tr ibutable to ν ( S n - S n ) . A t present, however , such 
attempts w i t h the b u l k sample have l e d to photochemica l decomposi t ion 
( 2 2 ) . ( W e demonstrated earl ier that photolysis of S n R 2 i n C 6 H e y ie lds 
the stable S n R 3 (24). ) T h e S n - S n b o n d length is s imi lar to that i n S n 2 P h e 

a n d somewhat shorter than that i n tetrahedral t i n . There m a y be a ten-
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uous re lat ion be tween the crysta l structure of the d ia lky ls tannylene a n d 
that of the green f o r m of chlorobis [ l , 2 -b i s ( d i p h e n y l p h o s p h i n o ) e t h a n e ] -
cobalt ( I I ) t r i ch l o ros tannate ( I I ) , i n w h i c h the S n C l 3 " an ion is located near 
a center of symmetry w h i c h results i n a S n - S n distance of 3.597(4) A w i t h 
the three ch lor ine atoms b o n d e d to t i n d i rec ted a w a y f r o m the S n - S n 
vector (25 ) . [I thank a referee for d r a w i n g attention to this analogy. ] 

O u r present tentative interpretat ion of the s tructura l a n d ana ly t i ca l 
d a t a — v i s i b l e , I R , M S , a n d Ή N M R ; magnet ism (d iamagnet i c so l id b y 
the G o u y m e t h o d ; no E S R s igna l i n the so l id or i n so lut ion i n the absence 
of i r r a d i a t i o n ) ; 1 1 9 S n Mossbauer ; single crysta l x-ray; a n d cryoscopic mo le 
cu lar w e i g h t — i s that i n so lut ion a n d as a vapor the c o m p o u n d exists as 
the monomer i c bent singlet w i t h b o n d i n g f o rmal i zed as i n Structure I I , 
whereas i n the so l id state bent bonds p r e v a i l as i n Structure I I I . I t is 
assumed that, a l though the S n - S n b o n d is a double b o n d , i t is weak ; this 
accounts for the so lut ion molecu lar w e i g h t data a n d the ready format ion 
of stannylene complexes such as that i n F i g u r e 2. T h e p u z z l i n g feature of 
the x-ray findings ( F i g u r e 3 ) concerns the angles at t i n . T h e above inter 
pretat ion w o u l d be more consistent w i t h p lanar t r igonal t i n ; d o r b i t a l 
par t i c ipa t i on i n the b o n d i n g is l ike ly . 

H e ( I ) Photoe lec tron Spec t ra of M o n o m e r i c D i v a l e n t M e t a l A l k y l s 
a n d D i a l k y l a m i d e s ( 2 6 ) . I n keep ing w i t h the good donor properties of 
the d ia lky ls tannylene (14, 1 5 ) , i t a n d re lated group I V compounds have 
l o w energy orbitals that are at tr ibutable essentially to n o n b o n d i n g m e t a l 
lone-pair orbitals . T h e i r pos i t i on is c lear ly affected b y the electro-nega
t i v i t y of the l i g a n d ( N > C ) , b u t i t is b road ly s imi lar to that f o u n d for 
the gaseous elements. A s expected, the appropr iate bands i n the photo -
electron spectra are sharp. Sal ient results are s u m m a r i z e d i n T a b l e I I . 

T h e C o o r d i n a t i o n C h e m i s t r y of a D i a l k y l s t a n n y l e n e . I n terms of the 
so lut ion behavior of S n { C H ( S i M e 3 ) 2 } 2 , f o rmal i zed as Structure I I , reac 
tions m a y be classified as those i n w h i c h i t functions as a L e w i s a c id , as a 
L e w i s base, or as a carbene- l ike react ive intermediate that gives rise to 
insert ion reactions ( 1 4 ) . F u r t h e r i l lustrations of this behavior are g iven 
i n Reactions 4 [ R — ( M e 3 S i ) 2 C H ] (27 ) . 

filled spxpy h y b r i d 

vacant pz o r b i t a l 

I I I 
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21. L A P P E R T (Me3Si)2CH- 263 

[ F e ( , 5 - C 5 H 5 ) ( C O ) 2 ] 2 

0 
II 

R 2 S n ^ C ^ C 5 I W 

F e F e 
9

5 - C 5 H 5 c 
II ο 

C O 

m p 1 6 7 ° - 1 7 0 ° C , 
b r o w n 

S n R 2 

[ C r ( C O ) 4 ( n o r - C 7 H 8 ) ] 
*• trans- [ C r ( C O ) 4 ( S n R 2 ) 2 ] 

m p 2 1 5 ° - 2 1 6 ° C , orange 
(4 ) 

[ F e t f - C H e M C O ) ^ ] 
»· [ F e ( i ?

5 - C 5 H 5 ) ( C O ) 2 ( S n R 2 X ) ] 
X — C l , m p 1 1 9 ° - 1 2 0 ° C , orange 
X = M e , m p 141° -142°C , y e l l o w - b r o w n 

Table II. The Highest Occupied Electronic Energy Levels 
(in eV) of the Monomeric Divalent Metal Alkyls and Dialkylamides 

Compound 
C(N) ^ ^ C ( N ) 

M M 

C(N) 'C(N) 
O ' 

ο 

7.75 8.87 
7.42 8.33 
7.25 7.98 
8.68 — 7.71 8.99 
8.36 9.50 7.75 8.85 
8.16 9.39 7.92 8.81 

G e { C H ( S i M e 3 ) 2 } 2 

S n { C H ( S i M e 3 ) 2 } 2 

P b { C H ( S i M e 3 ) 2 } 2 

G e { N ( S i M e 3 ) 2 } 2 

S n { N ( S i M e 3 ) 2 } 2 " 
P b { N ( S i M e 3 ) 2 } 2 

"This compound was obtained by us (17) and also independently by Schaeffer 
and Zuckerman (57). We find it and the other amides in this Table to be mono
meric in solution and vapor, but our colleagues formulate it as an iV-bridged dimer. 

The 1 1 9 S n Mossbauer Spectra of Some of the Complexes (28). T h e 
1 1 9 S n Mossbauer spectra of a n u m b e r of the complexes w e r e examined . 
D a t a are s u m m a r i z e d i n T a b l e I I I together w i t h re levant reports f r om the 
l i terature. T h e r e are essentially two types : (a ) the d ia lky ls tannylene 
complexes such as R 2 S n C r ( C O ) 5 i n w h i c h d iva lent t i n is three-coordinate, 
a n d ( b ) d ia lky ls tannylene insert ion products into C - H a l , M - H , M - C l , 
M - M e , or M - M bonds ( M = a trans i t ion meta l ) i n w h i c h tetravalent t i n 
is four-coordinate. ( S n R 2 ) 2 a n d Class (a ) complexes are character ized b y 
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264 I N O R G A N I C C O M P O U N D S W I T H U N U S U A L P R O P E R T I E S 

T a b l e I I I . D a t a f r o m 1 1 9 S n Mossbauer S p e c t r a " 
Isomer Quadrupole 
Shift,' Splitting, 

Compound mm/sec mm/sec Ref. 
( S n R 2 ) 2 » 
S n ( , 5 - C 5 H 5 ) 2 

2.16 2.31 28 ( S n R 2 ) 2 » 
S n ( , 5 - C 5 H 5 ) 2 3.74 0.86 29,30 
S n C l ( , 5 - C 5 H 5 ) 3.70 1.05 31 
S n B r ( , 8 - C B H 5 ) 3.69 0.99 31 
S n ( P h - C B 1 0 H 1 0 C ) 2 2.95 1.90 32 
3 - S n - l , 2 - C 2 B » H u 4.67 3.83 33 
[ R 2 S n C r ( C O ) 5 ] 6 2.21 4.43 28 
[ R 2 S n M o ( C O ) 5 ] 6 2.15 4.57 28 
i r a n s - [ ( R 2 S n ) 2 C r ( C O ) 4 ] ' 2.21 4.04 28 
f r a n s - [ ( R 2 S n ) 2 M o ( C O ) 4 ] ' 2.13 4.24 28 
t P t C l ( P E t s ) ( S n R 2 C l ) S n R 2 ] » 
S n ( , 5 - C 5 H 5 ) 2 B r 3 

[ B u ' 2 ( T H F ) S n C r ( C O ) 5 ] 
[ B u ' 2 ( p y ) S n C r ( C O ) 5 ] 
[ S n R 2 { F e ( C O ) 4 } 2 ] > 
S n R 3 C l 6 

2.05,1.73 4.23, 2.66 28 t P t C l ( P E t s ) ( S n R 2 C l ) S n R 2 ] » 
S n ( , 5 - C 5 H 5 ) 2 B r 3 

[ B u ' 2 ( T H F ) S n C r ( C O ) 5 ] 
[ B u ' 2 ( p y ) S n C r ( C O ) 5 ] 
[ S n R 2 { F e ( C O ) 4 } 2 ] > 
S n R 3 C l 6 

3.79 0.90 30 
t P t C l ( P E t s ) ( S n R 2 C l ) S n R 2 ] » 
S n ( , 5 - C 5 H 5 ) 2 B r 3 

[ B u ' 2 ( T H F ) S n C r ( C O ) 5 ] 
[ B u ' 2 ( p y ) S n C r ( C O ) 5 ] 
[ S n R 2 { F e ( C O ) 4 } 2 ] > 
S n R 3 C l 6 

2.11 4.14 84 

t P t C l ( P E t s ) ( S n R 2 C l ) S n R 2 ] » 
S n ( , 5 - C 5 H 5 ) 2 B r 3 

[ B u ' 2 ( T H F ) S n C r ( C O ) 5 ] 
[ B u ' 2 ( p y ) S n C r ( C O ) 5 ] 
[ S n R 2 { F e ( C O ) 4 } 2 ] > 
S n R 3 C l 6 

2.01 3.44 84 

t P t C l ( P E t s ) ( S n R 2 C l ) S n R 2 ] » 
S n ( , 5 - C 5 H 5 ) 2 B r 3 

[ B u ' 2 ( T H F ) S n C r ( C O ) 5 ] 
[ B u ' 2 ( p y ) S n C r ( C O ) 5 ] 
[ S n R 2 { F e ( C O ) 4 } 2 ] > 
S n R 3 C l 6 

1.73 1.53 28 

t P t C l ( P E t s ) ( S n R 2 C l ) S n R 2 ] » 
S n ( , 5 - C 5 H 5 ) 2 B r 3 

[ B u ' 2 ( T H F ) S n C r ( C O ) 5 ] 
[ B u ' 2 ( p y ) S n C r ( C O ) 5 ] 
[ S n R 2 { F e ( C O ) 4 } 2 ] > 
S n R 3 C l 6 1.27 2.18 28 
S n R 3 B r b 1.24 2.05 28 
S n R 2 ( M e ) I > 
[ F e ( , 5 - C 5 H 5 ) ( C O ) 2 ( S n R 2 C l ) ] 6 

1.48 2.24 28 S n R 2 ( M e ) I > 
[ F e ( , 5 - C 5 H 5 ) ( C O ) 2 ( S n R 2 C l ) ] 6 1.54 2.37 28 
[ F e ( , 5 - C 5 H 5 ) ( C O ) 2 ( S n R 2 M e ) ] 8 ' ' 
[ M o ( , 5 - C 5 H 5 ) ( C O ) 3 ( S n R 2 H ) ] 6 

1.48 — 28 [ F e ( , 5 - C 5 H 5 ) ( C O ) 2 ( S n R 2 M e ) ] 8 ' ' 
[ M o ( , 5 - C 5 H 5 ) ( C O ) 3 ( S n R 2 H ) ] 6 1.39 0.67 28 
[ M o ( , 5 - C 5 H 5 ) ( C O ) 3 ( S n R 2 M e ) ] » 
[ F e ( , 5 - C 5 H 3 ) ( C O ) 2 S n C l 3 ] 

1.35 0.71 28 [ M o ( , 5 - C 5 H 5 ) ( C O ) 3 ( S n R 2 M e ) ] » 
[ F e ( , 5 - C 5 H 3 ) ( C O ) 2 S n C l 3 ] 1.77 1.82 35 
t F e ( , 5 - C 5 H 5 ) ( C O ) 2 S n M e 3 ] - 1.35 > o 36 
[ M o ( , 8 - C B H e ) ( C O ) e S n M e , ] 1.36 1.25 36 

a Relative to BaSn03 or S11O2 at ca. 20°C; crystalline samples. 
b R = ( M e 3 S i ) 2 C H . 
e T h e full line width at half-height, Γ, was 1.34 for F e ^ M ^ H s ) (CO) 2 (SnR 2 Me> 

and 1.16 for Fe(i7 5 -C 5 H 5 ) (CO) 2 SnMe 3 . 

isomer shifts at 2.15 ± 0 . 1 m m / s e c re lat ive to B a S n 0 3 a n d large q u a d 
rupo le spl itt ings [2.31 for ( S n R 2 ) 2 a n d 4.25 ± 0.2 m m / s e c for Class ( a ) 
complexes ] . Class ( b ) complexes have l ower isomer shifts (1.49 ± 0.25 
m m / s e c ) a n d quadrupo le spl i tt ings ( < 2.37 m m / s e c ) . I t is perhaps sur
p r i s i n g that for the n e w t i n ( I I ) complexes, the isomer shifts are rather 
l o w a n d not b y themselves diagnostic of the t i n valency . M a g n e t i c 
Mossbauer measurements of ( S n R 2 ) 2 a n d R 2 S n C r ( C O ) 5 demonstrate that 
for bo th complexes the s ign of the q u a d r u p o l e c o u p l i n g constant eQVZZy 

a n d hence V 2 Z , the p r i n c i p l e component of the field gradient tensor, is 
posit ive. 
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The Stabilization of Unusual Valence States 
and Coordination Numbers by 
Bulky Ligands 

D. C. BRADLEY 

Queen Mary College, Mile End Rd., London El 4NS, Great Britain 

The use of bulky organic ligands containing O- or N-donor 
atoms in stabilizing unusually low coordination numbers 
and oxidation states by metals is described. The work 
mainly concerns the effect of tertiary alkoxo groups and 
bulky dialkylamido groups such as NPr2i and N(SiMe3)2 on 
transition metals and lanthanides. Supplementary ligands 
such as NO, THF, and P(C6H5)3 are sometimes involved. 
The systems characterized include four-coordinated Nb(IV), 
Ta(V), Cr(II), and Cr(IV); three-coordinated M(III) (M =
Al, Ga, Sc, Ti, V, Cr, Fe, and lanthanides), Μ(II) (Μ = Mn, 
Co, and Ni), and M(I) (M = Co, Ni, and Cu); and two
-coordinated M(II) (M = Mn, Co, Ni, Zn, Cd, and Hg) and 
M(I) (M = Au). 

" Q y the use of organic l igands conta in ing suitable donor atoms—viz. : 
- ° XRX w i t h X — 0 or S a n d χ = 1: X = Ν or Ρ a n d χ — 2; a n d X — C 
a n d χ = 3 — a n d b y suitable choice of the a l k y l or a r y l R groups, i t is 
possible to v a r y the bulkiness of the l i g a n d a n d thereby contro l the 
coord inat ion n u m b e r of the meta l to w h i c h these l igands are bonded . 
I n general , this steric contro l leads to the impos i t i on of an unusual ly l o w 
coordinat ion n u m b e r that often produces a discrete monomer i c c o m p o u n d 
that is apprec iab ly volat i le a n d soluble i n organic solvents. A n ear ly 
example of a del iberate attempt to restrict the coordinat ion i n m e t a l 
alkoxides, w h i c h are normal ly o l igomeric [ M ( O R ) a ? ] n as a result of the 
presence of alkoxo bridges , was the synthesis of the vo lat i le monomer i c 
z i r c o n i u m tetra-terf -butoxide Z r ( O C M e 3 ) 4 ( J ) . ( F o r reviews on the 
m e t a l alkoxides, see Refs. 2, 3, 4, a n d 5.) I n certain cases, the conse-

266 
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22. B R A D L E Y Bulky Ligands 267 

quences of l i g a n d steric h indrance are severe enough to cause either a 
b r e a k d o w n of the l i g a n d or an electronic rearrangement i n v o l v i n g the 
centra l meta l that leads to the s tabi l izat ion of an unusua l va lency state. 
T h e steric effect of the d i a l k y l a m i d o group ( X = Ν; χ — 2 ) is m u c h 
greater than that of the alkoxo group ( X = 0; χ = 1) conta in ing the 
same a l k y l group, a n d recent w o r k has concentrated i n the field of the 
meta l d ia lky lamides (4, 5). 

Besides b i n a r y compounds ( M L * ) conta in ing the uninegat ive l i g a n d 
L = X R , . , a n u m b e r of ternary ( M L ^ L ' y ) a n d quaternary ( M L J L ' y L " * ) 
complexes were also isolated b y use of supplementary l igands L ' a n d L " , 
a n d there is scope for further explo i tat ion of the field. I n this account, 
w e restrict the discussion to meta l alkoxides a n d m e t a l d ia lky lamides 
since the meta l alkyls are the subject of papers b y L a p p e r t et ah {6,7). 

F o r convenience of presentation, the avai lable mater ia l , w h i c h relates 
p redominant ly to the first-row transit ion metals, is o rganized accord ing 
to the par t i cu lar uninegat ive l i g a n d type. 

Tertiary Alkoxo Ligands 

M o n o m e r i c species M(OR-tert)x have been character ized for t i t a 
n i u m , v a n a d i u m , c h r o m i u m , z i r c o n i u m , a n d h a f n i u m (x = 4 ) a n d for 
n i o b i u m a n d tanta lum (x = 5). W i t h c h r o m i u m i t was f o u n d that l i m i t 
i n g C r ( I I I ) to coordinat ion n u m b e r 4 i n the d i m e r i c C r ^ O B u ' ^ caused 
instab i l i ty a n d a remarkable fac i l i ty t oward va lency d isproport ionat ion 
or ox idat ion to the stable quadr icova lent C r ( O B u i ) 4 (8 , 9 ) . I n contrast, 
m o l y b d e n u m fo rmed a stable d i m e r i c tr i - ter f -butoxide ( B u O ) 3 M o = = M o -
( O B u ' ) 3 w h i c h is d iamagnet i c a n d presumably b o u n d b y a m e t a l - m e t a l 
t r ip le b o n d (10, 11). Ye t another interesting feature of c h r o m i u m is the 
synthesis of a stable d iamagnet ic n i t rosy l C r ( N O ) ( O B u * ) 3 i n w h i c h the 
n i t r i c oxide is be l i eved to act as a three-electron donor w i t h format ion of 
a four -coordinated l o w sp in c h r o m i u m ( I I ) c o m p o u n d (12). T h e insta 
b i l i t y of C r 2 ( O B u ' ) 6 a n d the stabi l i ty of bo th C r ( N O ) ( O B u ' ) 3 a n d 
C r ( O B u f ) 4 must result f rom the steric effects of the tert iary butoxo groups 
since the less b u l k y n o r m a l alkoxo groups f o rm very stable p o l y m e r i c 
[ C r ( O R ) 3 ] a . compounds i n w h i c h the C r ( I I I ) has its u s u a l coord inat ion 
n u m b e r of 6 ( o c tahedra l ) . 

Dialkylamido Ligands 

W i t h the sterical ly less d e m a n d i n g d i m e t h y l a m i d o group, a range of 
b i n a r y compounds M N M e 2 , M ( N M e 2 ) 2 , M ( N M e 2 ) 3 , M ( N M e 2 ) 4 , 
M ( N M e 2 ) 5 , a n d M ( N M e 2 ) 6 has been character ized (4, 5). H o w e v e r , 
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w i t h the h igher homologues N R 2 ( R = E t , P r w , B u w , e tc . ) , compl icat ions 
arise. W i t h N b ( V ) a n d T a ( V ) the predominant products are N b ( N R 2 ) 4 
a n d T a ( N R ) ( N R 2 ) 3 respect ively (13, 14). T h i s impl ies a greater sta
b i l i t y of covalent N b ( I V ) compared w i t h T a ( I V ) a n d a greater tendency 
of the 5d e lement to f o r m a stable i m i d o double b o n d T a = N R . W i t h 
C r ( I I I ) , the unstable four -coordinated d i m e r C r 2 ( N R 2 ) 6 was read i ly 
converted to the stable C r ( I V ) c o m p o u n d C r ( N R 2 ) 4 ( 8, 9, 15) thus 
p a r a l l e l i n g the react ion w i t h terf-butoxo l igands. Stable C r ( I V ) c om
pounds C r R 4 w i t h b u l k y a l k y l groups were recently prepared (16, 17, 
18), a n d there is no doubt that four-coordinated C r ( I V ) is qui te stable 
i n non-aqueous systems. M o l y b d e n u m a n d tungsten behave di f ferently 
f r o m c h r o m i u m i n that stable t r i sd ia lky lamide dimers ( R 2 N ) 3 M = E = M -

( N R 2 ) 3 are the predominant products start ing f rom M o ( V ) a n d W ( V I ) 
chlorides (10, 11). M o r e o v e r there are significant differences between 
M o a n d W w i t h the 5d e lement pre ferr ing to f o r m i m i d o compounds 
W ( N R ) 2 ( N R 2 ) 2 . 

W i t h the 3d elements M n , F e , C o , a n d N i , reactions of M C 1 2 or M C 1 3 

w i t h L i N E t o caused drastic modi f i cat ion of the N E t 2 l igands w i t h re 
sultant format ion of organo-nitrogen l igands typi f ied b y the cobalt b is -
chelated complex i n v o l v i n g N N ' - d i e t h y l b u t a n e - l ^ - d i i m i n e (19). T h e 
mechanisms of these unusua l reactions are n o w u n k n o w n , b u t i t seems 
l i k e l y that steric h indrance plays a subs id iary role w i t h electronic factors 
p redominat ing since the N E t 2 group m a y funct ion as a σ-Ν donor a n d a 
7Γ-Ν donor l i g a n d w h i c h leads to a b u i l d u p of negative charge on the 
centra l metal . 

T h e d i i sopropy lamido group N P r 2 * is extremely b u l k y . T h i s enabled 
us to isolate a discrete three-coordinated C r ( I I I ) c o m p o u n d C r ( N P r 2 * ) 3 

w h i c h , since i t is a coord inat ive ly unsaturated molecule , was exceedingly 
reactive chemica l ly but stable thermodynamica l l y w i t h no tendency to 
d isproport ionate to C r ( I V ) a n d C r ( I I ) (20, 21, 22). W i t h n i t r i c oxide, a 
stable d iamagnet i c mononi t rosy l C r ( N O ) ( N P r 2 * ) 3 f o rmed read i ly w h i c h 
to lerated exchange of N P r 2 * groups b y terf-butoxo groups w i thout loss of 
N O (React ions 1 a n d 2) (12). It was demonstrated b y var iab le tempera-

C r ( N O ) ( N P r 3
i ) 3 + 2 B u O H -> C r ( N O ) (OBu<) 2 ( N P r 2 * ) + 2ΡΓ2*ΝΗ 

(1) 

C r ( N O ) (ΝΡΓ2*)3 + 3 B u O H C r ( N O ) ( O B u ' h + S P r ^ N H (2) 

ture Ή a n d 1 3 C N M R studies that the interest ing quaternary c o m p o u n d 
C r ( N O ) ( O B u < ) 2 ( N P r 2

i ) contains the d i i sopropy lamido l i g a n d l o cked 
into a conformat ion i n w h i c h the two i sopropy l groups are non-equivalent 
(23). 
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Bistrimethylsilylamido Compounds 

B u r g e r a n d co-workers (24, 25, 26) p repared a n u m b e r of b i n a r y 
meta l compounds w i t h the very b u l k y si lazane l i g a n d N ( S i M e 3 ) 2 , e.g. 
M L 3 ( M — A l , G a , C r , a n d F e ) , M L 2 ( M — B e , M n , C o , N i , Z n , C d , 
a n d H g ) , M L ( M — L i , N a , a n d C u ) . It is reasonably certain that the 
M L 2 compounds conta in two-coord inated metals a n d that the metals are 
three-coordinated i n M L 3 compounds . Recent ly B r a d l e y a n d co-workers 
isolated some a d d i t i o n a l three-coordinated species of the transit ion metals 
M L 3 ( M — Sc, T i , a n d V ) (27, 28, 29) a n d the lanthanides (30, 31). 
X - r a y s ingle-crystal di f fract ion analysis revealed that the three-coordi 
nated compounds exhibi t either t r igonal p lanar M N 3 units ( T i , V , C r , F e , 
A l , a n d G a ) or p y r a m i d a l M N 3 (Se, E u , a n d Y b ) (32, 33, 34, 35). T h e 
reason for this s tructura l difference is not yet clear, but i t does appear 
that the more covalently b o n d e d compounds have the t r igona l p lanar 
configuration. 

T h e isomorphous series M L 3 ( M = T i , V , C r , a n d F e ) is of interest 
for l i g a n d field studies (d1, d?, d 3 , a n d d5 conf igurat ions) , a n d deta i led 
spectroscopic a n d magnet ic studies demonstrated that a substantial crys
t a l field s tabi l izat ion of the d electrons occurs (36). H o w e v e r , the 
s i ly lamide l i g a n d is not h i g h i n the nephelauxet ic series a n d the F e ( I I I ) 
c o m p o u n d is h i g h sp in . T h u s the format ion of d iamagnet i c C r ( N O ) -
[ N ( S i M e 3 ) 2 ] 3 f r om the paramagnet ic C r L 3 c o m p o u n d must result f r o m 
the very strong ττ-acceptor properties of N O + i n the f o rmal ly C r ( I I ) 
c o m p o u n d (12). 

Attempts to synthesize M L 4 compounds have not yet succeeeded, 
a n d M C 1 L 3 compounds ( M = T i , T h ) were obta ined instead. T h e N M R 
spectra reveal that i n the t i t a n i u m c o m p o u n d the s i ly lamide l igands are 
l o cked into a conformation i n w h i c h the two S i M e 3 groups on each l i g a n d 
are non-equivalent because of restricted rotat ion whereas i n the t h o r i u m 
c o m p o u n d there is free rotat ion (37, 38). 

A d d i t i o n a l unusua l compounds were obta ined w i t h the s i l y lamide 
groups augmented b y other neutra l donor l igands, e.g. t e trahydro furan 
( T H F ) . F o r example , the three-coordinated M n ( I I ) c o m p o u n d M n -
[ N ( S i M e 3 ) 2 ] 2 ( T H F ) was character ized b y x-ray s ingle-crystal analysis 
a n d electron s p i n resonance studies (39). B y contrast, the C r ( I I ) b i s -
s i ly lamide took u p two molecules of T H F g iv ing C r [ N ( S i M e 3 ) 2 ] 2 ( T H F ) 2 

w i t h a trans-square p lanar configuration (40). N o t surpr is ingly , b o t h 
the c h r o m i u m ( I I ) a n d the manganese ( I I ) were i n the h i g h sp in state. 

Some interest ing compounds were also obta ined b y us ing t r i p h e n y l -
phosphine as the add i t i ona l l i gand . F r o m the react ion of C o C l 2 [ P -
( C 6 H 5 ) 3 ] 2 w i t h L i N ( S i M e 3 ) 2 , the very reactive, green, crystal l ine three-
coordinated C o ( I I ) complex C o [ N ( S i M e 3 ) 2 ] 2 [ P ( C 6 H 5 ) 3 ] was isolated 
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w h i l e under comparable condit ions the analogous n i c k e l ( I I ) salt gave 
the reactive, ye l l ow , crystal l ine three-coordinated N i ( I ) complex N i -
[ N ( S i M e 3 ) 2 ] [ P ( C e H 5 ) 3 ] 2 (41). W i t h the latter, there must be a fine 
balance between electronic a n d steric factors that results i n this u n i q u e 
type of c ompound . N o doubt the phosphine is a better π-acceptor l i g a n d 
t h a n the s i l y lamide , a n d i t helps to stabi l ize the lower va lency n i c k e l . 
A n u m b e r of other a lky lary lphosphines also promote the f ormat ion of 
the three-coordinated n i c k e l s i ly lamide b isphosphine . Steric h indrance 
of the b u l k y l igands presumably prevents the format ion of square p lanar 
m e t a l b i ss i ly lamide b isphosphine complexes. H o w e v e r , the re lat ive ly 
stable, orange, crystal l ine C o ( I ) complex C o [ N ( S i M e 3 ) 2 ] [ P ( C e H 5 ) 3 ] 2 

was recent ly synthesized start ing f rom C o C l [ P ( C 6 H 5 ) 3 ] 3 (42). A n o t h e r 
example of a phosphine-stabi l i zed , l o w coordinated meta l s i l y lamide is 
the g o l d ( I ) c o m p o u n d A u [ N ( S i M e 3 ) 2 ] ( P M e 3 ) (43). W e also prepared 
the d iamagnet i c C u ( I ) complex C u [ N ( S i M e 3 ) 2 ] [ P ( C 6 H 5 ) 3 ] (42) g iv 
i n g a series ( d 8 , d?, a n d d 1 0 ) . 

W h i l e a t tempt ing to prepare complexes of the lanthanide t r i s s i l y l -
amides, i n the course of reactions i n v o l v i n g t r iphenylphosphine oxide a n d 
L a [ N ( S i M e 3 ) 2 ] 3 , w e isolated a remarkable n e w /x-peroxo complex ( 0 2 ) -
L a 2 [ N ( S i M e 3 ) 2 ] 4 [ P O ( C c H 5 ) 3 ] 2 (44). T h e peroxo group acts as a 
d o u b l y bidentate br idge between the two l anthanum atoms w h i c h are 
each b o n d e d to two s i ly lamide a n d one phosphineoxide l i gand , thereby 
g i v i n g a coord inat ion n u m b e r of 5. A four-coordinated complex L a -
[ N ( S i M e 3 ) 2 ] 3 [ P O ( C 6 H 5 ) 3 ] was also isolated. 

F i n a l l y w e ment ion one other unusua l react ion i n v o l v i n g the s i l y l 
amide l i g a n d , this t ime w i t h b i s - ^ c y c l o p e n t a d i e n y l t i t a n i u m d i ch lor ide . 
A l l of the chlor ine was rep laced , but , presumably because of steric r ea 
sons, the c o m p o u n d ( ^ - C 5 H 5 ) 2 T i [ N ( S i M e 3 ) 2 ] 2 c o u l d not be f o rmed a n d 
one of the m e t h y l groups was deprotonated instead f o rming a nove l 
azasi lat i tanacyclobutane der ivat ive , a heterocycl ic f our -membered r i n g 
that contains four different elements (45). It is c lear that the scope for 
interest ing chemistry of the b i s t r imethy ls i ly lamido l i g a n d is b y no means 
exhausted, a n d further w o r k is i n progress. 

2,5-Dimethylpyrrole Compounds 

It seemed desirable to investigate other b u l k y uninegat ive N - d o n o r 
l igands besides N P r 2 * and N ( S i M e 3 ) 2 , par t i cu lar ly i n considerat ion of the 
greater versat i l i ty of the s i l y lamido l i gand . A l t h o u g h bo th these l igands 
are b u l k y , they should differ considerably i n electronic behavior . T h u s 
the d i i sopropy lamido group can be b o t h a σ -donor a n d a ττ-donor l i g a n d 
whereas the b i s t r imethy ls i ly lamido group is (a ) potent ia l ly a σ donor, 
( b ) a weaker π donor as the result of Νπ—Siw interactions, a n d ( c ) poss ib ly 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
6 

| d
oi

: 1
0.

10
21

/b
a-

19
76

-0
15

0.
ch

02
2

In Inorganic Compounds with Unusual Properties; King, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1976. 



22. B R A D L E Y Bulky Ligands 271 

a weak π acceptor i n us ing the vacant 7r*-antibonding N S i 2 o rb i ta l . I t 
o ccurred to us that the 2 ,5 -d imethy lpyrro ly l group m i g h t m i m i c to a 
certa in degree the s i ly lamido l i g a n d rather than the d i i sopropy lamido 
group, a n d accord ing ly the l i th io der ivat ive was used i n reactions w i t h 
n i c k e l ( I ) a n d n i c k e l ( I I ) ch lor ide t r iphenylphosphine complexes. 

T h e N i ( I ) c o m p o u n d N i ( N C 6 H 8 [ P ( C 6 H 5 ) 3 ] 2 gave l ime-green, r e 
act ive crystals, a n d the c o m p o u n d was paramagnet ic w i t h an E S R s igna l 
that corresponds to a n ax ia l ly symmetr i c d9 species. T h e N i ( I I ) complex 
N i ( N C G H 8 ) 2 [ P ( C 6 H 5 ) 3 ] was a purp le , d iamagnet ic , crystal l ine c o m 
p o u n d w h i c h was re lat ive ly stable a n d w h i c h gave a parent molecu lar 
i o n i n the mass spectrum. 

It therefore seems l ike ly that the b u l k y 2 ,5 -d imethylpyrro le l i g a n d 
w i l l have considerable scope i n s tab i l i z ing unusua l coord inat ion numbers 
a n d unusua l va lency states for the transit ion metals. It points the w a y to 
the development of add i t i ona l l igands of this k i n d . 
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Preparation, Characterization, and Reactions 
of Dialkylamides and Alkoxides of 
Molybdenum and Tungsten 

M. H. CHISHOLM, M. EXTINE, and W. REICHERT 

Frick Inorganic Chemical Laboratories, Princeton University, 
Princeton, N. J. 08540 

The preparation and characterization of Mo2L6 where L = 
NMe2, NMeEt, NEt2, OBut, OSiMe3, OCMe2Ph, and 
W2(NMe2)6 are reported. Physical measurements including 
single-crystal x-ray studies indicate that in this series di
merization occurs by metal-metal triple bond formation in 
the absence of bridging ligands. 1H NMR studies on 
M2(NR2)6 reveal the large diamagnetic anisotropy induced 
by the metal-metal triple bond. Reactions of W(NMe2)6 

are presented and compared with those of W(Me)6. The 
reaction of W(NMe2)6 with carbon dioxide leads to 
W(NMe2)3(O2CNMe2)3 which contains a fac-WN3O3 moiety 
and very short W-N bonds. A general mechanism for the 
insertion of carbon dioxide into the covalent metal-nitrogen 
bond is proposed. 

W 7 " e set out to synthesize a series compounds of the general f o r m u l a 
M L 3 , M L 4 , a n d M L 6 where M = m o l y b d e n u m a n d tungsten a n d 

L — a l k y l , ( R ) , d i a l k y l a m i d e , ( N R 2 ) , a n d alkoxide ( O R ) l igands. W e 
then w a n t e d to compare i n deta i l the chemistry associated w i t h covalent 
m e t a l - c a r b o n , - n i t r o g e n , a n d - o x y g e n bonds based on (a ) the react iv i ty 
of the organic l i g a n d a n d ( b ) the coordinat ion properties of the trans i 
t ion meta l . T h i s summary covers our first two years ' w o r k w h i c h focused 
on the synthesis a n d coordinate properties of the M o L 3 series a n d the 
reactions of W ( N M e 2 ) 6 . 

273 
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The MoLs Series 

W i l k i n s o n a n d co-workers ( J , 2) recent ly descr ibed the preparat ion 
a n d character izat ion of a n u m b e r of stable a l k y l complexes of the ear ly 
transit ion elements. T h e react ion of M o C l 5 w i t h L i R or R M g X where 
R = a ^ - h y d r i d e e l iminat ion s tab i l i zed a l k y l l e d to the iso lat ion of 
d i m e r i c d iamagnet ic orange crystal l ine compounds M o 2 R o ( 1 ) · F o r the 
t r i m e t h y l s i l y l m e t h y l der ivat ive , crystal structure (3) revealed the pres
ence of a very short M o - M o b o n d (2.167 A ) a n d the staggered arrange
ment of the M o 2 C 6 moiety . It o c curred to us that i t might be possible to 
make s tructural ly re lated d i a l k y l a m i d o a n d alkoxy compounds , thus p r o 
v i d i n g a un ique oppor tuni ty for the study of strong homonuclear in te r 
actions i n the closely re lated series L 3 M o = = M o L 3 where L = R , N R 2 > 

a n d O R . 
H o w e v e r there are certain pert inent factors that w o u l d seem to 

discount this v i ew . F i r s t , d imer i za t i on , or more general ly po lymer i za t i on , 
b y m e t a l - m e t a l b o n d format ion i n the absence of b r i d g i n g l igands was 
unprecedented i n the chemistry of meta l alkoxides a n d d ia lky lamides 
(4,5). Second, i t h a d a lready been shown (6) that the react ion of M 0 C I 5 

w i t h L i N M e 2 a n d L i N E t 2 l e d to the isolat ion of monomer i c tetrakis -
( d i a l k y l a m i d o ) m o l y b d e n u m ( I V ) compounds (cf. W i l k i n s o n s p r e p a r a 
t i on of M o 2 R 6 f r om M 0 C I 5 ) . T h i r d , i n the chemistry of c h r o m i u m , 
v a n a d i u m , a n d t i t a n i u m , i t is k n o w n (4,7) that the d i m e r i c d i m e t h y l -
a n d d iethylamides undergo d isproport ionat ion under re lat ive ly m i l d 
condit ions ( h i g h v a c u u m a n d w a r m i n g to ca. 6 0 ° C ) via Reac t i on 1 w i t h 
resultant iso lat ion of the monomer i c meta l ( I V ) d ia lky lamides . 

R 2 

R 2 N Ν N R 2 

\ / \ / 
M M >· M ( N R 2 ) 4 + [ M ( N R 2 ) 2 L ( D 

R 2 N / N j ^ X N R 2 

R 2 where M = T i , V , C r 

A considerat ion of the second a n d t h i r d of these factors l e d us to 
use M o C l 3 a n d to attempt l o w temperature crystal l izations i n the p r e p a 
rat ion of M o ( N M e 2 ) 3 . A t y p i c a l synthesis is out l ined be low. 

T h e add i t i on of M o C l 3 to an ice-cooled, magnet ica l ly st irred so lut ion 
of L i N M e 2 ( three mole equivalents i n 50:50 T H F : h e x a n e ) gave a dark 
b r o w n solution. T h e react ion mixture was st irred 12 h r at 0 ° C under an 
atmosphere of dry , oxygen-free nitrogen. Solvent was then r e m o v e d b y 
v a c u u m dis t i l la t ion , a n d the residue was d r i e d under h i g h v a c u u m at 
60 ° C . Subsequent extract ion of this d r i e d residue w i t h pentane y i e l d e d 
a dark , r e d - b r o w n solut ion w h i c h , w h e n concentrated a n d cooled to 
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—78 ° C , gave a very dark, p o w d e r y crystal l ine p r o d u c t — c r u d e 
M o ( N M e 2 ) 3 . T h i s was co l lected b y filtration (Schlenk technique) a n d d r i e d 
in vacuo. A n a l y t i c a l l y pure M o ( N M e 2 ) 3 is pa le ye l l ow ; i t was obta ined 
f r o m the crude product b y v a c u u m sub l imat ion (100°C, 10r4 c m H g ) . 

D u r i n g the v a c u u m sub l imat ion of M o ( N M e 2 ) 3 , s m a l l quantit ies of 
the p u r p l e monomer i c M o ( N M e 2 ) 4 were i n i t i a l l y evo lved ( 5 0 - 6 0 ° C , 
H H c m H g ) . Because of its greater vo la t i l i ty , M o ( N M e 2 ) 4 c o u l d be easily 
separated f rom M o ( N M e 2 ) 3 . It is not clear w h y M o ( N M e 2 ) 4 forms. Its 
f ormat ion c o u l d result f r o m impuri t ies i n our M o C l 3 or f r om some redox 
react ion w h i c h competes w i t h the format ion of M o ( N M e 2 ) 3 . I t is , h o w 
ever, qui te certain that M o ( N M e 2 ) 4 is not f o rmed f rom M o ( N M e 2 ) 3 b y 
a d isproport ionat ion react ion such as React ion 1. 

T h e add i t i on of alcohols to hydrocarbon solutions of M o ( N M e 2 ) 3 

causes quant i tat ive f ormat ion of alkoxides via Reac t ion 2. T h e nature of 
the a lkoxide depends on the nature of R (see b e l o w ) . T h e teri-butoxide 

M o ( N M e 2 ) 3 + 3 R O H M ( O R ) 3 + 3 H N M e 2 (2) 

where R = M e , E t , P r " , P r 1 , B u ' , C M e 2 P h , S i M e 3 

a n d tr imethyls i lox ide are volat i le orange crystal l ine solids that are read i l y 
pur i f i ed b y v a c u u m sub l imat ion ( 100°C , 1 0 - 4 c m H g ) . 

T h e m o l y b d e n u m ( I I I ) derivatives M o ( N M e 2 ) 3 a n d M o ( O R ) 3 , 
where R = B u * a n d S i M e 3 , are moisture- a n d oxygen-sensitive d i a m a g 
netic compounds. Cryoscop i c molecular we ight determinations i n b e n 
zene a n d mass spectral data demonstrate that these compounds are 
d i m e r i c (i.e. M o 2 L 6 ) i n solution a n d i n the vapor state. T h e mass spectra 
reveal strong parent ions, M o 2 L 6

+ , a n d several other M o 2 - c o n t a i n i n g 
species. Indeed the v i r t u a l absence of ions conta in ing on ly one m o l y b 
d e n u m is very s t r ik ing . I n this connection, M o - a n d M o 2 - c o n t a i n i n g 
species are read i l y d is t inguishable because of the several isotopes of 
m o l y b d e n u m . T h e mass d i s t r ibut ion of the i o n M o 2 ( O S i M e 3 ) e

+ is p re 
sented i n F i g u r e 1. T h e basic M o 2 pattern is further compl i ca ted b y 
the presence of s i l i con ( 2 8 S i , 2 9 S i , a n d 3 0 S i ) w h i c h causes the complex 
envelope. 

T h e d iamagnet ic nature of these m o l y b d e n u m ( I I I ) compounds a n d 
the presence of only M o 2 - c o n t a i n i n g ions i n the mass spectrum constitute 
good evidence for strong m e t a l - m e t a l bond ing . F u r t h e r evidence for 
m e t a l - m e t a l b o n d i n g was sought b y R a m a n spectroscopy. R e m a r k a b l e 
resonance R a m a n enhancements of m e t a l - m e t a l stretching v ibrat ions 
were noted recent ly (8, 9 ) . F o r the d i m e r i c compounds M o 2 L 6 , w h e r e 
L = N M e 2 , O B u ' , a n d O S i M e 3 , the R a m a n spectra do not ind icate this 
type of resonance enhancement; indeed , assignment of v s t r ( M o - M o ) is 
not i m m e d i a t e l y obvious. T h e color of M o 2 ( N M e 2 ) 6 a n d M o 2 ( O R ) 6 , 
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, J j 

Figure 1. Parent ion of Mo2(OSiMes)6 

as observed (top) and calculated (bot
tom) for naturally occurring isotopes 

of Mo, Si, O, and C 

where R = B u * a n d S i M e 3 , is at tr ibutable to a ta i l ing of a U V absorpt ion 
into the v is ib le [cf. i n Refs. 10 a n d J J M o 2 ( 0 2 C R ) 4 a n d re lated c om
pounds w h i c h show δ - » δ* transitions i n the v i s i b l e ] . Consequent ly laser 
l i g h t i n the v is ib le reg ion of the spectrum does not induce a resonance 
enhancement of v 8 t r ( M o - M o ) . I n the R a m a n spectrum of a crystal l ine 
sample of M o 2 ( N M e 2 ) 6 ( F i g u r e 2 ) , the strong bands at 550, 320, a n d 
230 c m - 1 are a l l po lar izab le , a n d qua l i ta t ive ly w e assign these to v 8 t r -

1,600 1,300 1,000 TOO 1+00 100 cm' 

Figure 2. Raman spectrum (100-1600 cm'1) of a polycrystalline sample of 
Mo2(NMe2)6 
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( M o - N ) , v s t r ( M o - M o ) , a n d p ( N C 2 ) respectively. H o w e v e r , a cons id 
erable degree of m i x i n g is possible, a n d a quant i tat ive interpretat ion of 
this spectrum awaits future calculations. 

T h e var iab le temperature Ή N M R spectra of M o 2 ( O R ) 6 , where 
R — B u ' , C M e 2 P h , a n d S i M e 3 , i n toluene-ds reveal single m e t h y l reso
nances at temperatures of + 9 0 ° to — 90 ° C . These spectra are thus 
consistent w i t h the presence of on ly t e rmina l ly b o n d e d a lkoxy l igands 
L 3 M o = = M o L 3 . H o w e v e r , the observation of a single m e t h y l resonance 

Β 

Figure 3. Variable temperature 1H 
NMR spectrum of Mo2(NMeg)6 re-
corded in toluene-d8 at 100 MHz and 
A at 30°, Β at -20°, and C at -60°C. 
For A , S(Me) — 3.3 ppm; for C, S(Me) 
= 2.4 and 4.2 ppm rehtive to hexa-

methyldisiloxane. 
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does not exclude the poss ib i l i ty of r a p i d ( N M R t ime scale) b r i d g e -
t e r m i n a l l i g a n d exchange, nor , of course, can we exclude the poss ib i l i ty 
of acc identa l magnet ic degeneracy of b r i d g i n g a n d t e rmina l l igands for 
d i m e r i c molecules ( R O ) 2 M O ( / A - O R ) 2 M O ( O R ) 2 . T h e var iab le tempera 
ture Ή N M R spectrum of M o 2 ( N M e 2 ) 6 is however , definitive ( F i g u r e 
3 ) . A t 2 0 ° C a n d above, a single sharp resonance is observed at 3.3δ 
f r om hexamethyldis i loxane. O n cool ing , this resonance broadens u n t i l 
at ~ — 20 ° C i t v i r t u a l l y disappears into the base l ine . O n further coo l ing 
to —40°C , two resonances appear at 4.2 a n d 2.4 δ i n the integra l rat io 
of 1:1. N o further change is observed w h e n the sample is coo led to 
—80°C . T h e N M R spectrum is independent of M o 2 ( N M e 2 ) 6 concentra
t i on a n d is unaffected b y a d d e d H N M e 2 . These observations are i n c o m 
pat ib le w i t h a fluxional d i m e r i c molecule that has a g round state geometry 
i n v o l v i n g b r i d g i n g d i m e t h y l a m i d o l igands (cf. [ T i ( N M e 2 ) 3 ] 2 a n d 
[ A l ( N M e 2 ) 3 ] 2 i n Refs. 4 a n d 12). T h e var iab le temperature Ή N M R 
spectrum of M o 2 ( N M e 2 ) 6 is consistent w i t h the presence of on ly t e r m i n a l 
d i m e t h y l a m i d o l igands. T h e l o w temperature l i m i t i n g spectrum, w h i c h 
consists of two resonances i n the integra l rat io of 1:1, indicates f reez ing 
out of p r o x i m a l a n d d is ta l m e t h y l groups w i t h respect to the m e t a l - m e t a l 
t r ip l e bond . T h e large chemica l shift difference (ca. 2.0 p p m ) between 
p r o x i m a l a n d d is ta l m e t h y l groups results f rom the large d iamagnet i c 

Figure 4. Molecular structure of Mo2(NMe$)6. Bond 
lengths: Mo-Mo 2.142(2) A , Mo-N 1.98(1) A , and 
N-C 1.48(2) A; angles: Mo-Mo-N 103.7(3)% a 

133(1)% β 116(1)° and y 110(1)° 
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anisotropy i n d u c e d b y the m e t a l - m e t a l t r ip l e b o n d (13 ) . A t this po int , 
a crysta l structure was obvious ly necessary to ver i fy these predict ions . 

F i g u r e 4 is an O R T E P d r a w i n g of the structure of M o 2 ( N M e 2 ) 6 as 
de termined b y C o t t o n et al. (14). C e r t a i n aspects of the structure are 
evident f r o m this v i e w of the molecu le : ( a ) the absence of b r i d g i n g 
d i m e t h y l a m i d o l igands : the M o - M o - N angles are 103.7°; ( b ) the short 
m o l y b d e n u m - m o l y b d e n u m b o n d l ength [2.214(2) A ] a n d the staggered 
arrangement of the M o 2 N 6 moiety ; a n d ( c ) M o N C 2 units are p lanar a n d 
l e a d to six p r o x i m a l a n d six d is ta l m e t h y l groups w i t h respect to the 
m e t a l - m e t a l t r ip le bond . B o t h (a ) a n d ( b ) conf irm the presence of a 
m o l y b d e n u m - m o l y b d e n u m tr ip le bond . 

T h e arrangement of the M o - N C 2 planes is revealed more c lear ly i n 
F i g u r e 5 i n w h i c h M o 2 ( N M e 2 ) 6 is v i e w e d d o w n the m e t a l - m e t a l axis. 

Figure 5. Molecular structure of Mo2(NMe2)6 

viewed along the Mo-Mo axis showing the 
Mo-NC2 planes; Mo2(NCg)6 has S6 symmetry 

that differs little from Dsd 

T h i s v i e w of the molecule c lear ly demonstrates the staggered ethane-l ike 
conformation of the M o 2 N 6 moiety , a n d i t also shows that the M o - N C 2 

planes are almost col inear w i t h the m e t a l - m e t a l bond . I n fact, they are 
t i l t e d 7 ° out of co l inear i ty w h i c h leads to absolute S 6 symmetry for the 
M o 2 ( N C 2 ) 6 moiety . F i n a l l y , i t should be no ted that the p r o x i m a l a n d 
d is ta l M o - N - C angles differ: « = 133° a n d β — 116°. T h e larger 
p r o x i m a l angle p r o b a b l y reflects the greater in te rna l steric congestion i n 
this molecule . 

T h e b o n d i n g i n M o 2 ( N M e 2 ) 6 can be qua l i ta t ive ly descr ibed as f o l 
lows. E a c h m o l y b d e n u m forms four σ bonds i n v o l v i n g approx imate sp3 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
6 

| d
oi

: 1
0.

10
21

/b
a-

19
76

-0
15

0.
ch

02
3

In Inorganic Compounds with Unusual Properties; King, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1976. 



280 I N O R G A N I C C O M P O U N D S W I T H U N U S U A L P R O P E R T I E S 

h y b r i d i z a t i o n . T h e n , i f w e define the M o - M o axis as the ζ axis, m o l y b d e 
n u m dxz a n d dyz a tomic orbitals f o r m two m e t a l - m e t a l π bonds. T h e 
m o l y b d e n u m - m o l y b d e n u m tr ip le b o n d so f o rmed paral le ls the s i tuat ion 
w i t h W i l k i n s o n s M o 2 ( C H 2 S i M e 3 ) e (1,3). W i t h M o 2 ( N M e 2 ) e , however , 
the lone pairs on nitrogen m a y also enter into bond ing . I n the ground 
state conf iguration (i.e. F i g u r e 4) m o l y b d e n u m dxy a n d dX2.y* atomic 
orbitals m a y accommodate four electrons f rom lone pairs on nitrogen. 
T h i s leads to 16 valence shel l electrons per m o l y b d e n u m . T h e p lanar i ty 
of the M o - N C 2 units a n d the somewhat short M o - N b o n d lengths 
[1.98(1) A ] suggest that nitrogen-to-metal π b o n d i n g is significant. I n 
this s i tuation, l i g a n d π electrons are donated to m e t a l orbitals w h i c h are 
δ a n d δ* orbitals w i t h respect to m e t a l - m e t a l bond ing . It is perhaps this 
fact that accounts for the signif icantly longer M o - M o b o n d i n 
M o 2 ( N M e 2 ) 6 [2.214(2) A ] than i n W i l k i n s o n s M o 2 ( C H 2 S i M e 3 ) e 
[2.167(?) A ] . It is , of course, diff icult to estimate the difference i n 
m e t a l - m e t a l b o n d length w h i c h m i g h t arise solely f rom differences i n 
the steric requirements of the l igands. W i t h this i n m i n d , w e extended 
our synthesis of M o ( N R 2 ) 3 to b u l k i e r N R 2 g r o u p s — N R 2 = N M e E t , 
N E t 2 , a n d N P r 2 * . 

T h e p h y s i c a l properties of M o ( N M e E t ) 3 a n d M o ( N E t 2 ) 3 c losely 
para l l e l those of M o 2 ( N M e 2 ) 6 . T h e y are d imer i c d iamagnet ic compounds . 
T h e l ow- temperature - l imi t ing Ή N M R spectrum of M o 2 ( N M e E t ) 6 is 
consistent w i t h a ground state geometry that has six p r o x i m a l m e t h y l 
groups a n d six d is ta l e thy l groups. T h e h igh - temperature - l imi t ing spec
t r u m of M o 2 ( N E t 2 ) 6 shows the t ime-averaged p r o x i m a l a n d d is ta l reso
nances but also complex p r o t o n - p r o t o n coupl ings w h i c h suggest that 
motions about the N - C H 2 b o n d are severely h indered . A molecular 
m o d e l of M o 2 ( N E t 2 ) e indicates that there is indeed severe congestion. 
O u r character izat ion of ΜΟ(ΝΡΓ2*)3 is incomplete , bu t i t does appear 
that this c o m p o u n d is quite different f r om the d imethy lamide . 

F i n a l l y w e should comment on the mechanism of p r o x i m a l a n d 
dis ta l a l k y l interconversions i n M o 2 ( N R 2 ) 6 compounds. A t the most 
e lementary leve l , this c o u l d be descr ibed b y M o - N b o n d rotat ion. A 
sophist icated treatment of this type of intramolecular rearrangement 
requires the approach adopted b y M i s l o w a n d co-workers i n their g r a p h i 
c a l analyses of the d y n a m i c stereochemistry of a r y l compounds of the 
f o r m A r 3 Z (15, 16) a n d A r 4 C (17). I n this context, w e note the stereo
chemica l correspondence between M o 2 ( N M e 2 ) 6 a n d S i 2 P h 6 (18). H o w 
ever, i n add i t i on to fl ip rearrangements ( M o - N b o n d ro ta t i on ) , a fluxional 
process i n w h i c h d i m e t h y l a m i d o groups are transferred f r o m one m o l y b 
d e n u m to the other c o u l d be operative. T h e most attract ive fluxional 
mechan ism involves the concerted pa i rwise interchange of l igands , i.e. a 
transit ion state that has the b r i d g e d A l 2 ( N M e 2 ) 6 structure. F o r 
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M o 2 ( N M e 2 ) e , these mechanisms are permutat iona l ly indis t inguishable . 
H o w e v e r , w e hope to be able to synthesize M o 2 ( N M e 2 ) 5 ( N R 2 ) w h i c h , 
b a r r i n g acc identa l anisochrony, should enable us to d i s t inguish between 
the flipping a n d the fluxional mechanisms. 

T h e importance of steric factors i n de termin ing the coordinate p r o p 
erties of the meta l i n the M L 3 series cannot be overemphasized . F o r 
b u l k y l igands L = C H 2 S i M e 3 , C H 2 C ( C H 3 ) 3 , N M e 2 , N M e E t , N E t 2 , O B u ' , 
O S i M e 3 , a n d O C M e 2 P h , m o l y b d e n u m adopts the L 3 M o = = M o L 3 structure. 
Increasing the steric d e m a n d of the l igands even further shou ld greatly 
weaken the m e t a l - m e t a l interact ion a n d c o u l d even l e a d to the iso lat ion 
of monomer i c compounds M o L 3 — c f . C r L 3 w h e r e L = C H ( S i M e 3 ) 2 

( 1 9 ) , N P r 2 * (20, 2 1 ) , a n d N ( S i M e 3 ) 2 ( 22 ) . O n the other h a n d , less 
ster ical ly d e m a n d i n g l igands shou ld a l l o w the meta l to increase its 
coord inat ion n u m b e r b y the format ion of m e t a l - l i g a n d - m e t a l br idges . 
T h i s i n d e e d appears to be the case for M o ( O R ) 3 where R = M e , E t , 
a n d P r 1 . These are b lack , po lymer i c , nonvolat i le , paramagnet i c c o m 
pounds for w h i c h po lymer i za t i on probab ly occurs b y the format ion of 
M o 0 6 units [cf. C r ( O R ) 3 (4, 5 ) where R — M e a n d E t ] . A notable 
difference between the coordinat ion chemistry of c h r o m i u m ( I I I ) a n d 
m o l y b d e n u m ( I I I ) is the f o l l o w i n g : c h r o m i u m ( I I I ) w i l l , though some
w h a t re luctant ly , f o rm tetrahedral complexes as i n the salts L i C r L 4 , 
where L — C H 2 S i M e 3 (1,2) a n d O B u * (20, 23), whereas m o l y b d e n u m -
( I I I ) prefers to adopt the L 3 M o = = M o L 3 structure at the expense of 
f o r m i n g a fourth M o - L bond . T h i s presumably reflects the greater 
a b i l i t y of m o l y b d e n u m to f o rm strong m e t a l - m e t a l m u l t i p l e bonds i n its 
tervalent state. Indeed to our knowledge there are no k n o w n c h r o m i u m -
c h r o m i u m m u l t i p l e b o n d e d compounds of c h r o m i u m ( I I I ) . 

W2 (NMe2) 6 

T h e great propensi ty of m o l y b d e n u m to f o r m m e t a l - m e t a l m u l t i p l e 
b o n d e d compounds m i g h t l ead one to expect the same of tungsten. T h i s , 
however , does not appear to be the case (24). Indeed , at the start of 
this w o r k only W 2 ( C H 2 S i M e 3 ) 6 h a d been prepared , a n d i t was reported 
as f o r m i n g crystals isomorphous to those of M o 2 ( C H 2 S i M e 3 ) 6 (3). T h e 
v i r t u a l absence of W - W m u l t i p l e bonded compounds leads to i n t r i g u i n g 
questions. A r e W - W m u l t i p l e bonds inherent ly weaker than those of 
m o l y b d e n u m a n d , i f so, for w h a t reasons, or, have certain subtle factors 
of the coordinat ion chemistry of tungsten thus far p r e c l u d e d their 
preparat ion? 

I n 1969 w e reported (25) the preparat ion a n d character izat ion of 
W ( N M e 2 ) 6 f r om the react ion of W C 1 6 w i t h L i N M e 2 . W e noted that this 
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react ion was always accompanied b y some reduct i on of tungsten and , 
on the basis of ana ly t i ca l data , we f ormulated that the r educed tungsten 
was of the f o r m W ( N M e 2 ) 3 . O u r character izat ion of M o 2 ( N M e 2 ) 6 
encouraged us to pursue the synthesis of W ( N M e 2 ) 3 since this c o m p o u n d 
c o u l d c lear ly reveal inva luab le in format ion about tungsten- tungsten 
b o n d i n g a n d a l l o w a direct comparison w i t h m o l y b d e n u m . Since reac
tions i n v o l v i n g W C 1 6 a n d L i N M e 2 proceeded w i t h some reduc t i on of 
tungsten, i t seemed that a react ion us ing a r e d u c e d tungsten ha l ide 
m i g h t w e l l l ead to only , or at least to the predominance of, W ( N M e 2 ) 3 . 
S u c h was not the case. W h e n they were reacted w i t h four equivalents 
of L i N M e 2 , W C 1 4 ( T H F ) 2 (26) a n d W C i 4 ( O E t 2 ) 2 (26) y i e l d e d pure 
W ( N M e 2 ) 6 as the on ly isolatable d i m e t h y l a m i d e of tungsten; no 
W ( N M e 2 ) 3 was obtained. T h e react ion of the cluster c o m p o u n d W C 1 2 

w i t h two equivalents of L i N M e 2 gave a mixture of W ( N M e 2 ) 6 a n d 
W ( N M e 2 ) 3 . T h i s mixture was m u c h r i cher i n W ( N M e 2 ) 6 than m a n y 
samples obta ined f rom reactions that invo lved W C 1 6 . H o w e v e r , w e 
f o u n d that i f W C l 4 ( O E t 2 ) 2 is a l l o w e d to decompose i n ether under a 
nitrogen atmosphere at r oom temperature a n d the resultant b lack sludge 
is then reacted w i t h three equivalents of L i N M e 2 , a mixture of W ( N M e 2 ) 3 

a n d W ( N M e 2 ) 6 is obta ined w h i c h contains a h i g h percentage of 
W ( N M e 2 ) 3 w i t h W ( I I I ) : W ( V I ) = 2:1 based on tungsten. A l l attempts 
to isolate pure W ( N M e 2 ) 3 f r om this mixture have fa i l ed so far ; W ( N M e 2 ) 3 

a n d W ( N M e 2 ) 6 cosubl ime a n d cocrystal l ize . At tempts to isolate 
W ( N M e 2 ) 3 b y chromatography have fa i l ed ; W ( N M e 2 ) 3 is the more 
react ive c o m p o u n d a n d i t decomposes on the c o l u m n (dehydrated flori-
s i l ) w h i c h al lows the isolation of W ( N M e 2 ) 6 . T h e spectroscopic p r o p 
erties of the mixture were , however , in formative w i t h regard to the 
nature of W ( N M e 2 ) 3 . I n the mass spectrum a strong parent i o n is 
observed for W 2 ( N M e 2 ) c

+ , a n d var iab le temperature Ή N M R studies 
reveal properties analogous to those observed for M o 2 ( N M e 2 ) 6 , namely 
a single m e t h y l resonance at room temperature w h i c h broadens w h e n 
the sample is cooled a n d finally gives two peaks i n the integra l rat io of 
1:1 separated b y ca. 2.0 p p m . A t this po int w e resorted to crystal lo 
g r a p h y techniques. Recent findings of C o t t o n a n d co-workers (27) 
reveal that W ( N M e 2 ) 6 a n d W 2 ( N M e 2 ) c do indeed cocrystal l ize . T h e 
molecular structure of W 2 ( N M e 2 ) 6 paral le ls that of M o 2 ( N M e 2 ) c w i t h 
a W - W b o n d length of 2.30 A . A l t h o u g h this b o n d length is s ignif icantly 
longer than that of M o - M o i n M o 2 ( N M e 2 ) 6 , i t is n o w clear that t u n g s t e n -
tungsten m u l t i p l e b o n d i n g is not inherent ly weak. F u r t h e r m o r e , the 
abundance of M o 2 - a n d the pauc i ty of W 2 - m u l t i p l e b o n d e d complexes 
must reflect subtle differences i n the coordinat ion chemistry of these 
metals. 
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Reactions of W(NMe2)6 

T h e chemistry of W ( N M e 2 ) 6 (25) a n d W ( M e ) e (28) provides a 
great oppor tun i ty for c ompar ing covalent t rans i t ion m e t a l - n i t r o g e n a n d 
- c a r b o n σ bonds. I n some ways the ir reactions are s imi lar ; for example, 
b o t h compounds react w i t h alcohols to f o rm alkoxides W ( O R ) e . H o w 
ever, i n most instances their reactions differ; for example, W ( M e ) 6 

reacts (28) w i t h N O to give the eight-coordinate complex W ( M e 4 -
( 0 2 N 2 M e ) 2 whereas W ( N M e 2 ) 6 does not react w i t h N O under c om
parab le condit ions. 

Superf ic ia l ly W ( M e ) 6 is the more react ive compound . It is p y r o -
phor i c i n a ir , thermal ly unstable at r oom temperature , a n d even prone 
to detonation (29 ) . W ( N M e 2 ) 6 on the other h a n d is thermal ly stable 
u p to 200°C, a n d i t is apprec iab ly less moisture-sensit ive than other 
meta l d imethylamides . H o w e v e r , W ( N M e 2 ) 6 is the more react ive c o m 
p o u n d t o w a r d some substrates. F o r example , w h i l s t W ( M e ) 6 is soluble 
i n C S 2 a n d acetone ( 2 8 ) , W ( N M e 2 ) 6 r ead i ly reacts w i t h b o t h of these 
organic substrates. W ( N M e 2 ) 6 reacts w i t h C S 2 to give W ( S 2 C N M e 2 ) 4 . 
R e d u c t i o n of tungsten is accompanied b y ox idat ion of the d i th iocarba -
mato l i g a n d to M e 2 N C ( S ) S - S ( S ) C N M e 2 . 

A rather remarkable react ion occurs w i t h C 0 2 . E v e n i n the pres
ence of six or more equivalents of C 0 2 , on ly three equivalents of C 0 2 

are consumed w h i c h yields the nove l c o m p o u n d W ( N M e 2 ) 3 ( 0 2 C N M e 2 ) 3 . 
Tungs ten remains i n its hexavalent state. T h i s react ion is remarkab le i n 
several ways. F i r s t , a l l other d imethylamides of the early transi t ion 
elements react accord ing to the general react ion, Reac t i on 3. C o m p l e t e 

M ( N M e 2 ) n + n C 0 2 -> M ( 0 2 C N M e 2 ) n (3) 

M = T i , Z r , H f , V , M o where η = 4 

M = N b and T a where η = 5 

M = M o and W where η = 3 

insert ion occurs w h i c h yields the f u l l y substituted carbamato compounds. 
Second, W ( N M e 2 ) 6 is an extremely sterical ly congested molecule yet i t 
reacts w i t h C 0 2 very r a p i d l y , m u c h more r a p i d l y than i t reacts w i t h 
alcohols w h i c h give W ( O R ) 6 . T h i r d , a l though W ( N M e 2 ) 6 consumes 
only three mole equivalents of C 0 2 , the product , W ( N M e 2 ) 3 ( 0 2 C N M e 2 ) 3 , 
exchanges C 0 2 (Reac t i on 4 ) . T h i s exchange is read i ly f o l l owed b y Ή 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
6 

| d
oi

: 1
0.

10
21

/b
a-

19
76

-0
15

0.
ch

02
3

In Inorganic Compounds with Unusual Properties; King, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1976. 



284 I N O R G A N I C C O M P O U N D S W I T H U N U S U A L P R O P E R T I E S 

( T ) *o 

Figure 6. * H NMR spectrum of W(NMeg)s(02
13CNMe2). in the region of 

2.5-5.5 ppm TMS (bottom) and scale expanded (top) to show 183W coupling 
to the W-NMe2 protons and 13C coupling to the Ot

13CNMe9 protons 
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W ( N M e 2 ) 3 ( 0 2 C N M e 2 ) 3 + 3 * C 0 2 ^± (4) 

W ( N M e 2 ) 3 ( 0 2 * C N M e 2 ) n ( 0 2 C N M e 2 ) 3 _ n + n C 0 2 + (3 - n ) * C 0 2 

N M R spectroscopy since the 1 3 C - l a b e l l e d 0 2 * C N M e 2 h g a n d shows 
3 7 i 3 c . H — 3.0 H z . T h e Ή N M R spectrum of W ( N M e 2 ) 3 ( 0 2

1 3 C N M e 2 ) 3 

recorded i n t o luene -d 8 at 30 ° C a n d 60 M H z is presented i n F i g u r e 6. 
Since the 1 3 C 0 2 was on ly 9 2 % pure , a smal l peak at tr ibutable to the 
presence of 0 2

1 2 C N M e l igands is also observed. It is interest ing to 
note that the W - N M e 2 protons show c o u p l i n g to 1 8 3 W ; I = V4, n a t u r a l 
abundance = 1 4 % , 3 / i 8 3 W H — 3.0 H z . C o u p l i n g to 1 8 3 W was not ob
served for W ( N M e 2 ) 6 b u t was no ted (28) for W ( M e ) 6 , 2 / i 8 3 w . H — 6 H z . 

W e bel ieve that W ( N M e 2 ) 3 ( 0 2 C N M e 2 ) 3 provides a key to the 
understanding of insert ion reactions i n v o l v i n g C 0 2 a n d covalent m e t a l -
n i trogen bonds. T h e mechanism of these insertion reactions has rece ived 
re lat ive ly l i t t le attention (30) a l though i t is reasonable that i t shou ld 
invo lve a four-center transit ion state as ind i ca ted b y React ion 5. S u c h a 
mechanism is s imi lar to that general ly accepted (31) for the insert ion of 
olefins a n d acetylenes into m e t a l - h y d r o g e n a n d m e t a l - c a r b o n σ bonds, 
but i t differs w i t h regard to the role of the lone pa i r on nitrogen. C l e a r l y , 
b o t h steric a n d electronic factors should be important i n React ion 5. 

W e obta ined numerous spectroscopic data o n W ( N M e 2 ) 3 ( 0 2 -
C N M e 2 ) 3 , a l l of w h i c h ind i ca ted the equivalence of the three N M e 2 

l igands a n d the equivalence of the three 0 2 C N M e 2 l igands . C l a s s i c a l 
techniques c ou ld not, however , r ead i ly d i s t inguish between six-coordinate 
tungsten, i.e. a f a c - W N 3 0 3 octahedron, a n d a nine-coordinate geometry 
i n v o l v i n g bidentate carbamato l igands. W e dec ided to resolve this inter 
esting a n d important s tructural question b y us ing commerc ia l crystal lo 
g r a p h y services ( M o l e c u l a r Structure C o r p . , Co l l ege Stat ion, T e x a s ) . 

A n O R T E P v i e w of W ( N M e 2 ) 3 ( 0 2 C N M e 2 ) 3 is presented i n F i g u r e 
7. T h e molecule has C 3 symmetry . Tungsten is six-coordinate a n d the 
l o ca l geometry about tungsten is sui tably descr ibed as a f a c - W N 3 0 3 octa
hedron . O f par t i cu lar note are the f o l l o w i n g observations: the N ( 2 ) -
W - N ( 2 ) angles ( 9 4 . 8 ( 3 ) ° ) are greater than the 0 ( 1 ) - W - 0 ( 1 ) angles 
( 8 2 . 1 ( 2 ) ° ) , ( b ) the W - N ( 2 ) b o n d distances (1 .922(7) A ) are cons id -

where η = 0 - 3 

0 = C = 0 

J L M e 
M - N M e 2 + C 0 2 ±M—N 

^ - ^ M e 
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Figure 7. Molecular structure of W(NMeg)3(OgCNMe2)s showing fac-
WN3Os moiety; the molecule has C3 symmetry. Bond lengths: W-N(2) 
1.922(7) A and W-O(l) 2.041(6) A; angles: 2 V - W - N 94.8°, O-W-0 82.1°, 

N-W-O 170.3°, N-W-0 93.2°, and N-W-0 89.3°. 

erab ly shorter than the W - O ( l ) b o n d distances (2 .041(6) A ) , a n d ( c ) 
the 0 2 C N C o a n d W - N C 2 moieties are p lanar . 

T h e structures of W ( N M e 2 ) 6 (25 ) a n d W ( N M e 2 ) 3 ( 0 2 C N M e 2 ) 3 

suggest that steric factors are not the sole contro l l ing factors i n h m i t i n g 
insert ion. W e bel ieve that insert ion is l i m i t e d b y the nuc l eoph i l i c i t y of 
the N M e 2 l igands. Six d i m e t h y l a m i d o l igands, " N M e 2 , offer tungsten a 
tota l of 24 electrons a l though avai lable meta l valence orbitals can accom
modate only 18 electrons a n d 6 electrons occupy a t r i p l y degenerate 
n o n b o n d i n g molecu lar orb i ta l . T h u s for W ( N M e 2 ) 6 , l i gand- to -meta l ττ 
b o n d i n g m a y l ead to a m a x i m u m W - N b o n d order of 1.5. H o w e v e r , w i t h 
W ( N M e 2 ) 3 ( 0 2 C N M e 2 ) 3 , replacement of three N M e 2 l igands b y weaker 
ττ-donating oxygen l igands leads to greater N - t o - W ττ b o n d i n g as is e v i 
denced b y the very short W - N b o n d length of 1.922(7) A , cf. W - N b o n d 
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l ength of 2.032(25) A i n W ( N M e 2 ) 6 (25). It shou ld also be noted that 
the f a c - W N 3 0 3 geometry al lows for m a x i m u m W - N bond ing . T h i s 
enhanced nitrogen-to-tungsten π b o n d i n g reduces the nuc leoph i l i c i ty of 
the d imethy lamido lone pairs , a n d further insert ion of C 0 2 is not 
favored. 

I n v i e w of the previous observation that W ( N M e 2 ) 6 r ead i ly reacts 
w i t h alcohols to g ive W ( O R ) 6 , i t w o u l d seem that the W 0 6 moiety is 
more thermodynamica l l y stable than either the W N 6 or the f a c - W N 3 0 3 

moieties of W ( N M e 2 ) 6 a n d W ( N M e 2 ) 3 ( 0 2 C N M e 2 ) 3 respectively. I n 
sertion of C 0 2 into W - N bonds i n W ( N M e 2 ) 3 ( 0 2 C N M e 2 ) 3 must present 
a re lat ive ly h i g h energy of act ivat ion. It is therefore par t i cu lar ly pert inent 
to ask b y w h a t mechanism does W ( N M e 2 ) 3 ( 0 2 C N M e 2 ) 3 exchange w i t h 
C 0 2 i n React ion 4. K i n e t i c data suggest that this exchange react ion 
involves an inner sphere process w i t h a rate -determining step that involves 
expuls ion of C 0 2 w h i c h m a y be descr ibed b y the deinsert ion react ion 
(Reac t i on 6 ) . 

W ( N M e 2 ) 3 ( 0 2 C N M e 2 ) 3 — W ( N M e 2 ) 4 ( 0 2 C N M e 2 ) 2 + C 0 2 (6) 

W e conc lude that W ( M e ) 6 a n d W ( N M e 2 ) 6 general ly react via 
different mechanisms. W ( M e ) 6 reacts (28) via i n i t i a l nuc leoph i l i c attack 
at tungsten whereas W ( N M e 2 ) 6 reacts via e lec trophi l i c attack on n i t r o 
gen n o n b o n d i n g lone pairs . 

Literature Cited 

1. Mowat, W., Shortland, A. J., Yagupsky, G., Hill, N. J., Yagupsky, M., 
Wilkinson, G., J. Chem. Soc. Dalton Trans. (1972) 533. 

2. Mowat, W., Shortland, A. J., Hill, N. J., Wilkinson, G., J. Chem. Soc. 
Dalton Trans. (1973) 770. 

3. Huq, F., Mowat, W., Shortland, A. J., Skapski, A. C., Wilkinson, G., Chem. 
Commun. (1971) 1079. 

4. Bradley, D. C., Adv. Inorg. Chem. Radiochem. (1972) 15, 259. 
5. Bradley, D. C., Fisher, K., in "MTP International Review of Science," Vol. 

5, p. 65, Butterworths, London, 1972. 
6. Bradey, D. C., Chisholm, M. H., J. Chem. Soc. A (1971) 2741. 
7. Basi, J. S., Bradley, D. C., Chisholm, M. H., J. Chem. Soc. A (1971) 1433. 
8. Angell, C. Α., Cotton, F. Α., Frenz, Β. Α., Webb, T. R., J. Chem. Soc. 

Chem. Commun. (1973) 399 
9. Clark, R. J. H., Franks, M. L., J. Chem. Soc. Chem. Commun. (1974) 316. 

10. Cowman, C. D., Gray, H. B., J. Am. Chem. Soc. (1973) 95, 8177. 
11. Norman, Jr., J. G., Kolari, H. J., J. Chem. Soc. Chem. Commun. (1974) 

303. 
12. Lappert, M. F., Sanger, A. R., J. Chem. Soc. A (1971) 874. 
13. Filippo, J. S., Inorg. Chem. (1972) 11, 3140. 
14. Chisholm, M. H., Reichert, W., Cotton, F. Α., Frenz, Β. Α., Shive, L., J. 

Chem. Soc. Chem. Commun. (1974) 480. 
15. Gust, D., Mislow, K., J. Am. Chem. Soc. (1973) 95, 1535. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
6 

| d
oi

: 1
0.

10
21

/b
a-

19
76

-0
15

0.
ch

02
3

In Inorganic Compounds with Unusual Properties; King, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1976. 



288 INORGANIC COMPOUNDS WITH UNUSUAL PROPERTIES 

16. Mislow, K., Gust, D., Finocchiaro, P., Boetcher, R. J., Top. Current Chem. 
(1974) 47, 1. 

17. Hutchings, M. G., Mislow, K., Nourse, J. G., Tetrahedron (1974) 30, 1535. 
18. George, M. V., Peterson, D. J., Gilman, H., J. Am. Chem. Soc. (1960) 82, 

403. 
19. Barker, G. K., Lappert, M. F., J. Organomet. Chem. (1974) 76, C45. 
20. Alyea, E. C., Basi, J. S., Bradley, D. C., Chisholm, M. H., Chem. Commun. 

(1968) 495. 
21. Bradley, D. C., Hursthouse, M. B., Newing, C. W., Chem. Commun. 

(1971) 411. 
22. Bradley, D. C., Hursthouse, M. B., Rodesiler, P. F., Chem. Commun. 

(1969) 14. 
23. Chisholm, M. H., Ph.D. Thesis, London, 1969. 
24. Cotton, F. Α., Chemical Society Centenary Lecture, 1974; Chem. Soc. Rev. 

(1975) 4, 27. 
25. Bradley, D. C., Chisholm, M. H., Heath, C. E., Hursthouse, M. B., Chem. 

Commun. (1969) 1261. 
26. Grahlert, W., Thiele, Κ. H., Z. Anorg. Allg. Chem. (1971) 383, 144. 
27. Cotton, F. Α., personal communication; J. Amer. Chem. Soc. (1975) 97, 

1242. 
28. Shortland, A. J., Wilkinson, G., J. Chem. Soc. Dalton Trans. (1973) 872. 
29. Wilkinson, G., private communication. 
30. Lappert, M. F., Prokai, B., Adv. Organomet. Chem. (1967) 5, 225. 
31. Cotton, F. Α., Wilkinson, G., in "Advanced Inorganic Chemistry," 3rd ed., 

Chap. 24, Interscience, New York, 1972. 
RECEIVED January 24, 1975. Work supported by the Research Corp., the 
Petroleum Research Fund administered by the American Chemical Society 
(grant PRF-7722 AC3), and the National Science Foundation (grant GP-
42691X). M. Extine was the recipient of a graduate student fellowship from 
the American Can Co. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
6 

| d
oi

: 1
0.

10
21

/b
a-

19
76

-0
15

0.
ch

02
3

In Inorganic Compounds with Unusual Properties; King, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1976. 



24 

Some Recent Advances in 
Polypyrazolylborate Chemistry 

SWIATOSLAW TROFIMENKO 

Plastics Dept., Experimental Station, Ε. I. du Pont de Nemours and Co., 
Wilmington, Del. 19898 

Selected studies of polypyrazolylborate chemistry are re
viewed. X-ray and spectral studies have clarified the nature 
of transannular interaction in bidentate chelates containing 
the puckered R2B(pz)2M ring where the pseudoaxial R group 
(H, ethyl) approaches the metal close enough for three
-center bonding (B-H · · · Mo; B - C - H  ·  ·     · Mo) to occur. The 
puckered nature of the metallocyclic ring in bidentate sys
tems R2B(pz)2CoRfC5H5 leads to non-interconvertible con
formational isomer pairs. Some were separated by chroma
tography; in others interconversion via ring flipping was 
relatively facile, and the isomers were detected only spectro-
scopically. The stabilizing effect of an RB(pz)3 ligand was 
exploited in making a stable copper carbonyl derivative 
HB(pz)3CuCO and a variety of five-coordinate platinum 
compounds of type RB(pz)3PtMeL. Hybrid sandwiches 
containing an RB(pz)3 ligand and a carbocyclic moiety 
(C5H5, C6H6, C4Φ4) and new heavy metal (Ta, U) complexes 
were made recently. 

he po lypyrazo ly lborates are re lat ive ly new, uninegat ive chelat ing 
agents of general structure [ R n B ( p z ) 4 . n ] " where R is a noncoord i -

na t ing substituent, p z is a 1 -pyrazoly l group, a n d η m a y be 0, 1, or 2 ( I ) . 
T h e y b o n d to metals a n d metal lo ids through the t e r m i n a l nitrogens. 
Desp i te their seemingly exotic nature, these l igands were s tud ied exten
s ive ly since 1967 because of their versat i l i ty as che lat ing agents a n d 
because of the f o l l o w i n g attractive features w h i c h d is t inguish t h e m f r o m 
most other l igands. 

289 
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(a ) A l k a l i meta l salts of the parent ions a n d of their subst i tuted 
analogs are easily synthesized ( f rom boranes a n d pyrazo l ide i o n ) , a n d 
they are stable to storage. 

( b ) Stable free acids der ived f rom the R „ B ( p z ) 4 _ n anions m a y be 
prepared a n d used for the synthesis of other salts, e.g. R 4 N + , that are 
unava i lab le b y the direct route. 

( c ) T h e pyrazo le hydrogens can be effectively used for proton 
count, and as a symmetry probe i n d iamagnet ic and i n some paramagnet i c 
compounds. 

( d ) It is possible to introduce as m a n y as ten substituents into the 
parent H B ( p z ) 3 l i gand , a n d thus to alter the steric a n d electronic effects 
around the meta l w i thout destroying the or ig ina l C3v symmetry of the 
l i gand . 

(e ) F o r each po lypyrazo ly lborate l i g a n d , there exists an isosteric 
a n d isoelectronic R w C ( p z ) 4 _ n counterpart w h i c h has the same coord ina-
t ive behavior , but it is neutra l a n d gives complexes w i t h a charge greater 
b y + 1 per l i gand . T h i s is a t ru ly un ique feature. 

Since the earlier w o r k ( u p to 1972) i n this area was rev iewed (2, 3 ) , 
numerous new studies have appeared. Before these more recent deve l 
opments are discussed, some background in format ion on the characterist ic 
features of the po lypyrazo ly lborate l igands a n d their chelates is presented. 

T h e b o n d i n g of po lypyrazo ly lborates to meta l is de termined p r i m a r i l y 
b y the number of p y r a z o l y l groups attached to boron. D ipyrazo ly lbora tes 
are necessarily bidentate , a n d they f o rm w i t h d iva lent t rans i t ion m e t a l 
ions complexes, 1, that are s imi lar to β-diketonates b u t that are a lways 
monomer ic for steric reasons. T h e major difference between d i p y r a z o l y l 
borates a n d β-diketonates is that the R 2 B ( p z ) 2 M r i n g is not p lanar b u t 
is puckered i n the boat f o rm as i n Structure 2. T h i s results i n asym-

N - N N - N 
/x 2 \ / \ 

R 2 B M B R 2 

metry a n d non- ident i ty of the R groups, one of w h i c h ( the pseudoaxia l ) 
is close to a n d sometimes interacts w i t h the meta l , even w h e n R is H 
or an a l k y l group. 

I f one of the R groups i n R 2 B ( p z ) 2 is another p y r a z o l y l r i n g , then 
i t can also b o n d to the meta l . W i t h d iva lent t rans i t ion metals, c o m 
pounds w i t h Structure 3 are f o rmed whereas w i t h t r iva lent metals the 
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analogous cations are formed. T h e l i g a n d R B ( p z ) 3 ( R ^ p z ) is the first 
k n o w n example of a uninegat ive tr identate l i g a n d w i t h C 3 v symmetry , 
a n d i t is analogous to a cyc lopentadienide i o n i n be ing uninegat ive , i n 
s u p p l y i n g six electrons, a n d i n o c c u p y i n g three coord inat ion sites. I n this 
context, the oc tahedral compounds (3 ), w h i c h are of DSd symmetry , are 
analogs of metallocenes. T h e r i g i d centra l cage structure persists i n a l l 
the ir subst i tuted derivatives. A c c o r d i n g l y , their properties change less 
dramat i ca l l y w i t h subst i tut ion than do those of the b identate chelates, 1. 

W h e n the f our th boron substituent is also a p y r a z o l y l group, the 
resul t ing B ( p z ) 4 l i g a n d is s t i l l bas ica l ly tr identate of l o ca l C 3 v s y m 
metry , a n d i t forms chelates ( Structure 3 ) w i t h R = pz . I n most such 
compounds , the three coordinated a n d one uncoord inated p z groups 
m a i n t a i n their separate ident i ty , as was demonstrated b y N M R spectros
copy of the C o ( I I ) der ivat ive ( 4 ) . B y contrast, i n the isomorphous z inc 
analog, a l l f our p z groups are spectroscopical ly equiva lent a n d thus 
exchange r a p i d l y ( 5 ) . T h e B ( p z ) 4 l i g a n d m a y also act i n tetradentate 
(b is -b identate ) fashion, f o r m i n g spiro cations of the 4 type (6) w h i c h 
m a y conta in ident i ca l or d iss imi lar b r i d g i n g units . 

Po lypyrazo ly lborates have been w i d e l y used i n organometal l ic chem
istry. A large n u m b e r of compounds conta in ing the b i - or tr identate 
l i g a n d b o n d e d to a meta l a lready conta in ing various organic moieties 
were synthesized a n d studied . T h e tr identate R B ( p z ) 3 l i g a n d forms 
organometal l i c compounds analogous to the hal f -sandwiches based o n 
C 5 H 5 (e.g. 5) w h i c h , as a ru le , are more stable than their cyc lopenta
d i e n y l counterparts, a n d sometimes these hal f -sandwiches can exist on ly 
i n the po lypyrazo ly lborate series. These were discussed i n the earl ier 
reviews (2, 3 ) . A general idea of the w a y a n R B ( p z ) 3 group functions 
i n organometal l i c chemistry m a y be obta ined f r om Schemes I a n d I I . 
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Scheme I 

R B ( p z ) 3 - + M ( C O ) e ^ > R B ( p z ) 3 M ( C 0 ) 3 - + 3 C 0 
100 L» 

( M = C r , M o , W ) 8a 

H + i R B ( p z ) 3 M ( C O ) 3 H 
O H " 

R ' X 
-*· R B ( p z ) 3 M ( C O ) 3 R ' 

C H + 

7 7 * - R B ( p z ) 3 M ( C O ) 2 C 7 H 7 D M F , 5 0 ° C 

a l l y l ha l ide 
D M F , 5 0 ° C 

R B ( p z ) 3 M ( C O ) 2 - n - a l l y l 

A r N V 

D M F , 2 5 ° C * R B ( P z ) 3 M ( C O ) 2 - N = N - A r 

C 1 N O , - 2 5 ° c / \ ^ X 2 - 7 0 ° C 

R B ( p z ) 3 M ( N O ) ( N 2 A r ) C l [ R B ( p z ) 3 M ( N 2 A r ) X ] f t 

N ° R B (pz) 3 M ( C O ) 2 N O — t [ R B ( p z ) 3 M ( N O ) X 2 ] 2 ( R O N O , C 1 N O ) ν γ ν « ~ χ ~ - / < " ~ _ -
1 C 1 N O 

R B (pz) 3 M ( N O ) 2 C l » R B (pz) 3 M ( N O ) C l 2 

A r S 0 2 C l 
" R B ( p z ' ) 3 M ( C O ) 2 S A r 

or A r S C l 
(pz ' = 3 , 5 - M e 2 p z ) 

I n a d d i t i o n to the prev ious ly c i ted examples, several recent findings 
i l lustrate the p r i n c i p l e of s tab i l i zat ion t h r o u g h coord inat ion w i t h a p o l y 
pyrazo ly lborate l i g a n d . A n interest ing case is that of five-coordinate t r i 
gonal b i p y r a m i d a l complexes of P t ( I I ) . F e w such complexes were k n o w n 
previous ly , a n d they were unstable. C l a r k a n d M a n z e r demonstrated 
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Scheme II 

293 

C 5 H 5 M o ( C O ) 3 C l , D M F 

R B ( p z ) 3 

R B ( p z ) 3 M o ( C O ) 2 C 5 H 5 

C 7 H 7 M o ( C O ) 2 I , D M F 

C 5 H 5 C o R ( I , E t ^ O 

*• R B ( p z ) 3 M o ( C O ) 2 C 7 H 7 

- ^ R B ( p z ) 3 C o R i C 5 H 5 

C 5 H 5 P t M e 3 or [ M e 3 P t I ] 4 

*• R B ( p z ) 3 P t M e 3 

C 5 H 5 C o ( C O ) I 2 

[ R B ( p z ) 3 C o C 5 H 5 r 

M e 5 C 5 R h C l 2 

( C 6 H 5 ) 4 C 4 C o ( C O ) 2 I 

( C « H e ) R u C l 2 

B r M n ( C O ) 5 

[ R B ( p z ) 3 R h C 5 M e 5 ] + 

- ^ R B ( p z ) 3 C o C 4 ( C e H 5 ) 4 

- ^ [ R B ( p z ) 3 R u ( C 6 H 6 ) ] + 

- » - R B ( p z ) 3 M n ( C O ) 3 

[ , r - a l l y l P d C l ] 2 

[olefin) 2 R h C l ] 2 

1. [ P t M e ( C O D ) ] + 

R B ( p z ) 3 P d - i r - a l l y l 

R B ( p z ) 3 R h (olefin) a 

2. L 
( C 5 H 5 ) 2 T i C l 

R B ( p z ) 3 P t M e L 

^ R B ( p z ) 3 T i ( C 5 H 5 ) 2 

that qu i te stable five-coordinate P t ( I I ) complexes of the type R B ( p z ) 3 -
P t M e L ( L = acetylene, olefin, aliène, C O ) (Structures 6, 7, a n d 8 ) c a n 
be prepared . I n a t y p i c a l react ion, the p o l y m e r i c R B ( p z ) 3 P t M e is 
treated i n methylene chlor ide w i t h the appropriate l i g a n d , w h e r e u p o n 
the po lymer dissolves w i t h format ion of the stable, crystal l ine five-
coordinate products (7, 8). T h e i r structure was supported b y N M R 
data , a n d b y an x-ray crystal lographic structure determinat ion (9 ) w h i c h 
reveals the R B ( p z ) 3 l i g a n d as symmetr i ca l ly tr identate ( m e a n angle 
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7 8 

between p z groups, 120 .1° ) , w i t h two p z rings coord inat ing i n the 
equator ia l p lane a n d the t h i r d ap ica l ly . T h e m e t h y l group is at the other 
apex, a n d the acetylene is i n the equator ia l p lane w i t h the C F 3 groups 
bent back b y 34.4°. 

T h e analogous five-coordinate olefin complexes show the presence 
of isomers because of an asymmetr ic environment above a n d b e l o w the 
equator ia l plane. T h e isomer d i s t r ibut ion depends on the steric requ ire 
ment of the olefin substituent. I n a n u m b e r of fluoroolefins, a d i rect 
through-space H - F coup l ing was observed (10). W i t h aliènes, P t is 
coordinated to one of the double bonds, usual ly the less subst i tuted one, 
a n d the uncoordinated double b o n d is p r o b a b l y bent b a c k w a r d b y some 
38° , b y analogy w i t h the b e n d i n g f o u n d i n P t P ( C 6 H 5 ) 3 ( C H 2 = C = C H 2 ) 
(11). 

R B ( p z ) 3 P t M e C O is interest ing since its x-ray structure (12) reveals 
that the H B ( p z ) 3 l i g a n d is bidentate , w i t h the nonbonded P t - B distance 
of 3.36 A substantial ly longer than the 3.20 A f o u n d i n the five-coordinate 
complex H B ( p z ) 3 P t M e ( h e x a f l u o r o - 2 - b u t y n e ) , a n d w i t h the u n c o o r d i 
nated p z group turned so that its 2 - N points a w a y f r om Pt . Nevertheless , 
the evidence for a five-coordinate structure i n solut ion is c o n v i n c i n g : 
( a ) these stereochemical ly n o n r i g i d compounds have a l i m i t i n g N M R 
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spectrum at —120 ° C , at w h i c h temperature the three p z groups f a l l into 
a 2:1 pattern (a bidentate structure w o u l d have a 1:1:1 p a t t e r n ) ; a n d 
( b ) the l i m i t i n g spectrum reveals 1 9 5 P t c o u p l i n g to Ή a n d 1 3 C of a l l 
three p z groups, but not to the f ourth one i n the B ( p z ) 4 analog w h i c h 
at no t ime exchanges w i t h the three coordinated p z groups. T h i s is i n 
contrast to Β ( p z ) 4 P d - 7 r - a l l y l , w h e r e a l l four p z groups exchange r a p i d l y 
at room temperature (13). T h e most l i k e l y mechanism b y w h i c h the 
three coordinated p z groups become equivalent i n the five-coordinate 
H B ( p z ) 3 P t M e C O is a rotat ion around the C 3 v axis, a mode of fluxional 
behavior prev ious ly observed i n other R B ( p z ) 3 complexes (5 , 14). T h e 
presence of a bidentate H B ( p z ) 3 l i g a n d i n the crystal must be a p a c k i n g 
effect. 

A s imi lar f a m i l y of compounds based o n d ipyrazo ly lborate l i g a n d s — 
R 2 B ( p z ) 2 P t M e L ( R = e thy l , p h e n y l ; L = acetylene, phosphine , C O , 
i s o n i t r i l e ) — w a s prepared w i t h good yie lds . I n contrast to the R B ( p z ) 3 

analogs, m e t h y l migrat i on occurs i n this series w i t h negat ive ly subst i 
tuted acetylenes, e.g. w i t h d i m e t h y l acetylenedicarboxylate to give 9, 

R 2 B ( p z ) 2 P t C ( C O O M e ) C M e ( C O O M e ) . I somer izat ion occurs i n this 
c o m p o u n d so that the m e t h y l group ends u p trans to the P t , the f our th 
coordinat ion site of w h i c h is o c cup ied b y the carbomethoxy oxygen. I n 
the re lated complex R 2 B ( p z ) 2 P t M e ( h e x a f l u o r o - 2 - b u t y n e ) P ( C 6 H 5 ) 3 , the 
C F 3 groups are trans (15 ) . X - r a y of the stable E t 2 B ( p z ) 2 P t M e ( C 6 H 5 -
C C M e ) reveals a structure w h i c h c o u l d be five-coordinate i f one of the 
B - E t methylene hydrogens were to f o rm a C - H - P t b o n d (16). 

A n o t h e r case of s tab i l i zat ion via R B ( p z ) 3 l i g a n d is the synthesis of 
the first stable C u C O complexes b y B r u c e a n d O s t a z e w s k i ( 1 7 ) . T h e 
monomer i c H B ( p z ) 3 C u C O has a sharp C O b a n d at 2,083 c m " 1 a n d i t 
melts at 165 -167°C; i t has structure 10 as was conf irmed b y x-ray (18). 
O n heat ing , i t decarbonylates to the d i m e r [ H B ( p z ) 3 C u ] 2 w h i c h m a y 
also be obta ined f r om C u ( I ) a n d H B ( p z ) 3 " . T h e structure of this d imer , 

Η 

9 10 
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as establ ished b y x-ray ( 1 9 ) , has a centrosymmetric molecule w i t h each 
H B ( p z ) 3 un i t contr ibut ing two p z l igands (one to each copper ) a n d the 
t h i r d p z group b r i d g i n g crosswise two coppers. E a c h copper is i n a 
h i g h l y d istorted tetrahedral environment , w i t h N - C u - N angles r a n g i n g 
f r om 93.74° to 144.75°. T h e N M R spectrum of this d imer indicates 
equivalence of a l l p z groups d o w n to —130 ° C w h i c h impl ies r a p i d 
rotat ion of the l i g a n d around the B - B axis. T h e C u C O complex reacts 
r ead i l y w i t h a var ie ty of l igands f o rming complexes of the type H B ( p z ) 3 -
C u L ( L = phosphines , phosphites, isonitri les , arsines, st ibenes) . A n a l o 
gous reactions were also reported for H B ( p z ) 3 A g L (20). 

Severa l recent studies have h e l p e d to c lar i fy some unreso lved ques
tions re la t ing to the R 2 B ( p z ) 2 complexes of M o . W h e n M o ( C O ) 6 is 
heated i n po lar solvents w i t h various d ipyrazo ly lborates , unstable anions 
R 2 B ( p z ) 2 M o ( C O ) 4 " are f o rmed w h i c h react r a p i d l y w i t h a l l y l i c hal ides 
to f o r m 7r -al lyl derivat ives 11a a n d l i b . B o t h of these are f o rmal ly 16-e 
compounds (21). T h e l i b compounds were less stable than the 11a, 
a n d they reacted read i ly w i t h nucleophi les to give stable 18-e derivat ives . 
T h e t h e r m a l s tabi l i ty of 11a a n d its unreac t iv i ty t o w a r d nucleophi les 

H a R ' = C H 3 ; R — H 

H 
I 

l i b R ' = H ; R = — C — H 
I 

C H 3 

were surpr is ing , as was its anomalous B - H stretch i n the I R spec t rum: 
one sharp sp ike that is n o r m a l l y characterist ic of the H B ( p z ) 3 l i g a n d . 
X - r a y crysta l lographic studies of this c o m p o u n d establ ished the presence 
of a three-center B - H - M o b o n d (22). 

A s imi lar s i tuat ion prevai ls w i t h H 2 B ( 3 , 5 - M e 2 p z ) 2 M o ( C O ) 2 C 7 H 7 

(23) w h e r e the presence of a B - H - M o three-center b o n d makes M o 
effectively 18-e, w i t h b o n d distances of 1.05, 1.26, a n d 2.14 A for H - B 
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( t e r m i n a l ) , B - H ( b r i d g e ) , a n d Η - M o respectively. T h e C 7 H 7 l i g a n d 
was tr ihapto , as was also ind i ca ted b y spectral studies (24). 

A three-center B - H - P t b o n d was also i n v o k e d to account for the 
stabi l i ty of H 2 B ( p z ) 2 P t M e 3 ( 12) a n d its I R b a n d at 2039 c m " 1 (25). T h e 
I R spectra of l i b h a d a n anomalously l o w C - H stretch (2704, 2664 
c m - 1 ) , a n d i n the N M R spectra the pseudoaxia l methylene hydrogens 
were at 12.4r. T h i s was interpreted as i n d i c a t i n g that these methylene 
hydrogens were sufficiently close to the M o orbitals for interact ion to 
occur (21). 

T h e x-ray structure of E t 2 B ( p z ) 2 M o ( C O ) 2 - 7 r - C H 2 C < i > C H 2 as deter
m i n e d b y C o t t o n a n d co-workers indicates that such interact ion does 
indeed occur but that only one of the pseudoaxia l methylene hydrogens 
forms a C - H - M o three-center b o n d w i t h a Η - M o distance of about 
2.15 A (26). N M R studies of this a n d the re lated ττ-allyl c o m p o u n d 
revealed that the structure f o u n d i n the crystal also exists i n solut ion at 
l o w temperature as the 12.4 τ peak splits into t w o : at 14.3 τ ( b r i d g i n g ) 
a n d at 10.8 τ ( n o n b r i d g i n g ). O n e type of fluxionality observed i n this 
molecule is an osci l latory exchange of methylene hydrogens b o n d e d to 
M o . T h i s process has an act ivat ion energy of about 14 k c a l / m o l e . A t 
higher temperatures, a r i n g invers ion occurs w i t h an act ivat ion energy of 
17-20 k c a l / m o l e . T h i s approximates the strength of the C - H - M o inter 
act ion (27). 

I n the 18-e pyrazo le adduct of this c ompound , the base attacked 
trans to the C - H - M o b o n d ; the flip-back of the B - E t group resulted i n 
a nonbonded B - M o distance of 3.806 A , the longest f o u n d i n any c o m 
p o u n d of this type, a n d the B ( p z ) 2 M o r i n g assumed a distorted cha i r 
conformation (28). 

T h e format ion of a three-center C - H - M o b o n d competes success
f u l l y w i t h olefinic coordinat ion i n the c o m p o u n d E t 2 B ( p z ) 2 M o ( C O ) 2 C 7 H 7 

(29). W i t h a choice of at ta in ing 18-e configuration t h r o u g h pentahapto 
b o n d i n g to C 7 H 7 or through C - H - M o b o n d i n g , the molecule opted for 
the latter. It is not clear, however , whether the pentahapto structure is 
sterical ly possible. 

T h e complex ( 0 β Η 5 ) 2 Β ( ρ ζ ) 2 Μ ο ( 0 Ο ) 2 - 7 Γ - 0 Η 2 0 Μ β 0 Η 2 possesses a 
true 16-e configuration i n the crystal (30). T h e r e is no interact ion w i t h 
an ortho C - H as might be expected because the necessary or ientat ion 
of the pseudoaxial p h e n y l group w o u l d i m p a r t too m u c h steric strain o n 
the rest of the molecule . 

T h e value of the d i h e d r a l angle between p z groups i n various b i 
dentate po lypyrazo ly lborate compounds varies great ly ( T a b l e I ) . I t r e 
flects the d e p t h of the boat conformat ion i n the B ( p z ) 2 M r i n g a n d 
depends on the nature of M , o n the nature of the pseudoaxia l R group , 
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Table I. Dihedral Angles between Pyrazolyl Rings 
in Bidentate Complexes 

Compound Dihedral Angle Ref. 

E t o B ( 4 - B r p z ) o B E t o 180° 31 
R B ( p z ) 3 M X Y Z 120° 9 
[ H 2 B ( p z ) o ] 2 C o 121° 33 

114° 
[ E t o B ( p z ) o ] 2 N i 113° 32 
E t 2 B (pz) o M o ( C O ) ο-π-€ΐίοΟφΟΆ> 111° 27 
H 2 B (3 ,5 -Me 2 pz ) oMo ( C O ) o C 7 H 7 104° 23 

102° 

a n d on the mode of interact ion of the pseudoaxia l group w i t h M . R 
groups, w h i c h are not normal ly considered prone to b o n d i n g , are brought 
close enough to the meta l for i n t e r a c t i o n / b o n d i n g to occur because of 
the very flexible nature of po lypyrazo ly lborate l igands a n d their adjust
able bite , w h i c h permi t the adopt i on of a w i d e range of conformations. 
A t the one extreme, where M is B R 2 as i n 13, the d i h e d r a l angle is almost 

B r 

B r 

13 

180° (31). T h e tridentate H B ( p z ) 3 l i g a n d should a n d does have an 
angle of 120°. Presence of a B - H - M o b o n d gives rise to the smallest 
angle (102° a n d 1 0 4 ° ) . E t 2 B ( p z ) 2 l igands , w i t h less strain r e q u i r e d to 
b r i n g the C - H close to M , have a more re laxed angle (111° a n d 113° ) 
even though the latter angle is f o und i n a c o m p o u n d that is d e v o i d of 
C - H - M bonds, [ E t 2 B ( p z ) 2 ] 2 N i (32 ) . It is noteworthy that i n the tetra
h e d r a l [ H 2 B ( p z ) 2 ] 2 C o , two d ist inct ly different conformations of the 
l igands are encountered ( 3 3 ) ; one has a d i h e d r a l angle of 121°, the other 
114°. 

A good i l lus t rat ion of geometric a n d conformat ional stereoisomerism 
i n b identate po lypyrazo ly lbora te complexes is p r o v i d e d b y the stable, 
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r e d per f luoroa lky l C o ( C 5 H 5 ) derivatives prepared b y K i n g a n d B o n d 
(34). These compounds have the general structure H n B ( p z ) 4 _ n C o R £ -
( C 5 H 5 ) . T h e po lypyrazo ly lborate l i g a n d is a lways b identate , a n d there 
is no exchange between the coord inated a n d uncoord inated p z groups. 
W i t h R 2 B ( p z ) 2 l igands where b o t h R groups are i d e n t i c a l , two con
format iona l isomers are possible ( 1 4 a n d 15) because of the p u c k e r e d 
nature of the r i n g . A l t h o u g h these isomers shou ld be capable of inter -
conversion through invers ion of the C o ( p z ) 2 B r i n g , this was not observed. 
I n fact, these isomers c o u l d be separated i n pure state b y c o l u m n chro 
matography. W i t h H B ( p z ) 3 , f our isomers are theoret ical ly possible ( the 
two geometric isomers, 16 a n d 17, p lus the ir respective conformat ional 
isomers i n w h i c h C 5 H 5 a n d R £ are reversed ) . W h e n R f was C F 3 or 
n - C 3 F 7 , however , on ly a single isomer was obta ined ; i t p r o b a b l y has 
Structure 16 w i t h C F 3 a n d Structure 17 w i t h n - C 3 F 7 . O n the other h a n d , 
C 2 F 5 gave an inseparable mixture of isomers. I t is remarkable that con 
format iona l isomers were iso lated, b u t geometric isomers were not. 

Another interest ing recent development is the successful synthesis of 
h y b r i d sandwiches that contain one R B ( p z ) 3 l i g a n d a n d one carbocyc l i c 
ligand—e.g. [ R B ( p z ) 3 C o C 5 H 5 ] + , ( C 6 H 5 ) 4 C 4 C o ( p z ) 3 B R , [ C 6 H 6 R u ( p z ) 3 -
B p z ] P F 6 , a n d [ C 5 M e 5 R h ( p z ) 3 B H ] P F 6 . T h e y were prepared b y d is -

14 15 

16 17 
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placement reactions on the appropr iate ha l ide precursors ( 3 5 ) . X - r a y 
crysta l lographic studies conf irmed the structural assignments for the last 
two compounds (36, 3 7 ) . 

F i n a l l y , two communciat ions repor t ing po lypyrazo ly lborates of 
heavier metals have appeared : W i l k i n s o n a n d co-workers (38) descr ibed 
the synthesis of the seven-coordinate [ H 2 B ( p z ) 2 ] 2 T a M e 3 w h i l e B a g n a l l 
a n d E d w a r d s (39) prepared the sub l imable , green, air-sensitive H B ( p z ) 3 -
U C I 0 C 5 H 5 as w e l l as [ H 2 B ( p z ) 2 ] 4 U , [ H B ( p z ) 3 ] 4 U , a n d [ H B ( p z ) 3 ] 2 -
U C 1 2 (40). T h e above findings bear witness to a sustained a n d r a p i d 
g r o w t h of po lypyrazo ly lborate chemistry . 
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Metalloborane Derivatives with Ligand-
Metal Single Bonds 

LEE J. TODD 

Indiana University, Bloomington, Ind. 47401 

This paper reviews the chemistry of metalloborane deriva-
tives that contain borane or heteroatom borane groups which 
function as monohapto ligands. These compounds can be 
divided into three classes according to the number of elec
trons formally donated by the borane ligand to the metal. 
The electron pair acceptor class, represented by the com
pound Na[(OC)5Mn --> BH3], has received little attention 
thus far. The one-electron donor class, exemplified by the 
complex, 1,2-(CH3)2-3-[(C5H5)Fe(CO)2]-B10C2H9, has a 
rich chemistry of metal-carbon and metal-boron derivatives. 
The third class includes two-electron donor derivatives that 
are represented by the compound (CH3)4N[7,8-B9H10CHP 
-->Cr(CO)5]. 

"J iJreta l loborane chemistry has deve loped r a p i d l y over the past few years. 
It is n o w apparent that there are as m a n y diverse structural types 

i n this area as there are i n the more established field of organo-transit ion 
meta l chemistry. There are n o w m a n y k n o w n examples where the borane 
or hetroatom borane moiety functions as a mono- , d i - , t r i - , tetra- or penta 
hapto l i gand . T h i s paper is l i m i t e d to borane a n d heteroatom borane 
groups w h i c h funct ion as monohapto l igands. 

A s a matter of classification, these single b o n d complexes are d i v i d e d 
into three groups according to the number of electrons f o rmal ly donated 
b y the borane l i g a n d to the meta l . T h e zero-electron donor (or electron 
pa i r acceptor) complex is exempli f ied b y the c o m p o u n d N a [ ( O C ) 5 M n —» 
B H 3 ] ( I ) , the one-electron donor b y the c o m p o u n d 1 , 2 - ( C H 3 ) 2 - 3 -
[(C5H5)Fe(CO) 2]-B 1 ()C2H 9 ( 2 ) , a n d the two-e lectron donor b y the 
c o m p o u n d ( C H 3 ) 4 N [ 7 , 8 - B 9 H 1 0 C H P C r ( C O ) 5 ] ( 3 ) . 
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25. TODD Metalloborane Derivatives 303 

Electron Pair Acceptor Derivatives 

A der ivat ive f rom this class of complexes was the first c o m p o u n d 
reported, but overa l l they have been the least s tudied group. Reac t i on 
of d iborane w i t h salts of R e ( C O ) 5

_ , M n ( C O ) 5 " , a n d P h 3 P M n ( C O ) 4 " gave 
monoborane complexes i n w h i c h B H 3 is coordinated to the meta l (1). 
T h e complex B H 3 · M n ( C O ) 5 " was stable at —78°C b u t unstable at 
room temperature. T h e borane complexes of R e ( C O ) 5 " a n d ( P h 3 P ) M n -
( C O ) 4 " are bo th stable at room temperature. It is suggested that the 
greater base strength of the latter two meta l c a r b o n y l anions enhances 
the thermal s tabi l i ty of these donor -acceptor complexes. A stable b i s -
(borane) complex, ( n - C 4 H 9 ) 4 P [ ( H 3 B ) 2 R e ( C O ) 5 ] , was isolated b y us ing 
excess d iborane i n the react ion descr ibed above, but its structure is not 
k n o w n . Potass ium germyltr ihydroborate , K [ G e H 3 B H 3 ] , is f o rmed b y 
the reaction of d iborane w i t h potassium g e r m y l (4). T h i s c o m p o u n d is 
thermal ly stable to 200°C and is fa i r ly stable i n a lkal ine aqueous solutions. 

One-Electron Donor Derivatives 

Treatment of 2-chloropentaborane (9 ) w i t h N a [ M ( C O ) 5 ] ( M = 
M n or R e ) i n ether so lut ion generated 2 - [ M ( C O ) 5 ] B 5 H 8 ( 5 ) . T h e 
r h e n i u m der ivat ive is stable at r oom temperature for several hours, but 
the manganese c o m p o u n d develops a y e l l o w color u p o n mel t ing at 

There have been several reports of t ransi t ion meta l - carborane com
plexes w i t h covalent two-electron bonds. A n early report indicates that 
c a r b o n - m e r c u r y bonds were f o rmed b y the react ion of C- l i th iocarboranes 
w i t h mercur i c hal ides (6,7). 

T h i s synthetic route has also been a p p l i e d to m a n y other transi t ion m e t a l 
derivatives . Reac t i on of ( C 5 H 5 ) F e ( C O ) 2 I w i t h l - l i t h i o - 2 - m e t h y l - l , 2 -
C 2 B 1 0 H 1 0 or l - l i t h i o - 1 0 - m e t h y l - l , 1 0 - C 2 B 8 H 1 0 afforded l - [ ( C 5 H 5 ) F e -
( C O ) 2 ] - 2 - m e t h y l - l , 2 - C 2 B 1 0 H 1 0 a n d l - [ ( C 5 H 5 ) F e ( C O ) 2 ] - 1 0 - m e t h y l - l , 1 0 -
C 2 B 8 H 8 respect ively ( 8 ) . T h e der ivat ive ( C 5 H 5 ) F e ( C O ) 2 C 2 B 4 H 7 was 
also f o rmed b y this type of react ion ( 9 ) . H o w e v e r based on Ή a n d n B 
N M R data , this c o m p o u n d appears to have the carborane l i g a n d attached 
to the i r o n atom b y a B - F e - B three-center two-e lectron br idge bond . 

A series of chelated bis ( carborane) m e t a l complexes have been made 
b y the f o l l o w i n g type of react ion (10). 

- 1 0 ° C . 

2 R Ç - Ç L i + H g C l 2 [ R C - Ç ] 2 H g 
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L i C - Ç - C - Ç L i + C u C l 2
 ( C 2 H 5 ) 4 N B r . [ ( C 2 H a ) « N ] C u [ ( B 1 o C 3 H 1 o ) 8 ] 2 

\ 0/ \ 0 / 
B10H10 BIQHIO 

Der ivat ives of copper, n i c k e l , a n d cobalt i n b o t h the ( 2 + ) a n d ( 3 + ) 
f o r m a l ox idat ion states a n d a Z n ( 2 + ) complex have been isolated a n d 
character ized. I n a l l these complexes i t is proposed that the chelate is 
b o n d e d to the meta l b y single bonds to the cage carbons. A s ingle-crystal 
x-ray study of [ N ( C 2 H 5 ) 4 ] 2 C o [ ( B 1 0 C 2 H i o ) 2 ] 2 has conf irmed this b o n d 
i n g scheme (11). H o w e v e r i t was also observed that one hydrogen atom 
attached to a boron adjacent to bo th carbon atoms i n a chelate l i g a n d 
appeared to be hydrogen b o n d e d to the cobalt center. T h e n B N M R 
spectrum of this complex consisted o f a 2 : 2 : l : 2 : l : 2 pattern of 
doublets r ead ing f rom l o w to h i g h field. T h e lowest field double is at 
— 103.8 p p m [relative to B F 3 · 0 ( C 2 H 5 ) 2 ] . T h i s is an unusua l ly l o w 
field pos i t ion for such a boron resonance. T h i s doublet corresponds to 
e ight boron atoms i n the entire bis ( chelate ) -meta l locarborane molecule . 
It is proposed that the one B - H - C o interact ion observed i n the so l id 
state is a t ime-averaged ( f luxional ) process i n solut ion such that the eight 
potent ia l ly equivalent boron atoms feel the presence of the meta l atom 
equal ly . 

Var i ous n i c k e l ( 12 ) , p a l l a d i u m ( 1 3 ) , p l a t i n u m ( 1 3 ) , cobalt ( 1 4 ) , 
a n d r h o d i u m (15) derivatives w h i c h conta in 1,2-or l , 7 - B i 0 H i 0 C 2 R groups 
b o n d e d b y means of a c a r b o n - m e t a l single b o n d have been prepared b y 
Bresado la a n d co-workers i n recent years. T h e steric effect of the m e t a l -
b o n d e d carborany l group is one of the more interest ing aspects of these 
studies. React ion of d s - ( P h 3 P ) 2 P t C l 2 w i t h l - l i t h i o - 2 - m e t h y l - l , 2 - C 2 B i 0 H i O 

f o rmed l - [ d 5 - ( P h 3 P ) 2 P t C l ] - 2 - m e t h y l - l , 2 - C 2 B 1 0 H 1 0 ( 12 ) . It was not pos
sible to attach t w o carborany l groups to the p l a t i n u m atom b y this reac
t i on procedure. I n contrast, l i thiocarboranes react w i t h trans- [ ( C 2 H 5 ) 3 -
P ] 2 P t C l 2 to f o rm a halogen-free metal locarborane for w h i c h the f o l l o w i n g 
structure has been proposed based on avai lab le spectroscopic a n d c h e m i 
c a l data (13). 

C H 2 — C H 2 

ι ι 
R C — C P t Ρ ( C , H 5 ) ο 

YV I 
B i o H i o P ( C 2 H 5 ) 3 

P l a t i n u m h y d r i d e complexes were prepared b y the f o l l ow ing reac
t i on (16): 
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trans- [ ( C 2 H 5 ) 3 P ] 2 P t H C l + L i - c a r b -H> cis- or 
trans- [ C 2 H 5 ) 3 P ] 2 P t H (σ-carb) 

T h e general f o r m u l a " L i - c a r b " represents C - l i t h i o derivatives of 1,2- a n d 
l , 7 - B i 0 H 1 0 C H C R ( R = H , C H 3 , C 6 H 5 ) . C i s or trans metal locarborane 
products were obta ined as ind i ca ted b y the m u l t i p l i c i t y of the m e t a l 
h y d r i d e s ignal i n the Ή N M R spectrum. T h e react ion of ( P h 3 P ) 3 R h C l 
w i t h C - l i t h i o derivatives of 2 - R - l , 2 - a n d 7 - R - l , 7 - B i 0 C 2 H u ( R — C H 3 , 
C C H 5 ) generate the unusual , f o rmal ly three-coordinate compounds ( P h 3 -
P ) 2 R h ( c a r b o r a n e ) (15). A n X - r a y structure of the der ivat ive 1- [ ( P h 3 P ) 2 -
R h ] - 2 - p h e n y l - l , 2 - C 2 H i 0 H i o (17) revealed a B - H - R h interact ion s imi lar 
to that observed (vide supra) i n the bischelate c o m p o u n d , [ N ( C 2 H 5 ) 4 ] 2 -
CO [ ( C o B i o H i o ) 2 ] 2 . 

Z a k h a r k i n a n d co-workers have deve loped a m e t h o d to attach a 
var ie ty of substituents at Β ( 3 ) of ortho-carborane. U s i n g the a c i d ch lo 
r ide der ivat ive , they were able to prepare n e w s igma-bonded derivatives 
as ind i ca ted i n the f o l l o w i n g sequence (18). 

R C — C R + N a [ F e ( C O ) > C 5 H , ] R C — C R 
W \o / 

B i « H » Ç c l B i 0 H , Ç F e ( C O )4CBH« 
II 

O ô 
R C — C R 

170°C 

- C O 
W 

B , o H 0 F c ( C O ) 2 C 5 H 5 

Treatment of 3 - [ C 5 H r ) F e ( C O ) 2 ] - l , 2 - B i o H 9 C 2 H 2 w i t h mercur i c ch lor ide 
at 110°C formed the stable mercury der ivat ive , 3 - [ C l H g ] - l , 2 - B i 0 H 9 C 2 H 2 . 
T h e b o r o n - m e r c u r y single b o n d was c leaved w i t h bromine to generate 
3 - B r - l , 2 - B i o H 9 C 2 H 2 , w h i c h is a k n o w n der ivat ive that has been prepared 
b y an alternate route. These c h e m i c a l transformations ind icated that the 
metals are attached to boron at posi t ion B ( 3 ) . T h e r h e n i u m carbony l 
complex, 3 - [ R e ( C O ) 5 ] - l , 2 - B i 0 H 9 C 2 H 2 can be prepared i n a s imi lar m a n 
ner to the i ron der ivat ive descr ibed above (19 ) . 

Another route to metal loborane derivatives w i t h m e t a l - b o r o n single 
bonds is the react ion of certain cat ionic transi t ion meta l compounds w i t h 
borane anions (20). A d d i t i o n of so l id [ ( C 5 H 5 ) F e ( C O ) 2 ( c y c l o h e x e n e ) ] -
P F 6 to an ether so lut ion of N a B i 0 H 1 3 at r oom temperature formed y e l l o w 
6 - [ ( C 5 H 5 ) F e ( C O ) 2 ] B 1 0 H 1 3 i n 5 0 % y i e l d . T h e pattern of the n B N M R 
spectrum of this der ivat ive was very s imi lar to other 6-substituted deca-
borane derivatives , a n d on this basis i t was proposed that a n i r o n - b o r o n 
single b o n d h a d been formed at B ( 6 ) of the decaborane cage as i l l u s -
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306 INORGANIC COMPOUNDS WITH UNUSUAL PROPERTIES 

Figure 1. Proposed structure for 6-
[(C5H5)Fe(CO)2]-B10H]S (terminal and 
bridge hydrogen atoms have been omit

ted for clarity) 

trated i n F i g u r e 1. Treatment of this i r o n - b o r a n e der ivat ive w i t h b r o 
m i n e at 2 0 ° C resulted i n ( C 5 H 4 B 1 o H 1 3 ) F e ( C O ) o B r (20). I n this inter 
esting react ion the borane group has migrated f rom the i r o n atom to the 
cyc l opentad ieny l r ing . Based on the n B N M R spectrum i t was proposed 
that the B i 0 H 1 3 un i t is attached at B ( 6 ) b y means of a c a r b o n - b o r o n 
single b o n d to the cyc lopentad ieny l r i n g . There is one prev ious ly re 
por ted example of this type of rearrangement w h i c h is i l lustrated i n the 
f o l l o w i n g equat ion (21): 

H C — C H + Br.> H C — C H F e ( C O ) 2 B r 

B 1 0 H „ F e ( C O ) 2 ( C 5 H 3 ) B 1 ( , H 9 - ( y > 

Treatment of 6 - [ ( C 5 H 5 ) F e ( C O ) 2 ] B i o H i 3 w i t h t r ie thy lamine i n benzene 
r a p i d l y f o rmed [ ( C 5 H 5 ) F e ( C O ) 2 ] 2 i n h i g h y i e l d (20). T h e on ly boron 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
6 

| d
oi

: 1
0.

10
21

/b
a-

19
76

-0
15

0.
ch

02
5

In Inorganic Compounds with Unusual Properties; King, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1976. 
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product isolated was [(C 2H5)3NH]2B 1 0Hio w h i c h was obta ined i n 1 0 % 
y ie ld . 

React ion of ( C H ; 0 3 N H [ 7 , 8 - B 9 H 1 0 C 2 R 2 ] ( R = H , C H 3 ) at reflux i n 
acetone solution w i t h [ ( C 5 H 5 ) F e ( C O ) 2 ( cyclohexene ) ] P F 6 f o rmed r e d 
9 - [ ( C 5 H 5 ) F e ( C O ) 2 ] - 7 ? 8 - B 9 H 1 0 C 2 R 2 i n 85% y i e l d (20). T h e parent car
borane der ivat ive ( R = H ) was deprotonated b y t r imethy lamine to f o r m 
the subst ituted B 9 C 2 H 1 2 " s a l t , [ ( C H 3 ) 8 N H ] { 9 - [ C 5 H 5 ) F e ( C O ) 2 ] 7 , 8 -
B 9 CoHn} . I n this case also n B N M R p r o v i d e d the major s tructural in for 
mat ion for the proposed pos i t ion of the boron- i ron single b o n d , a n d this 
structure is ind i ca ted i n F i g u r e 2. O n e other meta l der ivat ive of this type 

Figure 2. Proposed structures for 9-
[(C8H8)Fe(CO)a]-7,8~B9CBHi9 and 9-
[(C8H8)Fe(CO)t]-7ft-B9CJInU*™L 
nal and bridge hydrogen atoms have 

been omitted for clarity) 

has been reported. M i k h a i l o v a n d Potapova (22) reported the synthesis 
of ( C H 3 ) 4 N [ ( 7 , 8 - B 9 C 2 H 1 1 ) H g C 6 H 5 ] b y react ion of C 6 H 5 H g C l w i t h 
N a 2 [ 7 , 8 - B 9 C 2 H n ] . I t was proposed that a m e r c u r y - c a r b o n single b o n d 
was f o rmed i n this react ion, b u t more s tructural data are needed to sub-
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stantiate this suggestion. C e r t a i n L e w i s bases are capable of d i sp lac ing 
the 7 , 8 - B 9 C 2 H i 2 " i o n f r om the coord inat ion sphere of the i r o n atom as 
i l lustrated i n the f o l l o w i n g reactions (20) : 

( C 5 H 5 ) F e ( C O ) 2 ( 7 , 8 - B 9 C 2 H 1 2 ) -> 
C H 3 C N 

I > [ ( C 5 H 5 ) F e ( C O ) 2 C H 3 C N ] ( 7 , 8 - B 9 C 2 H 1 2 ) 

P P h 3 

> [ ( C 5 H 5 ) F e ( C O ) 2 P P h 3 ] ( 7 , 8 - B 9 C 2 H 1 2 ) 

C 6 H i i N C 
1 > [ ( C 5 H 5 ) F e ( C O ) ( C e H n N C ) 2 ] ( 7 , 8 - B 9 C 2 H 1 2 ) 

A n o t h e r recent ly explo i ted route for the format ion of b o r o n - m e t a l 
s ingle bonds is the oxidat ive a d d i t i o n react ion. W h e n [ I r ( C 8 H i 4 ) 2 C l ] 2 

was a l l owed to react at r oom temperature w i t h six equivalents of 1-
[ ( C H 3 ) 2 P ] - l , 2 - C 2 B 1 0 H u , a y e l l o w c o m p o u n d , assumed to be ( carbo -
r a n y l p h o s p h i n e ) 3 I r C l , was r a p i d l y f o rmed (23). Ref lux of this product 
i n cyclohexane for 2 h r generated w h i t e I r H C l [ C 2 B i 0 H 1 0 P ( C H 3 ) 2 ] -
[ C 2 B i 0 H n P ( C H 3 ) 2 ] 2 i n h i g h y i e l d . F u r t h e r chemica l studies suggest 
that this is the first example of a intramolecular oxidative a dd i t i on react ion 
i n w h i c h a b o r o n - m e t a l single b o n d is formed. T r a n s i t i o n meta l - cata lyzed 
exchange of deuter ium gas w i t h t e r m i n a l b o r o n - h y d r o g e n bonds i n 
boranes, carboranes, a n d metal locarboranes has been recently observed 
(24). 

100° 
toluene 

1 , 2 - C 2 H 2 B 1 0 H 1 0 + ( P P h 3 ) 3 R u H C l + D 2 > 1 , 2 - C 2 H 2 B 1 0 D 8 H 2 

3 days 

P r e s u m a b l y these processes also invo lve transient format ion of b o r o n -
meta l single bonds. Recent ly i t was reported that oxidative a d d i t i o n of 
( 1 - or 2 - ) B r B s H 8 to I r C l ( C O ) ( P M e 3 ) 2 f o rmed ds -d ibromo- f rans -b is -
( t r imethy lphosph ine ) ( 2 - p e n t a b o r a n y l ) c a r b o n y l i r i d i u m ( I I I ) (29). 

Two-Electron Donor Derivatives 

T h e first derivatives of this type were f o rmed b y the photochemica l 
react ion of ( C H 3 ) 4 N [ B 9 H i 0 C H E ] ( Ε = Ρ or A s ) w i t h c h r o m i u m , m o l y b 
d e n u m , a n d tungsten hexacarbonyls that generated complexes w i t h the 
general f o rm u l a , ( C H 3 ) 4 N [ B 9 H 1 0 C H E · M ( C O ) 5 ] (3). N u c l e a r m a g 
net ic resonance data suggest that the phosphorus or arsenic a tom of the 
heteroatomborane l i g a n d is s igma-bonded to the meta l . S i m i l a r l y photo 
chemica l i r rad iat ion of a tetrahydrofuran solut ion of the icosahedral an ion , 
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2 5 . TODD Metalloborane Derivatives 309 

( C H 3 ) 4 N [ l , 2 - B 1 0 C H G e ] a n d C r ( C O ) 6 i n a 1:1 mole rat io f o rmed ( C H 3 ) 4 -
N [ l , 2 - B i 0 H 1 0 C H G e · C r ( C O ) 5 ] ( 25 ) . T h e corresponding m o l y b d e n u m 
a n d tungsten complexes were f o rmed b y the same type of react ion. I t is 
proposed that a g e r m a n i u m - m e t a l s igma b o n d exists i n these derivatives 
a n d that this m a y be s imi lar to compounds of the type C l 3 G e - M e t a l ( L ) « . 

At tempts to remove a proton f r o m [ 7 , 9 - B 9 H i 0 C H P · C r ( C O ) 5 ] " a n d 
to 7r -bond the resul t ing d ian ion w i t h i ron ( I I ) ch lor ide were not successful. 
H o w e v e r photochemica l react ion of ( l , 7 - B 9 H 9 C H E ) 2 F e 2 ' ( Ε — Ρ or A s ) 
w i t h G r o u p V I meta l carbonyls has produced complexes w i t h the general 
f o rmula , [ 1 , 7 - B 9 H 9 C H E · M ( C O ) 5 ] 2 F e 2 - ( 2 6 ) . It is proposed that the 
1 , 7 - B 9 H 9 C H E carborane s imultaneously functions as a pentahapto l i g a n d 
for the i r on atom a n d a monohapto l i g a n d for the M ( C O ) 5 group i n 
these compounds. I n a l l the phosphorus a n d arsenic complexes descr ibed 
above w e h a d assumed that the carborane l igands were func t i on ing l ike 
a R 3 E ( Ε = Ρ or A s ) group w i t h the a d d e d feature of a de loca l i zed 
negative charge. H o w e v e r , i t c ou ld be argued that the negative charge 
was l o ca l i zed on the G r o u p V atom a n d that this was necessary for m e t a l 
complex formation. React ion of C r ( C O ) 6 w i t h 7 , 8 - B 9 H 9 ( 3 - b r o m o p y r i -
d i n e ) C H P w i t h U V i r rad ia t i on f o rmed neutra l 7 , 8 - B 9 H 9 ( 3 - b r o m o p y r i -
d i n e ) C H P · C r ( C O ) 5 i n w h i c h the mode of l i g a n d coord inat ion appears 
to be through the phosphorus atom (26 ) . 

T h i s type of react ion is not l i m i t e d on ly to G r o u p V I carbonyls . 
Photolysis of F e ( C O ) 5 a n d K [ 7 , 8 - B 9 H 1 0 C H P ] i n T H F f o rmed y e l l o w 
K [ 7 , 8 - B 9 H 1 0 C H P · F e ( C O ) 4 ) ] i n 7 0 % y i e l d (27 ) . I n a d d i t i o n the f o l 
l o w i n g two photo lyt i c reactions were observed w i t h M n 2 ( C O ) i 0 . 

7.8- B 9 H i o C H P 7 U V 
, • [ 7 , 9 - B 9 H 1 0 C H P · M n ( C O ) 4 ] 2

2 " 
M n a i C O h O 

7.9- B 9 H i o C H P 7 U V 
I > [ 7 , 8 - B 9 H 1 0 C H P · M n 2 ( C O M " 

O u r attempts to displace i od ide i on f r om ( C 5 H 5 ) F e ( C O ) 2 I w i t h 
heteroatom borane anions have not been successful. W e therefore have 
sought a complex w i t h a better leav ing group. Reac t i on of the cat ionic 
complexes ( C 5 H 5 ) F e ( C O ) 2 ( c y c l o h e x e n e ) + a n d ( C 7 H 7 ) M o ( C O ) 3

+ w i t h 
[1,2-GeCHBioHio]" f o rmed the stable neutra l derivatives ( C 5 H 5 ) F e -
( C O ) 2 G e C H B 1 0 H 1 0 a n d ( C 7 H 7 M o ( C O ) 2 G e C H B 1 0 H 1 0 respect ively ( 28 ) . 
S i m i l a r transit ion meta l complexes were obta ined w i t h the heteroatom 
borane anions, [ 7 , 8 - B 9 H 1 0 C H P ] - , [ 7 , 8 - B 9 H i 0 A s 2 ] - , [ B i 0 H i 2 P ] - , a n d 
[ B i 0 H i 2 A s ] ~ . A v a i l a b l e N M R evidence suggests that each heteroatom 
borane is s igma-bonded to either the i r on or m o l y b d e n u m atom b y a ger
m a n i u m , phosphorus, or arsenic atom. 
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Borane Anion Ligands—New Bonding 
Combinations with Metals 

DONALD F. GAINES, MARK B. FISCHER, 
STEVEN J. HILDEBRANDT, JEFFREY A. ULMAN, 
and JOHN W. LOTT 

University of Wisconsin, Madison Wis. 53706 

This paper discusses new types of borane-transition metal 
complexes (metalloboranes). The borane anions investigated 
include B3H8-, B5H8-, and B9H14-; typical metalloborane 
complexes are (CO)3MnB3H8, (CO)4ReB3H8, (π-C5H5)(CO)2-
FeB5H8, (CO)3MnB8H13, and salts of (CO)3MnB9H13-. Sig
nificant variations in the bonding between the borane ligands 
and the transition metal in these complexes appear to depend 
largely on the size of the borane ligand. Low metal oxida
tion states are favored, and the most stable complexes result 
when the borane functions as a tridentate ligand. Chemical 
studies have revealed, however, that reversible bidentate
-tridentate borane ligand functionality is possible in some 
cases. X-ray and spectroscopic studies indicate that most 
of these metalloboranes obey conventional polyhedral skele
tal electron-counting schemes although there are several 
interesting variations. 

T i T e t a l complexes conta in ing borane or borane anion l igands have often 
been referred to as metal loboranes, especial ly w h e n the m e t a l can 

be considered as o c cupy ing a boron pos i t ion i n a borane p o l y h e d r a l 
fragment. O u t l i n e d here are some of our recent exper imental findings 
i n the area of metal loborane chemistry . M u c h of the ear l ier w o r k was 
rev iewed elsewhere (1,2,3). 

B3H8~ Complexes 

T h e bidentate funct iona l i ty of the B 3 H 8 " an ion has been w e l l estab
l i shed for the c h r o m i u m group complexes [ ( C O ) 4 M B 3 H 8 ] " ( M — C r , 

311 
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M o , W ) ( 4 ) , a n d for the copper complex ( P h 3 P ) 2 C u B 3 H 8 ( 5 ) . W e 
extended the c h r o m i u m w o r k b y p r e p a r i n g the isoelectronic neutra l 
manganese group complexes ( C O ) 4 M B 3 H 8 ( Μ — M n , R e ) as w e l l as an 
i r o n der ivat ive h 5 - C p ( C O ) F e B 3 H 8 . These n e w species are p r e p a r e d b y 
the general subst i tut ion react ion w h i c h is i l lustrated b y R e a c t i o n 1 (6 ) 
for the manganese complex. 

( C O ) 5 M n B r + M e 4 N B 3 H 8 ( C O ) 4 M n B 3 H 8 + C O + M e 4 N B r (1) 

T h e n B a n d Ή N M R spectra of these complexes indicate that the 
M - B 3 H 8 b o n d i n g a n d geometry are analogous to those establ ished b y 
X - r a y studies of the c h r o m i u m a n d copper complexes. T h e proposed 
structure of ( C O ) 4 M n B 3 H 8 , 1, i l lustrates the general s tructural features 

Structure 1 

that appear to characterize a l l the k n o w n bidentate B 3 H 8 " complexes. 
A very interest ing property of ( C O ) 4 M n B 3 H 8 is its reversible loss 

of a carbony l group to f o rm the neutra l ( C O ) 3 M n B 3 H 8 (Reac t i on 2 ) . 

U V or Δ 
( C O ) 4 M n B 3 H 8 *± ( C O ) 3 M n B 3 H 8 (2) 

C O 

T h i s react ion i l lustrates w h a t appears to be the first example of reversible 
b identate - t r identate borane l i g a n d funct ional i ty . Spectroscopic studies 
( Ή a n d n B N M R , a n d I R ) of ( C O ) 3 M n B 3 H 8 indicate that the B 3 H 8 " 
an ion functions as a tr identate l i g a n d b o u n d to the meta l b y three 
M n - H - B br idge hydrogen bonds (one f rom each b o r o n ) . T h e static 
structure proposed for this complex is Structure 2. T h e Ή N M R of 
( C O ) 3 M n B 3 H 8 spectrum consists of t w o resonances, a h i g h field group 
of area three that indicates three M n - H - B protons, a n d a b r o a d l o w 
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26. GAINES E T A L . Borane Anion Ligands 313 

Structure 2 

field group of area five that indicates an intramolecular exchange be tween 
B H a n d B H B protons. U p o n decoup lng n B , these two resonances be
come sharp singlets. T h e n B N M R spectrum consists of a single reso
nance w h i c h has temperature-dependent fine structure. U p o n d e c o u p l i n g 
a l l Ή , a very n a r r o w resonance is observed w h i c h is ind i ca t ive of the 
magnet ic equivalence of a l l three boron atoms. Selective decoup l ing 
(e.g. Μ η - ί ί - Β alone decoupled) c o m b i n e d w i t h F o u r i e r transform l ine 
n a r r o w i n g techniques (7 ) gives further credence to our postulate that 
the hydrogens that are not i n v o l v e d i n M n - H - B b o n d i n g are i n v o l v e d i n 
r a p i d tautomerism around the per iphery of the B 3 tr iangle . 

B5H8~ Ligands 

It has been f o u n d that the square p y r a m i d a l B 5 H 8 " l i g a n d acts as a 
monodentate l i g a n d . I n a l l cases reported to date, the l i g a n d is b o u n d 
to the meta l by a s igma b o n d i n v o l v i n g a boron atom i n the base of the 
B 5 p y r a m i d [ labeled B ( 2 ) ] . T h e first examples were prepared b y nuc leo -
p h i l i c d isplacement of a halogen f rom a ha lopentaborane(9 ) b y a penta -
carbony l metal late an ion (Reac t i on 3) ( 8 ) . T h e isolated products a lways 

1- or 2 - C l B 5 H 8 + N a M ( C O ) 5 - » 2 - [ M ( C O ) 5 ] B 5 H 8 + N a C l (3) 
( M = M n or Re) 

have the B - M b o n d at the 2-posit ion o n the base of the B 5 p y r a m i d 
regardless of the pos i t ion of the B - C l b o n d i n the start ing mater ia l . 
M o r e recently i t was discovered that B 5 H 9 a n d B r B 5 H 8 a d d ox idat ive ly 
to I r C l ( C O ) ( P M e 3 ) 2 to produce 2 - [ I r C l H ( C O ) ( P M e 3 ) 2 ] B 5 H 8 a n d 
2 - [ I r B r 2 ( C O ) ( P M e 3 ) 2 ] B 5 H 8 , respect ively ( 9 ) . W e have discovered a 
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t h i r d react ion var ia t ion , namely nuc leoph i l i c subst i tut ion of the B 5 H 8 ~ 
an ion for a halogen i n h 5 - C p F e ( C O ) 2 X that produces 2 - [ / i 5 - C p F e -
( C O ) 2 ] B 5 H 8 . 

React i on of the B 5 H 8 " an ion w i t h F e ( C O ) 4 X 2 ( X = B r , I ) produces 
a mixture of products that p robab ly contains ( C O ) 3 F e B 4 H 8 (perhaps 
two isomers ) a n d a complex that is tentat ively ident i f ied as ( C O ) 3 F e B 5 H 9 . 
It was demonstrated prev ious ly that react ion of B 5 H 9 w i t h F e ( C O ) 5 

produces the a p i c a l isomer of ( C O ) 3 F e B 4 H 8 (JO) a n d that react ion of 
the B 5 H 8 ~ anion w i t h C o C l 2 a n d N a C 5 H 5 produces two isomers of 
ft5-CpCoB4H8, l , 2 - ( f t 5 - C p C o ) 2 B 4 H c ( a n d derivatives thereof) a n d 5 - ( h 5 -
C p ) - 5 - C o B 0 H 1 3 ( I I ) . 

B8H1S~ Ligand 

T h e only k n o w n complex of the tr identate B 8 H 1 3 " l i g a n d is the re
cently descr ibed ( C O ) 3 M n B 8 H i 3 whose structure, as determined b y 
X - r a y , is dep i c ted i n Structure 3 ( 12 ) . T h e n B a n d Ή N M R spectra 

Structure 3 

of this complex indicate the presence of three M n - H - B br idge hydrogen 
atoms, but the data do not d is t inguish between a structure that incorpo 
rates the M n atom i n the p o l y h e d r a l cage a n d the alternate correct struc
ture, shown i n 3, i n w h i c h the meta l is not incorporated into the borane 
p o l y h e d r a l f ramework but rather is b o n d e d to a t r iangular boron face 
via three M n - H - B br idge hydrogen bonds. A B 8 H i 2 " 2 complex , ( E t 3 P ) 2 -
P t B 8 H i 2 , has been reported, a n d a l though its structure is u n k n o w n , the 
P t is p r o b a b l y incorporated into the p o l y h e d r a l f ramework of the b i - or 
tr identate B 8 l i g a n d (13). 
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26. G A I N E S E T A L . Borane Anion Ligands 315 

B9H1S"2 Ligands 

These complexes are prepared b y subst i tut ion reactions between the 
B 9 H 1 4 " an ion a n d meta l carbony l hal ides (Reac t i on 4) (14). O x i d a t i o n 

R 2 0 
B 9 H 1 4 - + B r M n ( C O ) 5 6 - ( C O ) 3 - 6 - M n B 9 H 1 3 ~ + 2 C O + H B r (4) 

of these complexes i n the presence of appropr iate L e w i s bases produces 
complexes of the l i g a n d B 9 H i 2 L ~ ( R e a c t i o n 5 ) . 

T h e b o n d i n g of the tr identate B 9 H i 3 " 2 l i g a n d a n d its derivat ives , 
B 9 H 1 2 I / 1 , to manganese group metals is i l lus trated b y the x-ray deter
m i n e d structure of 2 - T H F - 6 - ( C O ) 3 - 6 - M n B 9 H 1 2 , Structure 4 ( 1 5 ) . I n a l l 

of these complexes, the B 9 H i 3 " 2 or B 9 H i 2 L _ 1 l igands are tr identate a n d are 
b o u n d to the meta l via two M n - H - B br idge hydrogen bonds a n d a B - M n 
sigma-type bond . T h e meta l can be considered as subst i tut ing for a b o r o n 
pos i t ion i n a borane f ramework, w h i c h differs f r o m the case of the t r i 
dentate B 8 H i 3

_ 1 l i gand . At tempts to displace the T H F f r o m the complex 
p r o d u c e d i n Reac t i on 5 b y us ing E t 3 N result i n cleavage of the T H F at 
an a l p h a carbon atom fo l l owed b y a complex in terna l rearrangement to 
a zwi t t e r i on , 1 0 - [ E t 3 N ( C H 2 ) 4 O ] - 6 - ( C O ) 3 - 6 - M n B 9 H i 2 , whose x -ray-
determined structure is dep i c ted i n Structure 5 (16). 

6 - ( C O ) 3 - 6 - M n B 9 H 1 3 - + H g C l 2 + T H F -> 

2 - T H F - 6 - ( C O ) 3 - 6 - M n B 9 H 1 2 + H g + H C 1 + C l " (5) 

Structure 4 
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Structure 5 

Skeletal Electron Counting in Metalloboranes 

T h e general p o l y h e d r a l e lectron-counting schemes (17, 18, 19, 20, 
21, 22), that were deve loped largely b y W a d e , a l l o w one to correlate 
general structure types for metal loborane po lyhedra a n d their fragments 
a n d to pred i c t probable formulations a n d structure types for other meta l 
loborane systems that are as yet u n k n o w n . T h e skeletal e lectron counts 
for a n u m b e r of character ized metal loboranes a n d corresponding boranes 
are tabulated i n T a b l e I. T h e starred examples i n T a b l e I warrant special 
comment. T h e structure of M n 3 ( C O ) i o ( B H 3 ) 2 H resembles that of B 4 H i 0 

i n w h i c h B 2 a n d B 4 ( a n d their t e rmina l hydrogens ) have been rep laced 

T a b l e I . Ske le ta l E l e c t r o n C o u n t i n g i n Boranes a n d Metal loboranes 

Number 
Struc- of Skeletal 
ture Vertices, Electron 

Type η Compounds'1 Pairs 

Close 6 B 6 H 6 " 2 , ( 7 r - C p C o ) 2 B 4 H 6 7 
N i d o 4 ( C O ) 3 M n B 3 H 8 , B 4 H 7 - 6 

5 ( C O ) 3 F e B 4 H 8 , 7 r - C p C o B 4 H 8 , Β δ Η 9 7 
6 ( C O ) 3 F e B 5 H 9 , B 6 H 1 0 8 
9 ( E t 3 P ) . > P t B 8 H 1 2 , B 9 H 1 2 - 11 

10 5 - ( 7 r - C p ) C o B 9 H 1 3 , 6 - ( C O ) 3 M n B 9 H 1 2 L 12 
( L = E t 2 0 , T H F , Ο ( C H 2 ) 4 N E t 3 , or H " ) 

A r a c h n o 4 ( C O ) 4 M n B 3 H 8 , ( C O h C r B ^ " 1 , 7 
7 r - C p ( C O ) F e B 3 H 8 , ( < £ 3 P ) 2 C u B 3 H 8 , 
M n 3 ( C O ) 1 0 ( B H 3 ) 2 H * 

8 ( C O ) 3 M n B 8 H 1 3 * , B 8 H 1 3 ' , B 8 H 1 4 11 
a See text for explanation of starred compounds. 
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26. GAINES E T A L . Borane Anion Ligands 317 

b y ( C O ) 3 M n groups a n d a ( C O ) 4 M n group bridges B i - B 3 , b e ing b o u n d 
to these boron atoms via t w o M n - H - B br idge hydrogen atoms (23). T h e 
( C O ) 4 M n group is not considered part of the p o l y h e d r a l cage but does 
contr ibute three electrons to i t . T h e M n atoms of the two ( C O ) 3 M n 
moieties that replace B 2 a n d B 4 are b o u n d together b y a single b r i d g i n g 
hydrogen atom. I n ( C O ) 3 M n B 8 H 1 3 , the ( C O ) 3 M n group bridges the 
B i - B 3 - B 8 face of the B 8 H 1 3

_ 1 l i g a n d a n d is b o u n d to i t b y three M n - H - B 
br idge hydrogen bonds. I n this case, the ( C O ) 3 M n moiety is not par t 
of the p o l y h e d r a l cage, but i t does contr ibute one electron to i t . A n o t h e r 
example of a meta l carbony l group that contributes electrons b u t not 
vertices to a p o l y h e d r a l cage is O s G ( C O ) i 8 (24). 

T h e broad scope of metal loborane structure types a n d the d ivers i ty 
of the few chemica l studies that have been undertaken suggest that the 
future holds m a n y surprises i n terms of potent ia l chemica l appl icat ions . 
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Some Unusal Dimeric and Cluster Species of 
the Group VI Transition Metals 

R. E. McCARLEY, J. L. TEMPLETON, T. J. COLBURN, V. KATOVIC, 
and R. J. HOXMEIER 

Ames Laboratory-USAEC and Department of Chemistry, Iowa State 
University, Ames, Iowa 50010 

Several new compounds of molybdenum and tungsten that 
have multiple metal-metal bonds are described. It is con
cluded that the compounds [Mo2(O2CR)4]I3 (R = C2H5, 
C(CH3)3, or C6H5), formed by reaction of Mo2(O2CR)4 with 
iodine in noncoordinating solvents, are I3- salts of the cations 
[Mo2(O2CR)4]+ with Mo-Mo bond order of 3.5. The first 
species containing quadruply bonded tungsten, MoW(O2C-
(CH3)3)4, was prepared in mixtures with Mo2(O2CR)4 with 
which it is isostructural and isomorphous. The mixtures were 
separated by iodination in benzene, which provided 
[MoW(O2CC(CH3)3)4]I containing the one-electron oxi
dized cation [MoW(O2CC(CH3)3)4]+ with Mo-W bond 
order of 3.5. The compound [(C3H7)4N]2W2Br9, prepared 
by reaction between [(C3H9)4N]W(CO)5Br and dibromo-
ethane, contains the new confacial bioctahedral anion 
W2Br92-, d(W-W) = 2.58(1) A, and μ(exp.) = 1.72 BM. 
An unusual mixed halide complex [(C4H9)4N]2Mo4I10Cl is 
also reported. 

objective of our w o r k is the development of synthetic methods for 
f o rming strong m e t a l - m e t a l bonds, w i t h b o n d order n > 1. A l t h o u g h 

m a n y p u b l i s h e d reports of the synthesis of d i m e r i c transi t ion meta l 
species h a v i n g m e t a l - m e t a l bonds of this k i n d have appeared (see Refer 
ences 1 and 2 a n d the references c i ted therein ) , nonetheless the repertoire 
of reactions w h i c h m a y be ca l led upon to w e l d such m e t a l - m e t a l bonds 
is quite l i m i t e d . I t is a lament that reactions w h i c h do l ead to format ion 
of m e t a l - m e t a l bonds w i t h η > 1 are poor ly understood, h i g h l y specific 
for a part i cu lar transit ion meta l , a n d of l i t t le use w h e n a p p l i e d to con-

318 
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27. M C C A R L E Y E T A L . Dimeric Transition Metal Species 319 

struct ion of n e w molecules w i t h specif ied s tructura l features. O u t s t a n d i n g 
examples of these h i g h l y specific reactions are those that l ead respectively 
to the quadrup le bonds of the w e l l k n o w n M o 2 a n d R e 2 derivatives (see 
Reference 1 a n d the references c i ted there in ) . I n bo th cases, an impres 
sive list of compounds is n o w k n o w n , yet the n u m b e r of reactions ac tual ly 
resul t ing i n format ion of the m e t a l - m e t a l b o n d is unfortunately 
restricted. 

I n the case of the M o = M o l inkage , a l l derivatives are der ived u l t i 
mate ly f r om the carboxylate d imers (3 , 4, 5) M o 2 ( 0 2 C R ) 4 w h i c h , i n 
turn , are obta ined b y variants of essentially a single route, viz. b y Reac 
t ion 1 (3 , 4, 5, 6, 7 ) . A l t h o u g h it was recently observed that C r 2 ( 0 2 C R ) 4 

2 M o ( C O ) 6 + 4 R C O O H M o 2 ( 0 2 C R ) 4 + 1 2 C O + 2 H 2 (1) 

derivatives can be prepared f r om C r ( C O ) 6 under s imi lar condit ions ( 8 ) , 
there has been a notable lack of success i n f o r m i n g the s t ructura l ly 
analogous W 2 ( 0 2 C R ) 4 us ing s imi lar reactions (9, 10). Since there is 
no reason a priori for supposing that alternate methods do not exist, nor 
that the ΜΟΞΞΜΟ l inkage has u n i q u e stabi l i ty , a search for alternative 
approaches to f o r m i n g such quadrup le m e t a l - m e t a l bonds was in i t ia ted . 
T h e i n i t i a l fruits of this w o r k are reported here in . 

Experimental 

M a t e r i a l s . T h e reagents M o ( C O ) 6 , W ( C O ) e , i od ine , t e t rapropy l -
a m m o n i u m bromide , t e t rabuty lammonium iod ide , p rop ion i c a c id , b e n 
zo ic a c i d , p i v a l i c a c id , a n d 1,2-dibromoethane were obta ined f r om 
commerc ia l sources a n d used w i thout puri f i cat ion. T h e solvents chloro -
benzene, 1,2-dichloroethane, o -dichlorobenzene, toluene, decahydronaph-
thalene ( d e c a l i n ) , a n d cyclohexane were p u r g e d 10-30 m i n w i t h a 
stream of dry nitrogen pr ior to use. Ace ton i t r i l e was d r i e d over molecu lar 
sieves ( 4 A ) a n d also p u r g e d w i t h nitrogen pr i o r to use. Benzene used i n 
the preparat ion of M o W ( 0 2 C C ( C H 3 ) 3 ) 4 I was careful ly d r i e d a n d stored 
over c a l c i u m h y d r i d e , then v a c u u m d i s t i l l ed into the react ion vessel 
w h e n needed. 

Analyses . F o r single m e t a l analyses, samples were decomposed w i t h 
n i t r i c a c id a n d ign i ted to the meta l tr ioxide i n tared porce la in crucibles . 
H a l o g e n analyses w e r e per formed b y d isso lv ing the sample i n d i lu te 
K O H - H 2 0 2 so lut ion, b o i l i n g to decompose peroxides, a c i d i f y i n g w i t h 
acetic a c id , a n d then t i t rat ing potent iometr ica l ly w i t h standard si lver 
nitrate solution. F o r m o l y b d e n u m analyses of samples conta in ing iod ine , 
i t was necessary to fume the samples extensively w i t h hot sul fur ic a c i d 
to e l iminate iod ine ; m o l y b d e n u m was then determined b y reduct ion to 
M o ( I I I ) i n a z inc amalgam c o l u m n fo l l owed b y react ion of M o ( I I I ) w i t h 
excess F e ( I I I ) a n d t i trat ion of the resul t ing F e ( I I ) w i t h s tandard C e ( I V ) 
solution. I n the mixed -meta l compounds, m o l y b d e n u m was separated 
f r om tungsten a n d determined b y the Y a g o d a a n d Fales procedure ( 1 1 ) . 
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C a r b o n a n d hydrogen analyses were per formed b y the A m e s L a b o r a t o r y 
ana lyt i ca l services a n d b y G a l b r a i t h Laborator ies , K n o x v i l l e , T e n n . 

P h y s i c a l Measurements . I R spectra were recorded on nu jo l mul l s , 
careful ly sealed f rom air w i t h N a C l a n d C s l w i n d o w s , o n B e c k m a n I R 1 1 , 
12, a n d 4250 instruments. Frequenc ies are accurate to ± 2 cm" 1 . E l e c t r o n 
sp in resonance ( E S R ) spectra were obta ined on p o w d e r e d samples 
sealed i n quartz ampoules us ing a l o ca l ly constructed cavity , S t rand 601 
spectrometer, a n d M a g n i o n magnet system. D u r i n g the l inear magnet ic 
field sweep, the spectrum was ca l ibrated w i t h proton f requency marks 
at regular intervals . F o r magnet ic suscept ibi l i ty measurements, a F a r a d a y 
balance was used as descr ibed previous ly (12 ) . X - r a y p o w d e r di f fraction 
patterns were determined w i t h samples sealed i n L i n d e m a n n glass c a p i l 
laries us ing a 114.6-mm D e B y e - S c h e r r e r camera, C u K a rad iat i on , a n d a 
12-hr exposure t ime. Mass spectra were obta ined w i t h the ΑΕΙ M S 9 0 2 
h i g h resolut ion spectrometer. 

G e n e r a l Procedures . Unless otherwise noted, a l l reactions a n d sample 
manipulat ions were per formed under n i trogen us ing standard Schlenk 

T a b l e I . I R A b s o r p t i o n Frequencies ( cm" 1 ) f o r 

Mo2(02CC2H5),t [Mo2(02CC2H5)JI3 Mo2(02CC6H5)4 

604 s 601s 665 w 
675 s 695 s 680 s 
808 s 810 s 705 s 
888 s 890 m 805 w 

1008 m 1010 m — 
1075 m 1080 m 840 m 
1085 m 1085 w 860 w 
1260 w 1248 w 
1295 s 1295 s 930 m 
1301s 
1380 m 1380 m 975 w 
1385 m 
1410 sh 1410 m 1000 w 
1430 s 1030 m 
1450 s 1440 s 1070 m 
1512 s 1520 w H O O w 

140 m 
160 w 
290 w 
.310 w 
320 w 
405 s 
440 s 
450 m 
490 s 
505 sh 
590 m 
600 m 

"Relative intensities are indicated as s, strong; m, medium; w, weak; and sh, 
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27. M C CARLEY E T A L . Dimeric Transition Metal Species 321 

a n d dry box techniques or on the v a c u u m m a n i f o l d capable of a l i m i t i n g 
pressure of ca. 10" 6 ton*. T h e samples most sensitive to ox idat ion , such 
as M o W ( 0 2 C C ( C H 3 ) 3 ) 4 , were stored i n evacuated a n d ougassed 
ampoules. 

T E T R A C A R B O X Y L A T O D I M O L Y B D E N U M ( I I ) C O M P L E X E S . These c o m 
pounds were prepared by modi f i cat ion of earl ier procedures (3 , 4, 5,6,7) 
i n order to prov ide the most convenient route for specific derivatives. 
M o 2 ( 0 2 C C o H 5 ) 4 was prepared most convenient ly b y ref luxing M o ( C O ) 4 -
( t m e d ) (where tmed = tetramethylethylenediamine) w i t h neat p r o p i 
onic a c id u n t i l C O evo lut ion was complete. T h e product M o 2 ( 0 2 C C 2 H 5 ) 4 

crysta l l i zed as large y e l l o w needles w h e n cooled to 0 ° C ; it was then 
filtered, washed w i t h cyclohexane, a n d d r i e d in vacuo. I R absortpion 
frequencies are l is ted i n T a b l e I . L i n e s were observed at the f o l l o w i n g 
d values ( i n A ) i n the X - r a y p o w d e r pattern : 9.80 v w , 8.72 s, 6.21 s, 4.99 s, 
4.42 m, 4.10 s, 3.64 w , 2.93i w , a n d 2.87 3 m. 

M O 2 ( 0 2 C C G H 5 ) 4 was prepared b y react ing M o ( C O ) 6 w i t h a s l ight 
excess ( 5 - 1 0 % ) of benzoic a c id i n ref luxing decal in . T h e mix ture was 

D i m o l y b d e n u m T e t r a c a r b o x y l a t e D e r i v a t i v e s " 

\_Mo2(02CCeHs)AI3 MoJOtCCfCHsMt {Mo2(0,CC(CHs)s)k-\It 

665 w — 230 w 
680 s — 290 w 
710 m 318 w — 
805 w 340 m 335 m 
810 w 420 m 445 sh 
840 w 450 s 465 s 

845 w 615 s 625 s 

935 w 775 m 778 m 

975 w 795 m 788 m 
985 w 895 m 888 m 

1000 w 935 w 938 w 
1025 m 975 w 975 w 
1070 m 1025 w 1022 w 
1095 w 1218 s 1215 s 

1140 m 1300 w 1300 sh 

1160 w 1362 s 1365 s 
1290 w 1420 s 1420 s 

1310w 1485 s 1485 s 
1320 w 1550 w 1570 w 
1405 s 
1440 s 

1490 s 
1505 sh 
1590 sh 
1595 s 

shoulder. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
6 

| d
oi

: 1
0.

10
21

/b
a-

19
76

-0
15

0.
ch

02
7

In Inorganic Compounds with Unusual Properties; King, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1976. 



322 INORGANIC COMPOUNDS WITH UNUSUAL PROPERTIES 

brought r a p i d l y to reflux a n d a l l owed to reflux u n t i l gas evo lut ion ceased. 
U p o n cool ing to room temperature, the orange crystals of M o 2 ( 0 2 C C 6 H 5 ) 4 
were col lected a n d washed w i t h benzene a n d then cyclohexane a n d then 
d r i e d in vacuo. I R data are g iven i n T a b l e I. T h e f o l l o w i n g X - r a y 
p o w d e r pattern was observed: 11.14 s, 10.22 s, 7.53 m , 5.64 m , 5.09 m , 
4.92 m , 4.63 m , 4.39 w , 4.01 w , a n d 3.49 s. 

T h e p ivalate der ivat ive M o 2 ( 0 2 C C ( C H 3 ) 3 ) 4 was prepared most 
convenient ly b y react ion of M o ( C O ) c w i t h the ca lcu lated amount of 
p i v a l i c a c id i n ref luxing o-dichlorobenzene. T h e c o m p o u n d crysta l l i zed 
as slender ye l l ow needles w h e n the react ion mixture was cooled to r o o m 
temperature ; i t was filtered, washed w i t h benzene a n d cyclohexane, a n d 
d r i e d in vacuo. I R data for M o 2 ( 0 2 C C ( C H 3 ) 3 ) 4 are i n c l u d e d i n T a b l e I . 
T h e f o l l o w i n g lines were observed i n the X - r a y p o w d e r pat tern : 11.49 w , 
10.46 s, 9.16 s, 6.36 s, 5.69 m , 5.51 m, 5.01 s, 4.59 s, 4.26 w , a n d 4.13 m . 

T E T R A P R O P I O N A T O D I M O L Y B D E N U M ( 2 . 5 ) T R H O D I D E , [ M O 2 ( 0 2 C C 2 -
H 5 ) 4 ] T 3 " . I n a t y p i c a l preparat ion , 1.5 g (3.1 mmoles ) M o 2 ( 0 2 C C 2 H 3 ) 4 > 
1.3 g (5.2 mmoles ) I 2 , a n d 50 m l 1,2-dichloroethane were p l a c e d i n a 
Schlenk flask. T h e mixture was st irred 1 hr at room temperature. T h e 
b r o w n crystals ( 8 5 % y i e l d ) were col lected on a fr i t i n a ir , w a s h e d t w i c e 
w i t h chlorobenzene, twice w i t h cyclohexane, a n d then d r i e d in vacuo. 
Analys i s for M o o C i 2 H o 0 0 8 I 3 : c a l c d : M o 22.19, I 44.02; f o u n d : M o 21.54, 
I 43.83, I / M o 1.54. 

T h i s c o m p o u n d was moderate ly air-sensit ive; decompos i t ion was 
noticeable after 30 m i n i n air . It was s l ight ly so luble i n benzene a n d 
1,2-dichloroethane a n d inso luble i n cyclohexane. I n acetonitri le i t f o rmed 
a dark b r o w n solut ion f rom w h i c h no so l id cou ld be recovered. R e m o v a l 
of solvent in vacuo y i e l d e d a tar w h i c h was not character ized. I R absorp
t i on frequencies are l isted i n T a b l e I. T h e f o l l o w i n g lines were observed 
i n the X - r a y p o w d e r pat tern : 10.21 v w , 7.18 s, 6.76 m , 4.62 m , 4.06 w , 
3.90 w , 3.66 m, a n d 3.59 w. 

T E T R A B E N Z O A T O D I M O L Y B D E N U M ( 2.5) T R H O D I D E , [ M O 2 ( 0 2 C C 6 H 5 ) 4 ] + -
I 3~. F o r this preparat ion , 2.10 g (3.1 mmoles ) M o 2 ( 0 2 C C 6 H 5 ) 4 , a n d 1.3 g 
(5.2 mmoles ) i od ine were p l a c e d i n a Sch lenk flask, a n d 50 m l 1,2-di
chloroethane was added . T h e mixture was st irred at 25 ° C 1 hr , then 
filtered. T h e b r o w n crystals ( 9 6 % y i e l d ) were washed w i t h ch loroben-
bene a n d cyclohexane, a n d d r i e d in vacuo. Analys i s for M o 2 C 2 8 H 2 0 O 8 l 3 : 
c a l c d : M o 18.15,1 36.02; f o u n d : M o 17.99,1 36.36, I / M o 1.53. 

T h i s c o m p o u n d was stable i n a ir for several days; i t was spar ing ly 
soluble i n d ichloromethane a n d 1,2-dichloroethane. W h e n [ M o 2 ( 0 2 C C 6 -
H 5 ) 4 ] I 3 was st irred i n acetonitr i le , a dark solut ion f o rmed a n d a l ight 
co lored so l id mater ia l appeared almost immediate ly . B o t h e lemental 
analysis a n d X - r a y powder pattern conf irmed that this l ight mater ia l was 
pure M O 2 ( 0 2 C C G H 5 ) 4 . T h i s procedure was repeated several times on 
different samples; the y i e l d of prec ip i ta ted M o 2 ( 0 2 C C 6 H 5 ) 4 was about 
3 3 % a n d was independent of react ion t ime. N o so l id produc t c o u l d be 
isolated f rom the mother l i quor ; r emova l of solvent in vacuo y i e l d e d on ly 
a dark tar. I R absorpt ion frequencies for [ M o 2 ( 0 2 C C 6 H 5 ) 4 ] I 3 are g iven 
i n T a b l e I. T h e f o l l o w i n g lines were observed i n the X - r a y p o w d e r 
pat te rn : 12.66 w , 10.87 s, 9.90 m , 9.35 w , 7.25 s, 6.36 m , 5.40 w , 5.04 m , 
4.70 m , 4.49 m , a n d 4.25 s. 
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27. M C C A R L E Y E T A L . Dimeric Transition Metal Species 323 

T E T R A P I V A L A T I D I M O L Y B D E N U M ( 2 . 5 ) TRIIODIDE, [ M O 2 ( 0 2 C C ( C H 3 ) 3 ) 4 ] + -

I3". I n a t y p i c a l preparat ion , 1.0 g (1.7 mmoles ) M o 2 ( 0 2 C C ( C H 3 ) 3 ) 4 

a n d 0.72 g (2.83 mmoles ) iod ine were p l a c e d i n a Schlenk flask together 
w i t h 40 m l of either benzene or 1,2-dichloroethane (bo th solvents w o r k 
equa l ly w e l l ) . T h e mixture was st irred 12 h r at 2 5 ° C , then cooled 2 h r 
at 0 ° C . R e d - b r o w n crystals of the product ( 8 0 % y i e l d ) were co l lected 
o n a fr i t i n air , washed w i t h chlorbenzene a n d cyclohexane, a n d then 
d r i e d in vacuo. Ana lys i s for M o 2 C 2 o H 3 6 0 8 l 3 : c a l c d : M o 19.64, I 38.96, 
C 24.58, H 3.71; f o u n d : M o 19.34, I 38.85, C 24.45, H 3.89, I / M o 1.52. 

T h i s c o m p o u n d was air-sensit ive, s l ight ly soluble i n benzene, chloro-
benzene, a n d 1,2-dichloroethane, a n d inso luble i n cyclohexane. I n aceto
n i t r i l e i t gave a dark solution f rom w h i c h so l id c o u l d not be recovered. 
I R absorpt ion frequencies for [ M o 2 ( 0 2 C C ( C H 3 ) 3 ) 4 ] l 3 are reported i n 
T a b l e I . I n the X - r a y p o w d e r pattern the f o l l o w i n g lines were observed: 
8.33 s, 7.55 s, 6.64 m , 4.78 w , 4.55 m, 4.13 m , a n d 2.89 m. M a g n e t i c 
suscept ib i l i ty data are g iven i n T a b l e I I . 

T a b l e I I . 

T ° , K 
1 0 6 X M

c o r r 

T ° , K 

M a g n e t i c Suscept ib i l i t y D a t a f o r [ M o 2 ( 0 2 C C ( C H 3 ) 3 ) 4 ] I 8
e 

125 
2714 

190 
1807 

131 
2705 

200 
1719 

140 
2466 

226 
1523 

151 
2307 

250 
1379 

160 
2174 

273 
1281 

170 180 
2028 1916 

300 
1135 

α X M
c o r r = X M

e x P — I D was used to compute the values of Z M
c o r r with the value 

of I D = -386 Χ ΙΟ"6 emu/mole. 

T E T R A P I V A L A T O M O L Y B D E N U M ( I I ) T U N G S T E N ( I I ) . A l t h o u g h this c o m 
p o u n d cou ld never be obta ined free of M o 2 ( 0 2 C C ( C H 3 ) 3 ) 4 , i t c o u l d be 
prepared i n concentrations as h i g h as 80 mole % i n the so l id mixtures . 
I n the most convenient synthetic procedure , the i n i t i a l W / M o rat io i n 
the react ion mixture was ca. 3. A t ratios > 3, net y ie lds were reduced 
whereas ratios < 3 concentrations of the mixed -meta l c o m p o u n d i n the 
isolated product were lower. I n a react ion designed to max imize the 
concentrat ion of mixed-meta l c o m p o u n d i n the product mixture , 1.06 g 
(4 mmoles ) M o ( C O ) 6 , 8.44 g (24 mmoles ) W ( C O ) 6 , 5.70 g (56 mmoles ) 
p i v a l i c a c id , a n d 30 m l o-dichlorobenzene were p laced i n a Schlenk flask 
e q u i p p e d w i t h a condenser a n d connected to a gas bubb ler . T h e mixture 
was refluxed gently ( 1 8 5 ° C ) ; C O evo lut ion ceased after 5 -6 h r , b u t 
ref luxing was cont inued an add i t i ona l 4 hr . W h e n the b lack solut ion was 
cooled to 25 ° C , the product crysta l l i zed as slender ye l l ow needles w h i c h 
were filtered under nitrogen, washed several times w i t h cyclohexane, a n d 
then d r i e d under h i g h v a c u u m . T h e product is very sensitive to air a n d 
to moisture ; on exposure to air , i t turns b lack w i t h i n a f ew minutes . T h e 
on ly suitable method for storing this c o m p o u n d for a per i od of days was 
to seal the mater ia l i n careful ly evacuated a n d outgassed ampoules. F o r 
comparison, M o 2 ( 0 2 C C ( C H 3 ) 3 ) 4 can be stored i n air for several days 
before decomposi t ion becomes not iceable . Ana lys i s for 0 . 8 0 M o W ( O 2 C C -
( C H 3 ) 3 ) 4 + 0 . 2 0 M o 2 ( O 2 C C ( C H 3 ) 3 ) 4 : c a l c d : M o 17.65, W 21.49, C 36.14, 
H 5.46; f o u n d : M o 17.17, W 21.89, C 36.58, H 5.59. 
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T a b l e I I I . I R 

MoW(02CC(CH3)s)> 

314 m 
338 m 
360 m 
420 sh 
440 s 

A b s o r p t i o n Frequencies ( c m - 1 ) 

[MoW(02CC(CHs)s)JI 

300 w 

350 m 

458 s 

610 s 620 s 
715 w 720 w 
765 m 
770 m 780 s 
790 s 799 s 
890 s 892 s 

'Relative intensities are indicated as s, strong; m, medium; w, weak; and sh, 

M i x t u r e s containing 60 -80 mole % M o W ( 0 2 C C ( C H 3 ) 3 ) 4 a n d 40 -20 
mole % M o 2 ( 0 2 C C ( C H 3 ) 3 ) 4 gave X - r a y powder patterns that were 
essentially i dent i ca l to that of pure M o 2 ( 0 2 C C ( C H 3 ) 3 ) 4 . T h e two com
pounds are thus isomorphous a n d form so l id solutions. B o t h compounds 
are qui te soluble i n benzene. I R absorpt ion frequencies for M o W ( 0 2 -
C C ( C H 3 ) 3 ) 4 are g iven i n T a b l e I I I . 

T E T R A P I V A L A T O M O L Y B D E N U M ( 2.5) T U N G S T E N (2.5) IODIDE, [ M O W ( 0 2 -
C C ( C H 3 ) 3 ) 4 ] T ~ . Because the start ing mater ia l and the product are bo th 
extremely sensitive to a ir a n d to moisture, manipulat ions were per formed 
i n a good d r y box under pur i f i ed nitrogen and on the h i g h v a c u u m m a n i 
fo ld . A Soxhlet f r i t ted glass extractor, w i t h 300-ml flasks at each end a n d 
Tef lon needle valves at the filter by-pass a n d the vacuum- l ine connect ion, 
was evacuated a n d outgassed on the h i g h v a c u u m l ine . T h e apparatus 
was then removed to the dry box where 1.15 grams of a mixture con
ta in ing 70 mole % (0.81 g) M o W ( 0 2 C C ( C H 3 ) 3 ) 4 a n d 30 mole % 
M o 2 ( 0 2 C C ( C H 3 ) 3 ) 4 was p laced i n the extractor. A f ter evacuation on 
the v a c u u m l ine , 250 m l care fu l ly pur i f ied benzene was d i s t i l l ed into the 
extractor; the start ing mater ia l dissolved i n the benzene to produce a 
ye l l ow solution. T h e apparatus was filled w i t h nitrogen, a n d the quant i ty 
of i od ine (0.149 g) r equ i red to oxidize only the mixed-meta l c o m p o u n d 
was p laced on the frit of the extractor. T h e extractor was then inverted 
i n order to filter the ye l l ow solut ion into the other 300-ml flask to m i x 
w i t h the iodine. A f ter several minutes of s t i rr ing , the gray crystal l ine 
product appeared. S t i r r i n g was cont inued for ca. 12 hr ; then the product 
was filtered a n d washed several times w i t h benzene (d i s t i l l ed f rom the 
mother l i q u o r ) . T h e flask conta in ing the mother l i quor was removed 
under nitrogen, the extractor was stoppered, a n d the product was d r i e d 
under h i g h v a c u u m . A n a l y s i s : for [ M o W ( 0 2 C C ( C H 3 ) 3 ) 4 ] I : c a l c d : 
M o 11,83, W 22.66, C 29.61, H 4.41, I 15.64; f o u n d : M o 11.45, W 22.98, 
C 28.22, H 4.42,1 15.42. 

T h i s c o m p o u n d is extremely air-sensit ive; indeed i t is pyrophor i c . 
T h u s re l iable carbon a n d hydrogen analyses were diff icult i f not impos 
sible to obta in because of problems i n sample transfer and we igh ing . F o r 
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27. M C C A R L E Y E T A L . Dimeric Transition Metal Species 325 

f o r the Mo—W M i x e d - M e t a l D e r i v a t i v e s " 

MoW(02CC (CH,) s) k [MoW(02CC (CH3) J J / 

930 w 935 w 
1024 m 1030 m 
1090 w 1090 w 
1215 s 1215 s 
1360 s 1360 s 

1375 s 
1410 s 1410 s 
1475 s 1460 s 
1480 s 1490 
1505 sh 1520 sh 
1540 sh 1558 w 

1564 w 

shoulder. 

the same reason, the data obta ined from magnet ic suscept ib i l i ty measure
ments h a d more scatter than usua l ; these data w i l l be reported elsewhere 
at a later date. I R absorption frequencies are g iven i n T a b l e I I I . 

B i s ( T E T R A P R O P Y L A M M O N I U M ) N O N A B R O M O D I T U N G S T A T E , [ ( C 3 H 7 ) 4-

N ] 2
+ W 2 B r 9

2 ~ . Into a Schlenk flask e q u i p p e d w i t h a water-cooled con
denser were p laced 2.66 g ( 10 mmoles ) ( C 3 H 7 ) 4 N + B r " , 3.52 g ( 10 mmoles) 
W ( C O ) G , a n d 40 m l chlorobenzene. T h e mixture was brought to reflux 
( 1 3 5 ° C ) , a n d gas evolut ion was monitored . A f ter about 20 m i n , gas 
evolut ion ceased a n d conversion of W ( C O ) 6 to W ( C O ) 5 B r " was com
plete. T h e golden ye l l ow solut ion was a l l owed to coo l pr ior to add i t i on 
of 20 m l 1,2-dibromoethane. T h e solution was again brought to reflux, 
a n d the color darkened r a p i d l y as C O evo lut ion progressed. A f ter a f ew 
minutes , a b lack crystal l ine so l id began to deposit ; the react ion was 
cont inued 4 -5 hr u n t i l C O evolut ion ceased. D u r i n g this stage, the 
evolved gases were sampled a n d a mass spectrum was obtained. T h e 
spectrum revealed that ethylene was a major component of the gas 
together w i t h C O . W h e n the react ion was complete , the mixture was 
cooled a n d filtered; the green-black so l id was then washed w i t h chloro
benzene a n d a smal l port ion of dichloroethane. F i n a l l y , the product was 
recrystal l ized f rom acetonitri le ( i n w h i c h it is qui te soluble and forms 
a deep green solut ion ). X - r a y powder patterns of the product recovered 
d irect ly f rom the react ion mixture a n d of the recrysta l l ized m a t e r i a l 
demonstrated that they were ident i ca l . T h e i n i t i a l y i e l d was 9 0 % based 
on tungsten a n d 7 0 % after recrysta l l izat ion . Analys is for [ ( C 3 H 7 ) 4 N ] 2 -
W 2 B r 9 : c a l c d : W 25.19, B r 49.27, C 19.75, H 3.87; f o u n d : W 25.14, B r 
48.99, C 19.73, H 4.25. 

B I S ( T E T R A B U T Y L A M M O N I U M ) C H L O R O D E C A I O D O T E T R A M O L Y B D A T E , [ ( C 4 -
H 9 ) 4 N ] 2 M o 4 I i o C l . I n a t y p i c a l react ion, 4.89 g (13.2 mmoles ) te trabuty l -
a m m o n i u m i o d i d e a n d 3.50 g (13.2 mmoles ) M o ( C O ) 6 were refluxed 
( 1 3 5 ° C ) 15 m i n i n 100 m l chlorobenzene to f o rm a go lden solution of 
[ ( C 4 H 9 ) 4 N ] + M o ( C O ) 5 r . T h i s so lut ion was a l l owed to cool to room 
temperature pr i o r to add i t i on of iodine (3.37 g, 13.2 mmoles ) w h i c h 
r a p i d l y ox id i zed the m o l y b d e n u m to M o ( C O ) 4 I 3 " w i t h l iberat ion of C O . 
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T h e r m a l decomposi t ion of the c a r b o n y l an ion was p r o m o t e d b y ref luxing 
the solution 1 h r ; d u r i n g this t ime a dark microcrysta l l ine so l id p r e c i p i 
tated. T h e b lack so l id was isolated b y filtration a n d p l a c e d i n a Soxhlet 
extractor w i t h 1,2-dichloroethane. A f t e r two weeks of continuous extrac
t ion , v i r t u a l l y a l l of the so l id h a d passed through the fr i t ; 4.87 grams of 
recrysta l l i zed so l id were isolated f rom the solut ion i n the extract ion flask 
b y filtration. Ana lys i s for [ ( C 4 H 9 ) 4 N ] 2 M o 4 l i o C l : c a l c d : M o 17.66, I 
58.40, C I 1.63, C 17.68, H 3.34, Ν 1.29; f o u n d : M o 17.72, I 58.25, C I 1.53, 
C 18.08, Η 3.32, Ν 1.46. 

Results and Discussion 

[ M o 2 ( 0 2 C R ) 4 ] I 3 D e r i v a t i v e s . T h e i n i t i a l objective of w o r k on the 
ox idat ion of M o 2 ( 0 2 C R ) 4 derivatives w i t h halogens was to examine the 
poss ib i l i ty of ach iev ing add i t i on of halogen across the quadrup le b o n d , 
as i n the react ion : 

R R 

If such reactions c ou ld be rea l i zed , the result ing products w o u l d be 
expected to have the structure analogous to the k n o w n R e 2 ( 0 2 C R ) 4 X 2 

derivatives (13) except that, u p o n add i t i on of halogen, the M o - M o b o n d 
w o u l d decrease i n b o n d order f rom 4 to 3. H o w e v e r , reactions w i t h 
bromine lead to as yet undef ined products , and , i n the cases examined , 
the reactions w i t h iodine lead to t r i i od ide derivatives M o 2 ( 0 2 C R ) 4 I 3 . 

I n the reactions w i t h iod ine , i t was establ ished that the t r i i od ide 
was the sole product w h e n the I / M o ratio was 0-1.5. T h u s , neither mono -
nor d i i od ide derivatives c o u l d be formed. W h e n the I / M o rat io was > 
1.5, the react ion products approached the composi t ion M o 2 ( 0 2 C R ) 4 I 5 as 
the I / M o ratio became very large; these compounds appear to lose iod ine 
readi ly , a n d thus they are diff icult to obta in i n pure f o rm. T h e reactions 
reported here l ead c leanly to the t r i i od ide derivatives w h e n noncoord i -
nat ing solvents are used at room temperature. I n coord inat ing solvents 
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27. M C CARLEY E T A L . Dimeric Transition Metal Species 327 

such as acetonitr i le , or at e levated temperature , the reactions pursue a 
different course. 

A l l avai lable evidence indicates that the reactions w i t h iod ine corre
spond to a one-electron ox idat ion of the d i m o l y b d e n u m species as i n d i 
cated b y Equat i ons 2 a n d 3. T h e r m a l decomposi t ion of the t r i i od ide 

M o 2 ( O o C R ) 4 + 3 / 2 I 2 [ M o 2 ( 0 2 C R ) 4 ] + + V (2) 

M o 2 ( 0 2 C R ) 4 + 5 / 2 I 2 -> [ M o 2 ( 0 2 C R ) 4 ] + + I 5 " (3) 

derivatives in vacuo at ca. 100 ° C liberates e lemental i od ine , M o 2 ( 0 2 C R ) 4 , 
a n d some unident i f ied nonvolat i le product . Loss of e lemental i od ine 
f r om salts conta in ing the I 3 " an ion is expected at elevated temperatures. 
H o w e v e r , the mono iod ide f ormed i n this process is ev ident ly not stable, 
a n d i t decomposes w i t h format ion of M o 2 ( 0 2 C R ) 4 as b y the scheme: 

[ M o 2 ( 0 2 C R ) 4 ] I 3 ( s ) -> [ M o 2 ( 0 2 C R ) 4 ] I ( s ) + I 2 ( g ) 

2 [ M o 2 ( 0 2 C R ) 4 ] I ( s ) - > M o 2 ( 0 2 C R ) 4 + ? 

T h e benzoate der ivat ive [ M o 2 ( 0 2 C C 6 H 5 ) 4 ] I 3 undergoes a s imi lar reac
t i on i n acetonitr i le , p robab ly because of inso lub i l i ty of M o 2 ( 0 2 C C 6 H 5 ) 4 

w h i c h precipitates a n d is recovered i n ca. 3 3 % y i e l d based o n the i n i t i a l 
quant i ty of t r i i od ide c o m p o u n d used. 

T h e recovery of M o 2 ( 0 2 C R ) 4 f rom the thermal decomposi t ion is a 
strong ind i ca t i on that the basic structure of the d i m o l y b d e n u m tetracar-
boxylate (1,14) is reta ined i n the t r i i od ide compounds. T h i s is also i n d i 
cated conv inc ing ly b y the I R spectra i n F igures 1 a n d 2 a n d the data i n 
T a b l e I. T h e almost perfect b a n d for b a n d m a t c h i n g between the spectra 
of M o 2 ( 0 2 C R ) 4 a n d the corresponding [ M o 2 ( 0 2 C R ) 4 ] I 3 is most s t r ik ing 
i n this regard. P a r t i c u l a r l y for the p ivalate derivatives , the data i n the 
400-700 c m " 1 reg ion indicate the same molecu lar f ramework , since the 
Mo—Ο stretching freqeuncies must occur i n this reg ion a n d they shou ld 
be especial ly sensitive to any change i n molecular structure. T h e shift 
i n f requency of the bands at 420, 450, a n d 615 c m " 1 for the neutra l p iva late 
to 445, 465, a n d 625 for the t r i i od ide der ivat ive is consistent w i t h the 
expected increase i n such M o - O stretching freqeuncies u p o n increase i n 
average oxidat ion state of the meta l atoms. 

F i n a l l y , the magnet ic properties reveal c lear ly that the t r i i od ide 
derivatives are species that contain one u n p a i r e d electron per d i m e r as 
r e q u i r e d b y oxidat ion to the cations [ M o 2 ( 0 2 C R ) 4 ] + . M a g n e t i c suscepti 
b i l i t y data for [ M o 2 ( 0 2 C C ( C H 3 ) 3 ) 4 ] I 3 are presented i n T a b l e I I . These 
data prov ide an excellent fit to the C u r i e equat ion a n d , f r o m the slope, 
the magnet ic moment μ — 1.66 B M was found . T h e crystal l ine t r i i od ide 
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Figure 1. IR spectrum of Μο2(0260(€Η5)8)& in nujol mull 

derivatives a l l give strong, re lat ive ly n a r r o w E S R signals w h i c h show 
l i t t le evidence of anisotropy a n d give g values of 1.93 ± 0.01. F r o m the 
re lat ion μ2 = g2s(s - f 1 ) , w i t h s = y2 the ca lcu lated moment , μ = 1.67 is 
obta ined ; this is i n excellent agreement w i t h the moment der ived f rom 
the suscept ib i l i ty measurements. 

1600 1400 1200 000 800 
WAVENUMBER (CM"' ) 

600 400 200 

Figure 2 . 7 R spectrum of [Mo2(02CC(CHs)s)AYls~ in nujol mull 
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T h e findings reported here for the reactions of the d i m o l y b d e n u m 
carboxylates w i t h i od ine are consistent w i t h the recent observations of 
C o t t o n a n d Pedersen (15) d u r i n g a study of the e lectrochemical ox idat ion 
of M o 2 ( 0 2 C C 3 H 7 ) 4 i n acetonitr i le or ethanol . T h e y f o u n d a quas i -
reversible one-electron oxidat ion for the ind i ca ted c o m p o u n d b y rotat ing 
disc po larography a n d cyc l i c vo l tammetry , a n d g M = gj_ = 1.941 for the 
ox id i zed species b y E S R studies. Fur thermore , the proposed f ormulat ion 
of the t r i i od ide compounds as salts conta in ing the [ M o 2 ( 0 2 C R ) 4 ] + cat ion 
w i t h the same molecu lar structure a n d ec l ipsed conformation as that 
observed for M o 2 ( 0 2 C C H 3 ) 4 is supported b y the previous ly p u b l i s h e d 
isolat ion a n d structure determinat ion of K 3 M o 2 ( S 0 4 ) 4 ( 1 6 ) . T h e latter 
c o m p o u n d is f o rmed b y one-electron ox idat ion of K 4 M o 2 ( S 0 4 ) 4 . T h e 
M o 2 ( S 0 4 ) 4

4 " a n d M o 2 ( S 0 4 ) 4
3 ~ anions have the same molecu lar structure 

(16, 17 ) . T h e lengthening of the M o - M o b o n d f r om 2.111(1) A i n 
M o 2 ( S 0 4 ) 4

4 " to 2.164(2) A i n M o L > ( S 0 4 ) 4
3 " is evidence that the electron 

was removed f rom the δ-bonding orb i ta l u p o n ox idat ion f r o m the 4- to 
3- i on . It thus appears that the d i m o l y b d e n u m ( I I ) species m a y be gen
eral ly susceptible to one-electron ox idat ion w i t h retention of structure. 
T h e molecular o rb i ta l descr ipt ion of the ox idat ion is best understood i n 
terms of the orbitals l o ca l i zed on the m e t a l atoms: ( σ 2 ) ( π 4 ) ( δ 2 ) -> 
( σ 2 ) ( π 4 ) ( δ 1 ) (16). I n these terms, the m e t a l - m e t a l b o n d order decreases 
f rom 4 to 3.5 w h e n one-electron ox idat ion occurs. 

T h e M i x e d - M e t a l Compounds . T h e successful synthesis of the c o m 
p o u n d M o W ( 0 2 C C ( C H 3 ) 3 ) 4 represents the first success i n in t roduc ing 
tungsten into a m e t a l - m e t a l quadrup le b o n d , a n d i t is on ly the second 
successful format ion of any heteronuclear q u a d r u p l e b o n d . G a r n e r a n d 
Senior (18) reported preparat ion of the C r - M o mixed -meta l c o m p o u n d 
C r M o ( 0 2 C C H 3 ) 4 . E v i d e n c e for the isostructural re lat ion between 
M o 2 ( 0 2 C C ( C H 3 ) 3 ) 4 a n d M o W ( 0 2 C C ( C H 3 ) 3 ) 4 comes m a i n l y f rom mass 
spectra, I R spectra, a n d X - r a y powder pattern data. I R absorpt ion fre
quencies for the mixed -meta l species are g iven i n T a b l e I I I ; the values 
should be compared w i t h those for the d i m o l y b d e n u m pivalate d e r i v a 
tives ( T a b l e I ). These data indicate c learly a very close re lat ion between 
the structures of the M o 2 a n d the M o W compounds. 

F i g u r e 3 is the mass spectrum of the mixture conta in ing 80 mole % 
M o W ( O , C C ( C H 3 ) 3 ) 4 a n d 2 0 m o l e % M o 2 ( 0 2 C C ( C H 3 ) 3 ) 4 . T h e parent 
i o n peaks for the M o 2 species are centered at 596 a m u , those for the 
M o W species at 683 a m u . F o r the d i m o l y b d e n u m species, the parent i o n 
set is i n good agreement w i t h that expected accord ing to H o c h b e r g et al. 
( 1 9 ) , a n d the parent i o n set for the M o W species agrees w i t h the ex
pected isotope combinations . H o w e v e r , the relat ive intensities of the 
two sets are not an accurate reflection of the composi t ion of the mixture . 
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[M02(02CCMe3)4]* [ Μ ο \ ^ ( θ 2 θ Ο Μ β 3 ) 4 ] + 

Figure 3. Parent ion mass spectrum of a mixture containing 80 mole % 
MOW(02CC(CH3)s)h and 20 mole % Mo.^OtCC(CH9)s)h 

T h u s , the relat ive intensity of the MoL> species is greater than that ex
pected f rom sample analysis. 

Because of the extreme react iv i ty of M o W ( O o C C ( C H 3 ) 3 ) 4 , chro 
matographic methods for sepaarting the mixture were very diff icult to 
app ly . T h u s it was not possible to obta in the pure , neutra l mixed -meta l 
c ompound . H o w e v e r , this greater react iv i ty c o u l d be advantageous i n 
prepar ing a pure mixed -meta l c ompound . It was natura l to investigate 
the react ion w i t h iodine w i t h the expectation that the mixed -meta l c om
p o u n d w o u l d react preferent ial ly i f a l i m i t e d quant i ty of ox idant was 
avai lable . T h e success of the method exceeded expectations, b u t it was 
surpr is ing that a s imple i od ide salt was obta ined rather than the t r i i od ide 
salt as w i t h the d i m o l y b d e n u m compounds . T h i s difference p r o b a b l y 
facil itates separation since the poss ib i l i ty of so l id-solut ion format ion 
between ox id i zed products is d imin i shed . 

MoW(02CCMe3)4l 

Figure 4. ESR spectrum of poly crystalline 
[MoW(02CC(CHs)sl]I at 25°C 
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T h e evidence indicates that [ M o W ( 0 2 C C ( C H 3 ) 3 ) 4 ] I is f o rmed b y 
one-electron ox idat ion of M o W ( 0 2 C C ( C H 3 ) 3 ) 4 w i t h retention of the 
molecu lar structure (see I R spectra data i n T a b l e I I I ) . A g a i n , the shift 
i n the frequency of bands i n the 400-700 c m " 1 region reflects that ex
pected for an increase i n average ox idat ion state of the meta l atoms. T h e 
E S R spectrum a n d magnet ic suscept ibi l i ty data also support retention of 
m e t a l - m e t a l bond ing . T h e E S R spectrum ( F i g u r e 4) depicts the narrow, 
v i r t u a l l y isotropic s ignal w i t h g = 1.877. T h e lower va lue of the g factor, 
l ower than that of the d i m o l y b d e n u m t r i i od ide salts, is expected because 
of the m u c h larger spin-orbit c oup l ing constant for tungsten. A l t h o u g h 
dif f iculty was encountered i n obta in ing reproduc ib le suscept ib i l i ty data , 
an average magnet ic moment of 1.58 B M was determined. A va lue of 
μ = 1.61 5 B M was ca lcu lated f rom the observed g factor. 

T h e great react iv i ty of M o W ( 0 2 C C ( C H 3 ) 3 ) 4 a n d [ M o W ( 0 2 C C -
( C H 3 ) 3 ) 4 ] I suggests that the stabi l i ty of the m e t a l - m e t a l b o n d d i 
minishes w i t h in t roduct i on of the tungsten atom. I f so, corresponding 
d i tungsten species m a y be surmised to be even less stable—perhaps 
p r o v i d i n g a par t ia l explanat ion for the lack of success i n prepar ing c om
pounds w i t h the W = = W l inkage . T h o u g h the great react iv i ty of the 
mixed -meta l compounds makes synthetic w o r k diff icult, it does offer the 
poss ib i l i ty that new reactions not observed w i t h the M o 2 species can be 
developed. W o r k a long this l ine is i n progress. 

N e w Species f r o m React ions of H a l o c a r b o n y l m e t a l l a t e A n i o n s . T h e 
basic idea for this aspect of the w o r k was that reactive meta l ha l ide 
fragments might be generated f r om the halocarbonylmetal late anions 
under condit ions where loss of the C O l igands is promoted i n the absence 
of other coordinat ing l igands. F o r example, d inuc lear or cluster species 
m i g h t be obta ined via thermal decomposit ion of the M ( C O ) 4 X 3 ' anions 
as i n the scheme: 

M ( C O ) 4 X 3 - - > [ M X 3 ~ ] + 4 C O 

η [ Μ Χ 3 - ] - > Μ η Χ 3 Λ « -

T h i s scheme also presents the poss ib i l i ty of generating m e t a l atom frag
ments w h i c h m i g h t be a d d e d to other m e t a l c luster species to b u i l d u p 
n e w clusters. Recent ly , M a t s o n a n d W e n t w o r t h (see Reference 20 a n d 
the references c i ted there in) have been invest igat ing s imi lar reactions 
between meta l hal ides a n d halocarbonylmetal late anions i n noncoordinat -
i n g solvents. T h e i r recent synthesis of the mixed -meta l an ion C r M o C l 9

3 " 
a n d the synthesis of the W 2 B r 9

2 " a n d M04I10CI 2" salts reported here i l l u s 
trate the power of this approach . 

I n the course of invest igat ing the thermal decomposi t ion of W ( C O ) 4 -
B r 3 " , a search for suitable solvents was necessary. A m o n g the solvents 
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considered was 1,2-dibromoethane. H o w e v e r , a r a p i d react ion occurs 
i n this solvent before the W ( C O ) 4 B r 3 " an ion can be formed. I n order to 
contro l the react ion, a two-step sequence i n chlorobenzene was dev ised : 

W ( C O ) β + B r " -> W ( C O ) 5 B r + C O 

2 W ( C O ) 5 B r - + 7 /2 C 2 H 4 B r 2 -> W 2 B r 9
2 " + 7 /2 C 2 H 4 + 10CO 

A l t h o u g h other cations were t r i ed , the t e t r a p r o p y l a m m o n i u m i o n pro 
v i d e d the most easily isolated a n d crystal l ine product . T h e react ion of 
W ( C O ) 5 B r " w i t h C 2 H 4 B r 2 proceeded v i r t u a l l y quant i tat ive ly w i t h for
m a t i o n of W 2 B r 9

2 " even i n the presence of excess dibromoethane. Salts 
of W 2 B r 9

2 " were not prev ious ly reported , a l though Sai l lant a n d W e n t -
w o r t h (21) reported preparat ion of the W 2 C 1 9

2 " anion . 
T h e structure a n d properties of W 2 X 9

2 _ salts are of considerable 
interest since, i f i sostructural , they are re lated b y one-electron ox idat ion 
to the salts conta in ing the confac ia l b ioc tahedra l anions W 2 X 9

3 " ( X = C l , 
B r ) . C o m p o u n d s conta in ing the W 2 X 9

3 " ions have v i r t u a l l y temperature-
independent magnet ic susceptibi l i t ies ( 2 2 ) , a n d the b inuc lear ions o b v i 
ously have a sp in singlet (S = 0) g round state. T h e W - W distance (23) 
observed i n K 3 W 2 C 1 9 is on ly 2.41 A a n d reflects strong m e t a l - m e t a l 
b o n d i n g that is best descr ibed (24) as ( σ 2 ) ( π 4 ) w i t h b o n d order η = 3. 
T h u s , i f W 2 B r 9

2 " i n the c o m p o u n d reported here is isostructural , i t should 
show a magnet ic moment corresponding to one u n p a i r e d electron ( S = 
y2), a n d the moment should be temperature- independent i f the m e t a l -
meta l b o n d i n g remains very strong. M a g n e t i c suscept ib i l i ty measure
ments ( 7 7 ° - 3 0 0 ° K ) for [ ( C 3 H 7 ) 4 N ] 2 W 2 B r 9 are l i s ted i n T a b l e I V . T h e 
magnet ic moment der ived f r o m the data is indeed independent of t e m 
perature a n d is close to that expected for S = y2. T h i s indicates that the 
strong m e t a l - m e t a l b o n d i n g is retained a n d that i t m a y be assigned b o n d 
order η = 2.5. 

T a b l e I V . M a g n e t i c Constants" of Salts of W 2 B r 9
2 " a n d M o 4 I i 0 C l 2 ~ 

A C X r / p 
10'6 emu 10'6 W6 

emu/ deg/ emu/ emu/ μ, 
Compound mole mole mole mole BM 

[ ( C 3 H 7 ) 4 N ] 2 W 2 B r 9 - 4 5 2 0.370(3) - 6 9 9 247 1.72(1) 
[ ( C 4 H 9 ) 4 N ] 2 M o 4 I 1 0 C l - 8 6 7 0.385(3) - 1 0 8 4 217 1.75(1) 

° Constants were derived from least squares fit to the relation X M = A + C T " : 

= ( I D + I T I P ) + C T " 1 , and μ = 2.8280°Λ 

P r e l i m i n a r y data f r o m the X - r a y crystal a n d molecu lar structure 
determinat ion of [ ( C 3 H 7 ) 4 N ] 2 W 2 B r 9 can be reported here a l though a 
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deta i led account w i l l be g iven elsewhere. T h e crystals are monoc l in i c , 
space group C 2 / c , w i t h a = 36.19 A , b = 11.98 a, c = 19.53 a, a n d β = 
96.10°. A total of 3380 reflections were u t i l i z e d i n refinement, a n d 
absorpt ion corrections were a p p l i e d because of the large l inear absorpt ion 
coefficient ( 148.4 c m " 1 ) for MoK<* radiat ion . T h e ca lcu lated density was 
2.303 g / c m 3 for Ζ = 8, a n d the observed density was 2.314 g / c m 3 . A t 
the present state of refinement (R = 0.10), a l l of the non-hydrogen a tom 
positions have been located, but some of the C a n d Ν thermal parameters 
are abnormal ly large a n d the success of further refinement is i n doubt . 
H o w e v e r , the W a n d B r positions were determined w i t h confidence a n d 
they are re lat ive ly insensitive to further refinement, as was ind i ca ted b y 
the lack of change d u r i n g the last refinement cycles. T h e W 2 B r 9

2 ~ an ion 
does show the confac ia l b ioc tahedra l structure w i t h l i t t le d istort ion f r om 
the idea l i zed D^h po int group symmetry . Some average b o n d distances 
( i n Angstroms) a n d angles ( i n degrees) i n the an ion are as fo l lows : 
d ( W - W ) 2 .58(1) , d ( W - B r t ) 2 .52(1) , d ( W - B r b ) 2 .58(1 ) , a n d the angle 
W - B r b - W 6 0 . 0 ( 1 ) ° . T h e W - W distance is short; for comparison, 
d ( M o - M o ) = 2.816(9) A i n the M o 2 B r 9

3 " an ion (25) a n d d ( W - W ) = 
2.41 A (23) i n W 2 C 1 9

3 - . A l t h o u g h the W - W distance i n W 2 B r 9
3 " is u n 

k n o w n , i t should be comparable to that i n W 2 C 1 9
3 " . T h u s one-electron 

ox idat ion to W 2 B r 9
2 ~ weakens the W - W b o n d , yet the b o n d i n g is s t i l l 

not iceably stronger than i n M o 2 B r 9
3 ' w h i c h f o rmal ly has a h igher b o n d 

order. T h e strength of the m e t a l - m e t a l b o n d i n g i n the W 2 X 9
n ~ anions 

ev ident ly is u n i q u e among M 2 X 9
n " species ( X = ha logen ) . 

T h e preparat ion of [ ( C 4 H 9 ) 4 N ] 2 M o 4 I i o C l is reported here as i l l u s 
trative of new species w h i c h can be prepared b y the discussed methods. 
T h e structure of this c o m p o u n d is u n k n o w n , and , a l though single crystals 
can be obtained, none examined to date have g iven X - r a y di f fract ion 
data of adequate qua l i ty for a structure determinat ion . I t was def initely 
established that the C I atom is ga ined d u r i n g extract ion a n d recrysta l l i za -
t i on f rom 1,2-dichloroethane. T h e product isolated i n i t i a l l y f rom the 
react ion i n chlorobenzene does not contain chlor ine , and , even though i t 
does have the same X - r a y p o w d e r pattern as the mater ia l recrysta l l i zed 
f r om 1,2-dichloroethane, the composi t ion is not w e l l established. 

M a g n e t i c data for [ ( C 4 H 9 ) 4 N ] 2 M o 4 I i 0 C l are g iven i n T a b l e I V . 
T h e constant magnet ic moment of 1.75 B M over the 7 7 ° - 3 0 0 ° K range 
agrees w i t h that expected for one u n p a i r e d electron per tetrameric uni t . 
F r o m the E S R spectrum of a p o w d e r e d sample, g = 2.027; us ing this 
value , / i ( ca lc . ) = 1 . 7 5 5 B M w h i c h is i n excellent agreement w i t h the 
value of ^(exp. ) g iven above. These data do not prove that the an ion is 
tetrameric , but they are most consistent w i t h that interpretat ion. Because 
of the unusua l sto ichiometry of this c o m p o u n d a n d the rare occurrence of 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
6 

| d
oi

: 1
0.

10
21

/b
a-

19
76

-0
15

0.
ch

02
7

In Inorganic Compounds with Unusual Properties; King, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1976. 



334 INORGANIC COMPOUNDS W I T H UNUSUAL PROPERTIES 

tetranuclear meta l ha l ide clusters, the structure a n d chemistry of this 
an ion w i l l be interest ing to elucidate . 
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Structure and Reactivity Patterns of 
Polyphosphine Ligands and Their 
Complexes of Rhodium and Cobalt(I) 

DEVON W. MEEK, DANIEL L. DuBOIS, and JACK TIETHOF 

The Ohio State University, Columbus, Ohio 43210 

In the presence of free radicals generated from AIBN, 
phosphorus-hydrogen and sulfur-hydrogen bonds add 
cleanly and readily to the carbon-carbon double bonds of 
vinyl derivatives to produce useful polydentate chelating 
ligands. Chelating polyphosphine ligands accentuate un-
usual properties of transition metals. Compared with a 
monodentate phosphine, a polyphosphine simultaneously 
provides: (a) more control on the coordination number, 
stoichiometry, and stereochemistry of the resulting complex; 
(b) increased basicity (or nucleophilicity) at the metal; and 
(c) detailed structural and bonding information v i a metal
-phosphorus and phosphorus-phosphorus coupling constants. 
Alkylation and protonation reactions of RhCl(ttp), ttp = 
PhP(CH2CH2CH2PPh2)2, yield alkyl and hydride complexes 
that have strikingly different behavior. Several new series 
of Co(I) complexes of types Co(triphos)H(CO), [Co(tri-

phos)(CO)2]+, and [Co(triphos)(monophos)(CO)]+ were 
characterized with each of the three triphosphine ligands 
CH3C(CH2PPh2)3, PhP(CH2CH2PPh2)2, and PhP(CH2CH2-
CH2PPh2)2. 

Τ T n u s u a l properties i n transit ion metals are often i n d u c e d b y tert-phos-
^ ph ine l igands. F o r example, monodentate phosphines have been 
use extensively for s tab i l i z ing bo th h i g h a n d l o w ox idat ion states of the 
meta l (e.g. N i ( I V ) a n d N i ( O ) ( J ) , for p r o d u c i n g a h i g h trans influence 
(2, 3 ) , a n d for ac t ivat ing smal l molecules such as H 2 , 0 2 , a n d olefins (4). 
I n recent years, m a n y investigations of organometal l i c chemistry a n d 

335 
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transit ion meta l complexes used che lat ing phosphines as l igands. I n 
part i cu lar , investigations of five-coordinate complexes revealed that the 
stabi l i ty , stereochemistry, a n d magnet ic properties depend on a subtle 
b l e n d of e lectronic a n d steric effects (5, 6, 7, 8, 9 ) . Consequent ly , further 
development of the coord inat ion chemistry of terf-phosphines depends 
greatly on the concurrent development of synthetic phosphorus chemistry . 

A proper ly designed po lyphosphine can accentuate the special effects 
of phosphine l igands as i t accomplishes s imultaneously : ( a ) a more 
pred ic tab le coordinat ion n u m b e r a n d sto ichiometry i n the resu l t ing c o m 
plexes since the chelate effect min imizes the poss ib i l i ty that one or more 
phosphino groups w i l l be d isp laced d u r i n g a chemica l react ion ; ( b ) i n 
creased basic i ty (or nuc l eoph i l i c i t y ) of the meta l atom; a n d ( c ) more 
contro l over the stereochemistry of the resul t ing complex (10). I n a d d i 
t ion , po ly (f er f -phosphine) l igands have tremendous potent ia l i n the 
study of d y n a m i c processes a n d i n ob ta in ing meta l -phosphorus a n d 
phosphorus -phosphorus N M R c o u p l i n g constants that w o u l d be u n o b 
tainable for analogous complexes of monodentate phosphines (11). 

T h i s paper is concerned w i t h a l l these five aspects of po ly phosphines. 
I n add i t i on , the methods for synthesiz ing po lyphosphine l igands are d is 
cussed briefly. 

Poly (tert-phosphine) Ligands 

A n objective of our research was to synthesize a series of re lated , flex
ib le polydentate l igands that conta in either - C H 2 C H 2 - or - C H 2 C H 2 C H 2 -
connect ing units a n d different types of donor groups so that systematic 
variat ions of the catalyt ic , sterochemical , a n d spectral properties of 
the meta l c o u l d be studied . U n t i l 1971 most po lyphosphines w e r e 
prepared b y treat ing organic po lyhal ides w i t h a l k a l i m e t a l d i a l k y l or 
d i a r y l phosphides—e.g. , the re lat ive ly easy preparat ion of P h 2 P C H 2 C H 2 -

P P h 2 (12). H o w e v e r , use of this method for more compl i cated t r i - a n d 
tetraphosphines is severely l i m i t e d b y the difficulties i n ob ta in ing the 
appropr iate organic po lyha l ide or i n effecting complete react ion w i t h 
the phosphide reagent (13). T h e variety of polyphosphines that con 
ta in P C H 2 C H 2 P units was greatly increased b y K i n g et al. (14, 15, 16) 
b y the base-catalyzed addit ions of p h o s p h o r u s - h y d r o g e n bonds to the 
c a r b o n - c a r b o n double bonds i n various v i n y l phosphine derivatives. 
K i n g a n d C l o y d recently used the base-catalyzed method to prepare the 
first extensive series of methy la ted po lyphosphines (17, 18). T h e 
syntheses of the methy lated phosphine l igands involves the conversion 
of a P - H b o n d to a P C H 2 C H 2 P ( C H 3 ) 2 u n i t via the potass ium tert-
butoxide cata lyzed a d d i t i o n to C H 2 = C H P ( S ) ( C H 3 ) 2 f o l l owed b y desu l -
fur i za t i on w i t h L i A l H 4 i n b o i l i n g dioxane (React ions 1 a n d 2 ) . 
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\ / C H 3 j j ^ g v y C H 3 

/ Ρ — H + CH2=CH— • / P C H 2 C H 2 P ^ (1) 
/ I I X C H 3

 χ H X C H 3 

s s 

\ / C H S L i A l H 4 \ 
> C H 2 C H , P ( • > C H 2 C H 2 P ( C H 3 ) 2 < 2 ) 

/ " l l ^ C H a / 

Variat ions of the base-catalyzed method were used to prepare the m i x e d 
a l k y l - a r y l d i ( t e r f -phosph ine ) (C6H5)2PCH2CH2P(CH3)2, the three t r i -
phosphines R T ( C H 2 C H 2 P R 2 ) 2 R ' — C H 3 , R — C H 3 or C 6 H 5 , R — C H 3 ) , 

the m i x e d a l i p h a t i c - a r o m a t i c l inear tetra(ter£-phosphine) ( I ) , a n d the 
b r a n c h e d penta(ter£-phosphine) ( I I ) (17, 18). 

0 Η 3 χ I ι C H 8 

P C H 2 C H 2 P C H 2 C H 2 P C H 2 C H 2 P 

C R / X C H 3 

C H 3 , 

> C H 2 C H 2 X C . H . 

C H / \ I / C U 3 

^ P C H 2 C H 2 P C H 2 C H 2 P ; 

C H / 

I I 

A l t h o u g h the base-catalyzed process is a va luable synthetic route to 
po lyphosphines , the method is l i m i t e d to P C H 2 C H 2 P connect ing l inkages 
a n d to avai lable v i n y l phosphines. O u r need for a series of flexible p o l y -
dentate l igands conta in ing either - C H 2 C H 2 - or - C H 2 C H 2 C H 2 - units a n d 
different types of donor groups l e d us to investigate alternative routes 
of l i g a n d synthesis. T h u s , w e prev ious ly prepared the methy la ted d i -

C H 3 ν . C H 3 

a n d tr iphosphines ^ P C H 2 C H 2 C H 2 P a n d C 6 H 5 P ( C H 2 -

C H 3 C H 3 

/ C H 3 

C H 2 P χ ) a b y react ing ( C H 3 ) 2 P " w i t h C 1 C H , C H 2 C H , C 1 a n d C 6 H 5 P -

X C H 3 
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( C H 2 C H 2 C H 2 C 1 ) 2 , respect ively (19, 20). Recent ly , w e f o u n d that the 
f ree -radica l ca ta lyzed add i t i on of p h o s p h o r u s - h y d r o g e n or s u l f u r - h y d r o 
gen bonds across c a r b o n - c a r b o n double bonds i n v i n y l phosphines is a 
h i g h y i e l d , general react ion for the preparat ion of po lyphosphines , 
m i x e d phosphorus -su l fur , a n d m i x e d phosphorus -n i t rogen compounds 
(21). T h e general reactions can be s u m m a r i z e d b y Equat i ons 3, 4, a n d 5. 

^ P — H + C H 2 = C H — > ^ P C H 2 C H 2 P ( ^ (3) 

— S — H + C H 2 = C H — P ^ • — S C H 2 C H 2 P ^ (4) 

— H + C H 2 = C H — C ( 0 ) N H 2 > ^ P C H 2 C H 2 C ( 0 ) N H 2 (5) 

T h e f ree -radica l cata lyzed reactions to produce l , 2 - b i s ( d i p h e n y l -
phosph ino ) ethane (d iphos ) a n d b i s ( 2 - d i p h e n y l p h o s p h i n o e t h y l ) p h e n y l -

T a b l e I . Reac tants , P r o d u c t s , a n d Y i e l d s O b t a i n e d via the 

Reactants 

P h > P C H = C H 2 + P h o P H 
P h P ( C H = C H 2 ) 2 + P h 2 P H 

P h . . P h 
P h 2 P C H = C H 2 + / P C H 2 C H 2 C H 2 P 

W X H 

P h 
^ P C H = C H 2 + P h 2 P H 

t - P r C K II 
0 

P h 
P h 2 P C H 2 C H 2 C H 2 P ' + P h 2 P C H = C H 2 

X H 

P h 2 P C H = C H 2 + P h S H 
P h P ( C H = C H 2 ) 2 + P h S H 
P h 2 P H + C H 2 = C H C — N H 2 

Ο 
P h P H 2 + C H 2 = = C H C H o N H 2 

P h P H 2 + C H 2 = C H C H 2 O H 

" A I B N is 2,2'-azobis(isobutyronitriIe). 
' We thank W. H . Myers for this result. 
0 We thank J . R . Nappier for this result. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
6 

| d
oi

: 1
0.

10
21

/b
a-

19
76

-0
15

0.
ch

02
8

In Inorganic Compounds with Unusual Properties; King, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1976. 



28. M E E K E T A L . Polyphosphine Ligands 339 

phosphine ( t r iphos ) y i e l d e d products w i t h spectral characteristics that 
were v i r t u a l l y i d e n t i c a l to those of authentic materials . T h e y ie lds were 
better than those reported (14, 15, 16) for the base-catalyzed process: 
8 8 % vs. 8 0 % for d iphos a n d 9 1 % vs. 5 0 % for tr iphos. Y ie lds of the 
other compounds were equa l ly impressive ( T a b l e I ) . 

I t is interest ing that the tr imethylene connect ing c h a i n of our s y m 
m e t r i c a l t r iphosphine l i g a n d P h P ( C H 2 C H 2 C H 2 P P h 2 ) 2 (3-3 connect ing 
u n i t ) has a m u c h s impler 3 1 P N M R spectrum than that of the tr iphosphine 
P h P ( C H 2 C H 2 P P h 2 ) 2 (2-2 connect ing u n i t ) . T h e m a r k e d difference is 
i l lustrated i n F i g u r e 1 where the P - P coup l ing is < 1 H z i n the 3-3 l i g a n d 
[ 8 ( P h P ) 28.8 p p m , 8 ( P h 2 P ) = - 1 8 . 2 p p m ] a n d 29 H z i n the 2-2 
l i g a n d [ 8 ( P h P ) 16.6 p p m , 8 ( P h 2 P ) 12.8 p p m ] . T h e 2-3 l i g a n d 
P h 2 P C H 2 C H 2 P C H 2 C H 2 C H 2 P P h 2 provides a n ice conf irmation of the 

effect of the connect ing cha in on the P - P c o u p l i n g constant since the P - P 

A I B N - C a t a l y z e d React ions o f V i n y l a n d A l l y l C o m p o u n d s " 

P h 

P h . . P C H 2 C H 2 P P h . , 
P h 2 P C H 2 C H 2 P C H 2 C H 2 P P h 2 

Product Yield, % 

88 
91 

P h 

P h 2 P C H 2 C H 2 P C H 2 C H 2 C H 2 P C H 2 C H 2 P P h 2 70 

P h P h 

i-Prcr I I 
0 

P C H 2 C H 2 P P h 2 70 

P h 2 P C H 2 C H 2 C H 2 P C H 2 C H 2 P P h 2 

P h 
P h , P C H o C H 2 S P h 
PhP(CH,CHoSPh)o 
P h 2 P C H 2 C H 2 C — N H , 

99 
97 
8 5 ' 

0 
P h P ( C H o C H , C H 2 N H o ) 2 

P h P ( C H 2 C H , C H o O H ) o 
75" 
85 
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i l 
-13.2 

0 P ( C H 2 C H 2 P 0 2 ) 2 

•12.8 -16.6 

0p; 
X H 2 C H 2 C H 2 P 0 2 

* C H 2 C H 2 P 0 2 

υ 
-18.1 -22 .4 

0 P ( C H 2 C H 2 C H 2 P 0 2 ) 2 

-18.2 •28.8 

Figure 1. 31P NMR spectra of PhP(CH2CH2CH2PPh2)3 in C6H6 

Ρ 

(bottom), of Ph2PCH2CH2PCH2CH2CH2PPh2 in C6H6 (center), and 
of PhP(CH2CH2PPh2)2 in CHCl3 (top). The numbers correspond to 
the chemical shifts of the peaks relative to 85% H3POi as an external 

standard; positive numbers are downfield from the standard. 

c o u p l i n g through the ethylene un i t is 29 H z whereas the P - P c o u p l i n g 
through the tr imethylene un i t is ~ 1 H z (see F i g u r e 1 ) . 

T h e free-radical cata lyzed method for p repar ing m i x e d P - a n d S-
( a n d P - a n d N - ) containing l igands is especial ly noteworthy, as i t repre-
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28. M E E K E T A L . Polyphosphine Ligands 341 

sents an easy route to potent ia l ly useful l igands. T h e two P - S compounds 
prepared i n this w o r k are f ormal ly analogous to the l igands diphos a n d 
triphos, i n w h i c h one a n d two P P h > groups, respectively, are rep laced b y 

\ 
S P h groups. A l so , use of compounds of the type , P C H = C H 2 

i - P r C K 
may be explo i ted for the syntheses of m u c h more compl i ca ted m i x e d 

l igands. F o r example , reduct ion of the ^ P — O R group to a secondary 
/\\ 

Ο 
phosphine then provides the capabi l i ty for add i t i ona l reactions via K i n g ' s 
base-catalyzed method or via our f ree-radical cata lyzed method . 

T h e chief advantages of the free-radical cata lyzed method are : (a ) 
the flexibility of des igning several different re lated polydentate l igands 
that contain a variety of donor groups w i t h either - C H 2 C H 2 - or - C H 2 -
C H o C H o - connect ing units b y s imp ly choosing the appropr iate P - H , 
S - H , and v i n y l derivatives ; ( b ) the exper imental s impl i c i ty of the homo
geneous solutions a n d the one-pot react ion; ( c ) the faster react ion times 
as compared w i t h base-catalyzed add i t i on to v iny lphosphines ; ( d ) the 
ease w i t h w h i c h the react ion impuri t ies or by-products are removed in 
vacuo to leave a mater ia l that is sufficiently pure for use as a l i g a n d 
i n subsequent preparations of complexes; a n d (e ) the h i g h y i e l d ( 8 5 -
9 9 % ) that the method rout ine ly gives. 

Alkyl and Hydride Rhodium Complexes of PhP(CH2CH2CH2PPh2) 2 

N a p p i e r et al (10) demonstrated prev ious ly that R h C l ( t t p ) , t tp = 
P h P ( C H 2 C H 2 C H 2 P P h 2 ) 2 , w h i c h is a dissociatively stable analog of W i l 
k insons R h C l ( P P h 3 ) 3 , r ead i ly adds a var iety of neutra l a n d cat ionic 
reagents to give stable, five-coordinate complexes R h C l ( t t p ) · A ( A = 
B F 3 , C O , S 0 2 , 0 2 ) a n d R h C l ( t t p ) · A ' ( A ' = N O + , N 2 P h + , C H 3 C O + ) re 
spectively. T h e che lat ing tr iphosphine l i g a n d P h P ( C H 2 C H 2 C H 2 P P h 2 ) 2 

so increases the apparent basic i ty of the meta l center that this r h o d i u m 
complex mimics the reactions of phosphine complexes of I r ( I )—e .g . 
I r C l ( C O ) ( P P h 3 ) 2 a n d I r C l ( P P h 3 ) 3 — m o r e closely t h a n i t resembles 
other r h o d i u m - a r y l phosphine complexes. T h e basic nature of 
R h C l ( t t p ) is also demonstrated b y the structures of the n i t rosy l a n d 
pheny ld iazo complexes w h i c h contain bent R h - N - O a n d R h - N - N angles 
of 131° a n d 125° respect ively (JO, 22 ) . T h u s , a l l of the above t tp c o m 
plexes are f o rmal ly examples of o x i d a t i v e - a d d i t i o n conversion of four-
coordinate ds complexes into five-coordinate d6 cases. 

A l k y l a t i o n a n d protonat ion reactions of R h C l ( t t p ) y i e l d complexes 
w i t h spectral properties w h i c h indicate that o x i d a t i v e - a d d i t i o n has con-
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verted C H 3
+ , C 2 H 5

+ , a n d H + to f o rmal ly C H 3 " , C 2 H 5 " , a n d H " respect ively ; 
this is analogous to the react ion pattern of the cations N O + a n d N 2 P h + . 
T h e a l k y l a n d h y d r i d e complexes show s t r ik ing differences i n their t en 
dency to a d d carbon monoxide or po lar solvent molecules. These differ
ences are i l lustrated b y the I R a n d N M R spectra that are discussed be low. 

P r o t o n N M R Spectra . T h e proton N M R spectra of the complexes 
[ R h ( t t p ) H X ( L ) ] + ( L = C 2 H 5 O H , C H 3 C N , C O ) i n the reg ion τ - 24 
appeared as mult ip lets w h i c h are assigned to the R h - H resonance. F i r s t -
order c oup l ing of the h y d r i d e nucleus to the 1 0 3 R h nucleus a n d three 3 1 P 
n u c l e i produces a 12-line pattern (i.e. the A port ion of an A M X 2 Y sys
t e m ) , a n d such a spectrum was observed for [ R h ( t t p ) H C l ( C H 3 C N ) ] + -
B F 4 ( F i g u r e 2 ) . S imi lar spectra were observed for [ R h ( t t p ) H C l ( C O ) ] -

_ J ι . I . . I 
24.2 24.5 24.8 

X{ ppm) 

Figure 2. Proton NMR spectrum of [Rh(ttp)HCl-
(CH.CNJIBF^ dissolved in CH.CN (a), and phos

phorus nuclei decoupled at 40.4826 MHz (b) 

P F 6 a n d [ R h ( t t p ) H B r ( C O ) ] P F c . O n i r rad ia t i on of the 3 1 P region 
(40.48 M H z ) , the mul t ip l e t patterns collapse to doublets f rom w h i c h 
/Rh-H is determined unambiguous ly . T h e remain ing doublet c oup l ing is 
assigned to c o u p l i n g between the h y d r i d e a n d the un ique phosphorus i n 
ttp w h i l e c oup l i ng to the two equivalent t e rmina l phosphorus atoms 
produces a tr ip let i n the h y d r i d e spectrum. T h e ca lcu lated values of 
c o u p l i n g constants a n d chemica l shifts for the h y d r i d e complexes are 
l i s ted i n T a b l e I I . 

T h e proton N M R spectrum of the m e t h y l group i n [ R h ( t t p ) ( C H 3 ) -
C 1 ] F S 0 3 a n d its six-coordinate derivatives [ R h ( t t p ) ( C H 3 ) C 1 ( L ) ] F S 0 3 

( L = C H 3 C N or C O ) were very s imi lar to those of the analogous h y d r i d e 
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T a b l e I I . P r o t o n N M R D a t a f o r H y d r i d e Complexes 
of the T y p e [ R h ( t t p ) H X ( L ) ] + 

3, Hi 
α 

Τ 
Rh-H Pr-H P2-H 

24.6 14.7 13.4 9.8 
22.4 15.5 8.9 8.6 
21.3 15.4 8.5 8.5 

Compound 

[ R h ( t t p ) H C l ( M e C N ) ] B F 4 

[ R h ( t t p ) H C K C O ) ] B F 4 

[ R h ( t t p ) H B r ( C O ) ] P F 6 

α Tau value relative to internal T M S at 10.00. 

species except that the magnitudes of the c o u p l i n g constants were less. 
A s was descr ibed prev ious ly (23 ) , the por t ion of the spectrum assigned 
to the r h o d i u m - m e t h y l group over lapped w i t h that of the methylene 
protons of ttp i n the five-coordinate cat ion ; however , because of the 
trans influence (2 ) of a l i g a n d trans to the m e t h y l group i n bo th 
[ R h ( t t p ) C H 3 C l ( C O ) ] F S 0 3 a n d [ R h ( t r p ) C H 3 C l ( C H 3 C N ) ] F S 0 3 , the 

8 . 7 5 9.00 X 

Figure 3. Computer simulation of the proton NMR spectrum 
of [Rh(ttp)CH3Cl(CH3CN)]FS03 in CH3CN based on data in 
Table III (a), experimental proton spectrum of [Rh(ttp)CH 3Cl-
(CH3CN))FS03 in CH3CN (b), and phosphorus nuclei de

coupled at 40.483 MHz (c) 
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T a b l e I I I . Ή N M R of R h A l k y l s 

Compound ra Rh-H H-Pt H-P2 

J,Hz 

[ R h ( t t p ) C H 3 C l ] F S 0 3 7.40 2.5 3.8 5.5 
[ R h ( t t p ) C H 3 C l ( M e C N ) ] F S 0 3 8.75 2.1 4.4 6.2 
[ R h ( t t p ) C H 3 C l ( C O ) ] F S 0 3 8.71 1.0 6.0 5.8 

a T a u value of multiplet center relative to internal T M S at 10.00. 

r h o d i u m - m e t h y l resonances are shifted s ignif icantly up- f ie ld f r om the 
resonance posi t ion of the methylene protons of ttp. F i g u r e 3 shows the 
12-line pattern for the A 3 por t i on of an A 3 M X 2 Y spectrum that is observed 
for [ R h ( t t p ) C H 3 C l ( C H 3 C N ) ] + , a n d T a b l e I I I lists the N M R spectral 
parameters. 

3 1 P Spectra . T h e Four ier - t rans form, proton-decoupled 3 1 P N M R 
spectra of a l l the h y d r i d e a n d m e t h y l complexes d i sp layed a doublet of 

Figure 4. Proton-noise decoupled, Founer trans
form 31P NMR spectrum of [Rh(ttp)HCl(CHsCNJ\-

BFb in CDSCN 
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28. M E E K E T A L . Polyphosphine Ligands 345 

triplets a n d a doublet of doublets (see F i g u r e 4 ) as is expected for an 
A M o X c o u p l i n g pattern. 

Stereochemistry of the R h o d i u m H y d r i d e a n d R h o d i u m M e t h y l 
Complexes . O n the basis of I R a n d proton a n d 3 1 P N M R spectra, a l l of 
the cat ionic hydr ides [ R h ( t t p ) H C l ( L ) ] + (where L — C O , C H 3 C N , 
C o H 5 O H ) a n d [ R h ( t t p ) H B r ( C O ) ] + are six-coordinate whereas the 
m e t h y l cat ion [ R h ( t t p ) C H 3 C l ] + can be isolated as the five-coordinate 
species as w e l l as the six-coordinate compounds [ R h ( t t p ) C H 3 C l ( L ) ] + 

( L = C H 3 C N , C O ) . 
T h e 3 1 P N M R spectra of the cat ionic hydr ides reveal that the t e r m i 

n a l phosphorus nuc l e i are equivalent ; thus, for the six-coordinate c o m 
plexes R h ( t t p ) X Y Z , the ttp l i g a n d must have a m e r i d i o n a l arrangement, 
e.g. I I I . Cons iderat ion of the magnitudes of the VRII-P a n d 2 / P . H c oup l ing 

constants provides correlations on w h i c h to base a structure i n the cases 
of isomers, e.g. [ R h ( t t p ) H C l ( C O ) ] + . In second, a n d t h i r d - r o w trans i 
t i on metals, the p h o s p h o r u s - h y d r i d e c o u p l i n g constants are general ly 
m u c h larger for a trans structure than for a cis structure (24, 25, 26). 
(Rev iews of 3 1 P N M R data are g iven i n Refs. 24, 25, a n d 26) I n a l l of 
our six-coordinate r h o d i u m complexes of t tp , the 2 / P . H values are r e l a 
t ive ly s m a l l a n d approx imate ly equa l ( T a b l e I I ) ; consequently, the 
h y d r i d e must be cis to a l l three phosphorus nuc le i w h i c h is consistent 
w i t h both structure I V a n d structure V . 

X 

Ζ 

i n 

Η Η 

IE 
X L C H 3 C N , 

C 2 H 5 O H 
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W i t h the carbony l complexes, a choice can be made between struc
tures I V and V on the basis of the shift i n v Co on deuteration. V a s k a (27) 
observed that F e r m i interact ion i n complexes h a v i n g C O trans to a 
h y d r i d e leads to a significant shift i n vco and to an anomolous ratio of 
v M - H / t ' M - D on deuteration. T h e complexes [ R h ( t t p ) H C l ( C O ) ] + a n d 
[ R h ( t t p ) D C l ( C O ) ] + have essentially the same vco a n d a n o r m a l value 
of 1.40 for v R h - H / v R h - D . F i n d i n g s for the b r o m i d e complexes were 
s imi lar . T h u s , the cat ionic h y d r i d e - c a r b o n y l complexes have structure V L 

H 

I P h Rh ι X = Cl , Br 

3ZI 

T h e a l k y l complexes [ R h ( t t p ) C l ( R ) ] F S 0 3 ( R = C H 3 , C 2 H 3 ) are 
five-coordinate monomers i n contrast to the six-coordinate hydr ides . A 
d i m e r i c cat ion [ R h ( t t p ) C l ( C H 3 ) ] 2

2 + can be exc luded on the basis of 
conductance a n d molecular weight data ; also coordinat ion of the F S O . f 
an ion i n the so l id state is e l iminated b y the I R spectrum. T h e 3 1 P N M R 
spectra are consistent w i t h the cations [ R h ( t t p ) C l R ] + b e ing square 
p y r a m i d a l , w h i c h is analogous to the k n o w n structures (10, 22) of 
[ R h ( t t p ) C l ( N O ) ] + a n d [ R h ( t t p ) C l ( N 2 P h ) ] + ( T a b l e I V ) . T h u s , the 

T a b l e I V . 3 1 P N M R D a t a f o r the t t p - R h o d i u m Complexes" 

8,bppm J,Hz 

Compound PPh PPh2 P-Pc P^Rh* P2-Rhc 

[ R h ( t t p ) N O C l ] P F 0 

[ R h ( t t p ) ( C H 3 ) C 1 ] F S 0 3 

10.8 2.1 30 139 106 [ R h ( t t p ) N O C l ] P F 0 

[ R h ( t t p ) ( C H 3 ) C 1 ] F S 0 3 11.2 1.1 33 115 93 

[ R h ( t t p ) ( C H s ) C l ( M e C N ) ] F S 0 8 11.6 - 1 . 0 33 116 92 
[ R h ( t t p ) ( C 2 H 5 ) C l ] P F e 11.7 - 1 . 8 34 120 98 
[ R h ( ttp) H C 1 ( M e C N ) ] B F 4 24.0 10.0 37 116 89 
[ R h ( t t p ) H C l ( C O ) ] P F e 1.1 4.9 38 90 81 
[ R h (ttp) ( C H 3 ) C l ( C O ) ] F S 0 3 7.0 - 4 . 9 38 108 84 

•ttp = P h P (CH2CH 2 C H 2 PPh2)2 . 
b Value in ppm relative to external 85% H 3PC>4, with positive numbers being 

downfield from the standard. 
0 Resolution for the coupling constants is ± 1 Hz . 
d P i is the unique central phosphorus atom of P h P ( C H 2 C H 2 C H 2 P P h 2 ) 2 . 
* P 2 refers to the two equivalent terminal phosphorus atoms of P h P ( C H 2 C H 2 -

C H 2 P P h 2 ) 2 . 
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28. M E E K E T A L . Polyphosphine Ligands 347 

tr iphosphine l i g a n d a n d chlor ide f o rm the basal p lane a n d the a l k y l group 
occupies the ap i ca l posit ion. 

T h e proton N M R data of [ R h ( t t p ) H C l ( C 2 H 5 O H ) ] + i n C H 3 N 0 2 

conta in ing a d d e d C H 3 C N reveal that acetonitr i le replaces the lab i le 
ethanol molecule quant i tat ive ly a n d that the resul t ing cat ion [ R h ( t t p ) -
H C 1 ( C H 3 C N ) ] + does not exchange C H 3 C N r a p i d l y at r oom temperature . 
I n contrast to the h y d r i d e , the m e t h y l complex [ R h ( t t p ) C l ( C H 3 ) ] + 

exchanges C H 3 C N r a p i d l y d o w n to ~ — 50 °C . T h e corresponding e t h y l 
complex does not f o rm a stable C H 3 C N or C O adduct ; thus, the tendency 
of the five-coordinate species to a d d a s ixth l i g a n d decreases m a r k e d l y 
i n the series h y d r i d e > m e t h y l > e thy l w h i c h probab ly reflects increasing 
steric interactions rather than electronic factors. Pro ton N M R a n d I R 
studies also demonstrated that, for a g iven h y d r i d e or a l k y l complex, the 
stabi l i ty of the six-coordinate complexes decreases i n the order C O > 
C H 3 C N > C 2 H 5 O H . 

T h e 3 1 P N M R spectra of the two m e t h y l cations [ R h ( t t p ) C l ( C H 3 ) L ] 
( L = C H 3 C N , C O ) reveal that the t e rmina l phosphino groups are 
equivalent w h i c h requires a p lanar arrangement of t tp ( F i g u r e 5 ) . I n 
add i t i on , the c o up l in g constant 1 ] J i h . P l is 24r-25 H z larger for bo th c o m 
plexes than that of J R h . P 2 , w h i c h strongly suggests that the weaker l i g a n d 

C H 3 + 

Rh-R 

Figure 5. Proton-noise decoupled, Fourier trans
form 31P NMR spectrum of [Rh(ttp)CHsCl(CH3-

CN)]FS03in CD3CN 
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is trans to Pi . Consequent ly , structure V I I is proposed for [ R h ( t t p ) C l -
( C H 3 ) ( C O ) ] + ; this is a different isomer f r om that of the analogous 
h y d r i d e , i.e. V I . 

C H 3 

3HE 

Cobalt (I) Complexes of Tri(tert-pbosphine) Ligands 

As a part of our efforts to study systematical ly the p h y s i c a l a n d 
chemica l properties of a meta l i n different stereochemical environments, 
w e synthesized a n d character ized several n e w series of C o ( I ) complexes 
of the types C o ( tr iphos ) H ( C O ), [ C o ( t r i p h o s ) ( C O ) 2 ] + , a n d [ C o -
( tr iphos ) ( monophos ) ( C O ) ] + w i t h the three t r i ( ter*-phosphine ) l igands 
C H 3 C ( C H 2 P P h 2 ) 3 , P h P ( C H 2 C H 2 P P h 2 ) 2 , a n d P h P ( C H 2 C H 2 C H 2 P P h 2 ) 2 

( monophos = the monodentate l igands P h 2 P H , ( M e O ) 3 P , a n d E t 3 P ) . 
T a b l e V lists some of the isolated compounds , the most diagnostic I R 
data for the cobalt h y d r i d e a n d carbony l stretching frequencies, a n d the 
conduct iv i ty or mass spectral data for the cat ionic or the neutra l c o m 
plexes respectively. 

T h e C o ( t r i p h o s ) H ( C O ) complexes can be prepared b y r e d u c i n g 
the corresponding C o ( triphos ) C l 2 complexes w i t h N a B H 4 i n ethanol 
w h i l e b u b b l i n g carbon monoxide through the solution. T h e ye l l ow , a i r -
sensitive complexes were character ized b y e lemental analysis a n d b y Ή 
N M R , I R , a n d mass spectroscopy. T h e corresponding deuterated com
plexes were also prepared i n order to ver i fy the I R bands assigned to the 
C o - Η stretching mode. T h e proton N M R of the h y d r i d e region for 
C o ( e t p ) H ( C O ) consists of an over lapp ing doublet of triplets at τ 21.7 
w i t h / φ ρ . Η = 65 H z a n d / Φ 2 Ρ . Η = 44 H z ( F i g u r e 6 ) . T h e spectra i n F i g 
ure 6 show that the two types of phosphorus n u c l e i can be decoupled 
selectively. T h e N M R data indicate that the two t e r m i n a l d ipheny lphos -
p h i n o groups are equivalent a n d are consistent w i t h either a t r igonal 
b i p y r a m i d or a square p y r a m i d conta in ing a p lane of symmetry . 

Treatment of the h y d r i d e complexes w i t h the weak acids N H 4 B F 4 

or N H 4 P F 6 i n the presence of another l i g a n d provides a general a n d 
selective method for p r e p a r i n g the series of complexes [ C o ( tr iphos ) -
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28. M E E K E T A L . Polyphosphine Ligands 349 

T a b l e V . D i a g n o s t i c C h a r a c t e r i z a t i o n D a t a on the C o ( I ) Complexes 
of T h r e e Tr i ( t e r t - phosph ines ) 0 

Parent Ion 
in Mass 

Compound vM-H,M-i>b vco Spectrum 

H C o ( e t p ) ( C O ) 1920 1870 
D C o ( e t p ) ( C O ) 1380 1870 622 
H C o ( t t p ) (CO) 1920 ( sh ) c 1880 
D C o ( t t p ) ( C O ) 1370 1880 650 
H C o (tripod) (CO) 1930 1857 712 
D C o ( t r i p o d ) (CO) 1380 1857 

vco 

CH2C12 

NujolMull Solution AMd 

[Co(etp ) ( C O ) 2 ] B F 4 1980,2020 1980,2024 82 
[Co (e tp ) ( P ( O M e ) 8 ) ( C O ) ] B F 4 1945 1950 84 
[ C o ( e t p ) ( P < / > 2 H ) ( C O ) ] P F c 1925 1936 67 
[ C o ( e t p ) ( P E t 3 ) ( C O ) ] B F 4 1930 1928 76 
[ C o ( t t p ) ( C O ) 2 ] B F 4 1940,2000 1949,2004 84 
[ C o (ttp) ( P ( O M e ) s ) ( C O ) ] B F 4 1920 1932 80 
[ C o ( t t p ) ( P < / > 2 H ) ( C O ) ] B F 4 1930 1928 82 
[ C o (tripod) ( C O ) 2 ] P F 0 1953,2026 1969,2026 80 
[ C o ( t r i p o d ) ( P ( O M e ) 3 ) ( C O ) ] B F 4 1930 1928 84 
[Co ( t r ipod ) ( Ρ φ 2 Η ) ( C O ) ] B F 4 1905 1915 81 
[Co (tripod) ( P E t 3 ) ( C O ) ] B F 4 1890 1908 82 

" T h e three triphosphine ligands are P h P ( C H 2 C H 2 P P h 2 ) 2 , etp; P h P ( C H 2 C H 2 -
C H 2 P P h 2 ) 2 , ttp; and C H 3 C ( C H 2 P P h 2 ) 3 , tripod. 

6 The spectra of the hydride complexes were obtained on Nujol mulls whereas 
the spectra of the deuterated species were recorded on K B r discs. Hexachlorobuta-
diene reacts with these hydrides. 

°sh, shoulder on a more intense absorption. 
d Molar conductance values on ~10~SM nitromethane solutions. 

( C O ) 2 ] + and [ C o ( t r i p h o s ) ( m o n o p h o s ) ( C O ) ] + ( E q u a t i o n s 6 a n d 7 ) . 

Δ 
H C o (etp) C O + N H 4 B F 4 + C O > 

C H 8 O H 
[Co(e tp ) ( C O ) 2 ] B F 4 + H 2 + N H 3 (6) 

Δ 
H C o (triphos) C O + N H 4 B F 4 + P R 3 > 

C H 3 O H 
[ C o (triphos) ( P R 3 ) C O ] B F 4 + H 2 + N H 3 (7) 

T h i s preparat ive method offers dist inct advantages over the more c o m 
m o n l y used direct combinat ion of l i g a n d w i t h compounds such as 
C o 2 ( C O ) 8 . Dif f icult ies such as po lymer i c complexes are often encoun-
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Figure 6. Proton NMR spectra of Co[PhP(CH2CH2PPh2)2~\H(CO) 
in tetrahydrofuran (a), two phosphorus nuclei decoupled at 40.4846 
MHz (b), one phosphorus nucleus decoupled at 40.4860 MHz (c), and 
all three phosphorus nuclei decoupled at 40.4888 (d). The tentatively 
proposed structure has the hydride and carbonyl ligands at axial and 

equatorial sites of a trigonal bipyramid, respectively. 

tered b y the latter preparat ive methods (e.g. E q u a t i o n 8) (28). T h e 

Δ or hv 
C o 2 ( C O ) 8 + P h P ( C H 2 C H 2 P P h 2 ) 2 » 

C Η 
[ C o 2 ( e t p ) 3 ( C O ) 4 ] + B P h 4 - (> 6 (8) 
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H C o ( t r iphos ) C O + N H 4 X route is par t i cu lar ly useful for syntheses of 
the m i x e d complexes [ C o ( t r i p h o s ) ( m o n o p h o s ) ( C O ) ] + since such c o m 
plexes w o u l d be very difficult to obta in f r om other C o ( I ) reagents. T h e 
[ C o ( t r i p h o s ) ( C O ) 2 ] + a n d [ C o ( t r i p h o s ) ( m o n o p h o s ) ( C O ) ] + complexes 
are a l l y e l l o w or orange, air-stable solids, but their solutions are moder 
ately sensitive to oxygen. 

T h e d i c a r b o n y l cations m a y have either square -pyramida l , t r i gona l -
b i p y r a m i d a l , or somewhat distorted structures ( 29 ) . I R studies of the 

T a b l e V I . B o n d Ang les of the [ C o ( t r i p h o s ) ( C O ) 2 ] + Complexes 
C a l c u l a t e d f r o m the R e l a t i v e Intensities o f the T w o C a r b o n y l B a n d s a 

Compound 

[ C o (tripod) ( C O ) 2 ] P F ( 

[ C o ( e t p ) ( C O ) 2 ] P F 6 

[ C o ( e t p ) ( C O ) 2 ] B F 4 

[ C o ( t t p ) ( C O ) 2 ] P F 6 

[ C o (ttp) ( C O ) 2 ] B F 4 

88° 
96° 
95° 

115° 
114° 

"Calculated according to Cotton and Wilkinson (30). 

2026 cm -1 

1949 1969 

7 0 T 2023 

6 0 f 1981 

UJ 

< 
CD 

2004 
cr 
(/) 4 0 — 
CD 

< 

[Co(etp)(CO) 2] + [Co(ttp)(CO) 2] + [ C o O r i p o d K C O ) ^ 

Figure 7. IR absorption peaks in the vco region for dichlo-
romethane solutions of the dicarbonyl cations of PhP(CHg-
CH2PPh2)2 (etp), PhP(CH2CH2CH2PPh2)g (ttp), and CHSC-

(CH2PPh2)s (tripod) 
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d i c a r b o n y l compounds ind icate that the s tructura l nature of the tr identate 
l i g a n d determines the manner i n w h i c h the l i g a n d bonds to the avai lab le 
coord inat ion sites a round c o b a l t ( I ) . Measurement of the re lat ive intens i 
ties of the bands corresponding to the symmetr ic a n d ant i -symmetr ic 
stretching frequencies of the d icarbonyls was used to ca lculate the b o n d 
angles between the t w o c a r b o n y l l igands ( 3 0 ) . T h e values obta ined for 
five complexes are g iven i n T a b l e V I . T h e four most l i k e l y structures for 
complexes conta in ing the l inear tr identate l igands are V I I I , I X , X , a n d 
X I . F o r [ C o ( t tp ) ( C O ) 2 ] \ on ly structure V I I I is consistent w i t h the b o n d 
angles ca lculated . F o r [ C o ( e t p ) ( C O ) 2 ] + , structures I X , X , a n d X I are 

0 
C 

Ph 
I 

3ΖΠΓ 

Co ( Co 

c 0 Ph/ c 0 

J X 

Table VII. 

X X L 

3 1 P N M R Parameters for the 

Compound 8b Assignment" 

[ C o ( e t p ) ( C O ) 2 ] B F 4 122.6 φΡ t 
78.8 Φ 2Ρ d 

[ C o ( e t p ( P ( O M e ) 3 ) ( C O ) ] B F 4 150.0 P ( O M e ) 8 d-t 
113.3 φΡ d - t 
68.2 φ ,Ρ d - d 

[ C o ( e t p ) ( P * 2 H ) ( C O ) ] B F 4 115.4 φΡ d - t 
66.8 Φ 2Ρ d - d 
57.2 φ , Ρ Η d- t 

[Co (e tp ) ( P E t 3 ) ( C O ) ] B F 4 109.6 φΡ d - t 
64.9 Φ 2Ρ d -d 
38.7 P E t 3 d-t 

[ C o (ttp) ( C O ) 2 ] B F 4 37.0 φ ,Ρ d 
- 7 . 3 φΡ t 

[Co(ttp)(P<k>H) ( C O ) ] B F 4 26.8 φ ,Ρ d - d [Co(ttp)(P<k>H) ( C O ) ] B F 4 

3.1 φ , Ρ Η d 
- 8 . 2 φΡ t - d 

" T h e three triphosphine ligands are P h P ( C H 2 C H 2 P P h 2 ) 2 , etp; P h P ( C H 2 C H 2 -
C H 2 P P h 2 ) 2 , U p ; C H 3 C ( C H 2 P P h 2 ) 3 , tripod. 

b Value in ppm relative to 85% H 3 P 0 4 ±02 ppm. 
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compat ib l e w i t h the ca lcu lated b o n d angles. T h e steric requirements 
of the che lat ing t r i p o d l i g a n d w o u l d require a n arrangement of the 
phosphorus atoms s imi lar to that i n I X or X I , a n d the b o n d angles c a l c u 
la ted are i n agreement w i t h either of these structures. ( T h e structures 
of three complexes of C H 3 C ( C H 2 P P h 2 ) 3 have been determined , a n d the 
P - M - P angles are fa i r l y constant; e.g. m e a n P - M - P angles i n Ni ( t r iphos ) -
C 2 F 4 , a n d N i ( t r i p h o s ) ! are 92.5° ( 3 1 ) , 89° ( 3 2 ) , a n d 95.0° (33) respec-

H 

[ (triphos) F e — H - ^ F e (triphos) ] + , 

t ive ly . ) T h e solut ion I R spectra of the three t r iphosphine complexes are 
presented i n F i g u r e 7. T h e so l id state spectra show no major differences 
f r o m the solut ion spectra. 

T h e 3 1 P N M R parameters for some of the [ C o ( t r i p h o s ) ( C O ) 2 ] + a n d 
[ C o ( t r i p h o s ) ( m o n o p h o s ) ( C O ) ] + complexes are l i s ted i n T a b l e V I I . 
T h e 3 1 P spectra of the [ C o ( t r iphos ) (monophos ) ( C O ) ] + complexes con
t a i n extensive a n d va luab le in format ion about the various p h o s p h o r u s -

T r i ( tert-phosphine ) —Cobalt ( I ) C o m p l e x e s β 

Assignment of 
p-P) Hz Coupled Nuclei Solvent 

45* Ρφ-,-Ρφ groups amb. C H 3 C N 

211 4 » P - P ( O M e ) 3 amb. C H 3 C N 
88 <*> 2 P-P(OMe) 3 

38 φΡ-Ρψ-2 
107 φΡ-Ρφ2Η amb. C H 3 C N 
56 φ,Ρ-Ρφ,Ή. 
36 φ2Ρ-Ρφ 

364 Ρ - Η 
104 φΡ-PEtg amb. C H 3 C N 

53 ψ-Ρ-PEts 
33 φ Ρ - Ρ ψ 2 

75 φΡ-Ρφ2 amb. C H 3 C N 

46 φ Ρ - Ρ ψ 2 Η - 6 2 ° C C H 2 C 1 2 

9 φ 2 Ρ—Ρφ 2 Η 
89 φ<>Ρ-Ρφ 

317 Ρ - Η 
c d , doublet; t, triplet; d-t, doublet of triplets, etc. 

d Coupling constants are accurate to ±2.4 Hz . 
e Ambient operating temperature of Bruker HX-90 spectrometer = ^ 3 3 ° C . 
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354 I N O R G A N I C C O M P O U N D S W I T H U N U S U A L P R O P E R T I E S 

Figure 8. Proton-noise decoupled, Fourier-transform 31P NMR spectrum of 
[Co(etp)(CO)P(C2H5)3]BFi in CHSCN at -29°C; etp = PhP(CH2CH2PPh2)2 

phosphorus coupl ings since there are three different types of phosphorus 
n u c l e i w h i c h general ly give w e l l separated resonance patterns. T h e 3 1 P 
N M R resonance for the centra l phosphorus atom of b o t h tr iphosphine 
l igands P h P ( C H 2 C H 2 P P h 2 ) 2 a n d P h P ( C H 2 C H 2 C H 2 P P h 2 ) 2 i n the [ C o -
( t r i p h o s ) ( m o n o p h o s ( C O ) ] + complexes appears as a doublet of tr iplets 
as the result of c o u p l i n g between the monodentate phosphorus l i g a n d 
a n d the two equivalent d ipheny lphosph ino groups. F o r the etp c o m 
plexes, the range of values for the P - P c o u p l i n g constants be tween the 
t e r m i n a l phosphorus n u c l e i a n d the centra l phosphorus atom is f r o m 
33 to 45 H z , w h i c h is smaller t h a n the 49 -88 H z range observed for the 
coup l ing of the t e rmina l phosphorus a tom the the monodentate phos
phorus l i gand . T h e magn i tude of the c o u p l i n g constants of the mono
dentate l igands to the central a n d t e r m i n a l phosphorus atoms of the 
tridentate l igands shows the expected increase for the phosphite complex 
(24, 25, 26). T h e 3 1 P spectrum of [ C o ( e t p ) ( P E t 3 ) ( C O ) ] B F 4 i n F i g u r e 8 
represents a t y p i c a l spectrum for this type of complex. 

T h e 3 1 P N M R spectra for the two [ C o ( t tp ) ( monophos ) ( C O ) ] + 

complexes are qu i te different f r om the corresponding etp complexes i n 
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28. M E E K E T A L . Polyphosphine Ligands 355 

b 

142.9 29.0 -6.0 
ppm from 8 5 % HUPO. 

Figure 9. Proton-noise decoupled, Fourier-transform 31P NMR spectra 
of [Co(ttpXCO)P(OCHs)s'\RFi in dichloromethane at -38°C (a) and at 
—91°C (b). The coupling constants were determined from the —91°C 

spectrum. 
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356 INORGANIC COMPOUNDS WITH UNUSUAL PROPERTIES 

the magnitudes of bo th the chemica l shifts a n d the P - P coup l ing con 
stants. Phosphorus -phosphorus c o u p l i n g between the centra l phos 
phorus atom a n d the t e r m i n a l atoms of ttp i n the complexes [ C o -
( t t p ) ( m o n o p h o s ) ( C O ) ] + (monophos = P h 2 P H a n d P ( O C H 3 ) 3 ) is ap 
prox imate ly 90 H z . T h e c o u p l i n g between the central phosphorus atom 
of t tp a n d the monodentate l igands P h 2 P H a n d P ( O C H 3 ) 3 is 46 a n d 49 
H z respectively. These values are comparable to those f o u n d for cis 
c o u p l i n g i n the etp complexes. H o w e v e r , the coup l ing between the mono -
dentate l i g a n d a n d the two d ipheny lphosph ino groups is smal l , b e i n g 9 
a n d 18 H z for the d ipheny lphosphine a n d tr imethylphosphi te complexes 
respectively. T w o of the spectra of [ C o ( t t p ) ( P ( O M e ) 3 ) ( C O ) ] B F 4 are 
g iven i n F i g u r e 9. T h e one at —91°C i n par t i cu lar il lustrates the need to 
coo l the cobalt samples i n order to reduce the broaden ing effect of the 
cobalt quadrupo le . 

M a n y more c o u p l i n g constants are observed i n the [ C o ( e t p ) L -
( C O ) ] X a n d [ C o ( t t p ) L ( C O ) ] X complexes than are observed i n c o m 
plexes conta in ing only monophosphine l igands. T h e data l i s ted i n T a b l e 
V I I indicate that a large range of phosphorus -phosphorus c o u p l i n g con 
stants, ~ 10-210 H z , can be expected for five-coordinate complexes. 
A d d i t i o n a l s tructura l studies on some of the complexes descr ibed here 
are u n d e r w a y a n d should prov ide correlations between the stereochem
istry of five-coordinate complexes a n d the magnitudes of the ir 2 / P P 

c o u p l i n g constants. 
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Rhodium(I) Complexes of Macrocyclic 
Tetradentate Thioethers 

WILLIAM D. LEMKE, KENTON E. TRAVIS, NURHAN E. TAKVORYAN, 
and DARYLE H. BUSCH 

The Ohio State University, Columbus, Ohio 43210 

Reduction of the rhodium(III) complexes of the tetradentate 
macrocyclic thioethers 1,4,8,11 -tetrathiacyclotetradecane 
(TTP) and 13,14-benzo-1,4,8,11-tetrathiapentadecane (TTX) 
produces four-coordinate, cationic Rh(TTP) + and Rh(TTX)+. 
The anions are not coordinated in [Rh(TTP)]X, X = ClO4-, 
PF6-, BF4-, NCS-, I-, or Br-. Furthermore, Rh(TTP)+ does 
not react with electron-pair donors including back-bonding 
ligands like C2H4, CO, and PPh3. R h ( T T P ) + does, however, 
combine with many eltctrophiles including BF3, SO2, NO+, 
Ο2, TCNE, and H+. Thus, it is a substantial nucleophile. 
Rh(TTP)+ undergoes oxidative addition with CH3I, C6H5-

 
                                                  thereby increasing both the coordi-
nation number and the oxidation state of Rh by two; how
ever, it fails to react with H2. 

* T * h e expectation that, b y analogy to phosphines, thioethers should 
A funct ion as π acceptor l igands a n d thereby stabi l ize l o w ox idat ion 

state compounds , l e d several investigators to t ry to synthesize thioether 
complexes of r h o d i u m ( I ) . W a l t o n ( I ) treated [ R h ( D T H ) C l 2 ] C l ( D T H 
= C H 3 S C H 2 C H 2 S C H 3 ) w i t h ethanol ic potassium hydrox ide , a r e d u c i n g 
system developed by C h a t t and Shaw ( 2 ) , but he fa i l ed to obta in a c o m 
plex of the expected type. At tempts to obta in r h o d i u m ( I ) derivatives b y 
r e d u c i n g [ R h ( D T H ) 2 C l > ] C l w i t h sod ium b o r o h y d r i d e or b y electro
c h e m i c a l methods were equa l ly unsuccessful. 

C h a t t a n d co-workers (3) at tempted to produce r h o d i u m ( I ^ t h i o 
ether complexes b y subst i tut ion reactions. N o such product was obta ined 

358 
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29. L E M K E E T A L . Macrocyclic Tetradentate Thioethers 359 

b y the react ion of [ R h ( C O ) 2 C l ] 2 w i t h C 6 H 5 S R ( R = M e , i - P r , or C 6 H 5 ) , 
a n d react ion of the same r h o d i u m ( I ) complex w i t h tr identate thioethers 
( R S C H 2 C H 2 ) 2 S ( R = n - P r or C 6 H 5 ) a n d w i t h C H 3 C ( C H 2 S E t ) 2 y i e l d e d 
oils. A po lymer i c mater ia l of the f ormulat ion [ R h C l ( C O ) ( D T H ) ] n was 
obta ined f rom the react ion of [ R h ( C O ) 2 C l ] 2 a n d D T H i n acetone. T h e 
c o m p o u n d exhib i ted very l o w carbony l frequencies ( 1830 a n d 1800 c m " 1 ) 
w h i c h were at t r ibuted to b r i d g i n g carbonyls , a n d the c o m p o u n d was 
thought to be a t r imer or a h igher ol igomer. T h e corresponding produc t 
obta ined w i t h C H 3 C H 2 S C H 2 C H 2 S C H 2 C H 3 was f o rmulated s i m i l a r l y ; 
however , its I R spectrum h a d five carbony l bands, a n d i t was suggested 
that the t r imer i c or tetrameric structure i n v o l v e d halogen or sul fur 
bridges . W e report here the first, w e l l character ized monomer i c r h o d i u m -
( I ) - t h i o e t h e r complexes. T h e y were prepared b y the reduct i on of r h o 
d i u m ( I I I ) complexes of macrocyc l i c tetrathioether l igands. 

T h e r h o d i u m ( I I I ) complexes of the macrocyc l i c tetrathioethers 
1,4,8,11-tetrathiacyclotetradecane ( T T P , Structure I ) a n d 13,14-benzo-
1,4,8,11-tetrathiacyclopentadecane ( T T X , Structure I I ) were recent ly 

reported ( 4 ) . T h e tetradentate l igands coordinate i n a f o lded fashion 
y i e l d i n g c is -d iac ido octahedral complexes, e.g. R h n l ( T T P ) C l 2

+ . T h e 
m a n y conv inc ing demonstrations that macrocyc l i c l igands faci l i tate the 
stabi l izat ion of extreme ox idat ion states (e.g. Ref. 5 a n d references c i ted 
therein) strongly support the poss ib i l i ty that l igands of structures I a n d 
I I w o u l d f orm stable r h o d i u m ( I ) derivatives. T h i s is i n d e e d the case, 
a n d chemica l or e lectrochemical reduct ion of the corresponding r h o d i u m -
( I I I ) complex leads to the four-coordinate cat ionic r h o d i u m ( I ) species 
R h ( T T P ) + and R h ( T T X ) + w h i c h were isolated as the B ( C 6 H 5 ) 4 " , C K V , 
B F 4 ~ , P F 6 , N C S " , I", a n d B r " salts of T T P a n d as the P F 6 " salt of T T X . 
T h e adduct format ion a n d oxidative add i t i on reactions of R h ( T T P ) + 

were investigated w i t h a range of potent ia l reactants i n c l u d i n g 0 2 , S 0 2 , 
C O , B F 3 , C 2 H 4 , tetracyanoethylene, H 2 , Ρφ 3 , a l k y l , acy l , a n d aro ly l hal ides , 
N O + , a n d strong Br0nsted acids. 

I I I 
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Experimental 

General Procedure. A l l manipulat ions i n v o l v i n g complexes of r h o -
d i u m ( I ) were done i n a v a c u u m atmospheres glove box e q u i p p e d w i t h 
an efficient pur i f i cat ion t ra in , or under ni trogen, unless noted otherwise. 

Reagents. S tandard reagent grade materials were used w h e n possible 
w i t h o u t further puri f i cat ion. D i ch loromethane , benzene, methanol , a n d 
spectrograde nitromethane were d r i e d over molecular sieves ( L i n d e ) . 
Ace ton i t r i l e a n d d i e t h y l ether were d r i e d over c a l c i u m hydr ide . A n y 
peroxide present i n the ether was removed b y passing i t through a c o l u m n 
of a l u m i n a ; this was f o l l owed b y testing w i t h K I . I n a l l reactions i n v o l v 
i n g r h o d i u m ( I ) , i t is imperat ive that the solvents be bo th oxygen- a n d 
peroxide-free; therefore a l l solvents were rout ine ly p u r g e d 15-20 m i n 
w i t h ni trogen to remove any dissolved oxygen. 

Physical Measurements. Analyses were per formed b y G a l b r a i t h 
Laborator ies , Inc. , K n o x v i l l e , T e n n . , a n d b y A l f r e d B e r n h a r d t M i k r o -
analytisches L a b o r a t o r i u m , 5251 E l b a c h i iber Enge l sk i r chen , W e s t G e r 
many . Conduc tance was measured on 1 0 " 3 - 1 0 " 4 M solutions us ing an 
Indus t r ia l Instruments m o d e l R C 16B conduct iv i ty br idge . D r i e d spectro
grade nitromethane a n d d r i e d acetonitr i le were the solvents. 

IR Spectra. A P e r k i n - E l m e r 337 record ing I R spectrophotometer 
was used rout ine ly to obta in I R spectra at 4000-400 cm" 1 . F o r this 
region, the samples were prepared as N u j o l mul ls pressed between potas-
sum b r o m i d e plates or as solutions i n matched l i q u i d cells (0 .1 -mm p a t h 
length) w i t h potassium b r o m i d e w indows . T h e f a r - I R spectra were 
obta ined on a P e r k i n - E l m e r 457 grat ing I R spectrophotometer. Samples 
for this reg ion were prepared as N u j o l mul ls a n d pressed between ces ium 
iod ide plates. 

Electronic Spectra. V i s i b l e , near - IR , a n d U V absorpt ion spectra 
were obta ined w i t h a C a r y m o d e l 14R record ing spectrophotometer. 
So lut ion spectra were r u n i n m a t c h i n g 1-cm quartz cells. 

N M R Spectra. T h e N M R spectra of l igands a n d complexes were 
r u n on a V a r i a n Associates H A - 6 0 or Jeolco M H - 1 0 0 spectrometer. T h e 
solvents used were the deutero derivatives of the solvents needed to 
dissolve the compounds be ing studied. Tetramethyls i lane was the inter 
n a l s tandard. 

Mass Spectra. M a s s spectra were obta ined w i t h a n Α Ε Ι M S - 9 0 2 mass 
spectrometer operat ing at ca. 8 or 70 e V . 

Electrochemistry. C o n v e n t i o n a l po larography a n d cyc l i c v o l t a m -
metry were per formed w i t h an Ind iana Instrument a n d C h e m i c a l m o d e l 
O R N L - 1 9 8 8 A contro l led-potent ia l a n d der ivat ive voltammeter . C u r r e n t -
potent ia l curves were recorded on a H e w l e t t - P a c k a r d / M o s e l e y X - Y 
recorder. A l l measurements were made i n acetonitri le i n a v a c u u m 
atmospheres glove box under n i trogen w i t h t e t ra -n -buty lammonium 
tetrafluoroborate as suppor t ing electrolyte. E x p e r i m e n t a l runs w e r e 
made us ing a three-compartment Η-type po larographic ce l l . A ro tat ing 
p l a t i n u m w i r e served as the w o r k i n g electrode, a n d the reference elec
trode was a chlor ide-coated si lver w i r e ( + 0 . 3 0 V vs. A g / A g + , 0 . 1 M ) . 
F o r contro l led potent ia l electrolysis, a B r i n k m a n - W e n k i n g m o d e l 6 8 F F 
0.5 e lectronic potentiostate was used. 
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Synthesis o f L i g a n d s . T E T R A D E N T A T E L I G A N D S . T h e Hgands 1,4,8,11-
tetrathiacyclotetradecane( T T P ) a n d 13 ,14 -benzo - l , 4 ,8 , l l - t e t ra th iacyc lo -
p e n t a d e c a n e ( T T X ) were synthesized as reported prev ious ly ( 4 ) . 

1 , 1 , 1 - T R I S ( M E T H Y L T H I O M E T H Y L ) E T H A N E . I n 500 m l of e thanol under 
ni trogen was dissolved 6.9 g ( 0.3 mole ) freshly cut s od ium metal . M e t h y l 
mercaptan ( Matheson ) was b u b b l e d into the solut ion u n t i l no more gas 
seemed to dissolve (ca. 45 m i n . ) . T h e resu l t ing so lut ion was heated to 
reflux, a n d 31 g (0.1 mole ) l , l , l - t r i s ( b r o m o m e t h y l ) e t h a n e p r e p a r e d b y 
the von D o e r i n g a n d L e v y method (6) was a d d e d dropwise . T h e mixture 
was refluxed an add i t i ona l 2 hrs, then cooled a n d filtered. T h e solvent was 
removed , l eav ing a colorless l i q u i d w h i c h was d i s t i l l ed ( b p 9 3 - 9 5 ° C / 0 . 5 
m m ) to y i e l d 15 .6g of the des ired product ( 7 4 % ) . A n a l , ca l cd for 
C 8 H 1 8 S 3 : C 45.66, H 8.62, S 45.72; f o u n d : C 45.62, M 8.61, S 45.60. T h e 
mass spectrum has a parent peak m/e = 210 (theor., 210) . T h e N M R 
spectrum has singlets at τ = 8.90 (area = 3 ) , τ = 7.85 (area = 9 ) , a n d 
T = 7.33 (area = 6 ) . 

2 , 6 - D I T H I A H E P T A N E . T h i s c o m p o u n d was prev ious ly prepared b y a n 
other method ( 7 ) . I n 500 m l ethanol under ni trogen was dissolved 13.8 g 
( 0 . 6 m o l e ) freshly cut sod ium metal . T o this solut ion, 3 2 . 4 g ( 0 . 3 m o l e ) 
1,3-propanedithiol ( A l d r i c h ) was added dropwise d u r i n g 10 m i n , a n d 
the mixture was heated to reflux for 30 m i n . T h e resul t ing solut ion was 
cooled to room temperature, a n d 85.1 g (0.6 mo le ) m e t h y l i od ide ( B a k e r ) 
was a d d e d dropwise d u r i n g 20 m i n . T h e mixture was then heated to 
reflux a n d was refluxed 12 hrs. A f t e r coo l ing to room temperature, the 
ethanol was removed on a flash evaporator. T h e resul t ing o i l was filtered 
to remove the sod ium iod ide , a n d i t was then d i s t i l l ed ( b p 7 7 - 7 8 ° C / 0 . 5 
m m ) to y i e l d 20.0 g of the desired product ( 4 9 % ). T h e mass spectrum 
has a parent peak at m/e = 136 (theor. , 136) . T h e N M R spectrum has a 
quintet at τ = 8.90 (area = 2 ) , a singlet at τ = 7.90 (area = 6 ) , a n d a 
tr ip let at τ = 7.42 ( area = 4 ). 

T R I C H L O R O [ 1 ,1 ,1 - T R I S ( M E T H Y L T H I O M E T H Y L ) E T H A N E ] R H O D I U M ( I I I ) . 
O n e gram of R h C l 3 · 3 H 2 0 dissolved i n 100 m l hot ethanol was a d d e d 
dropwise for 1 hr to a r a p i d l y ref luxing so lut ion of 2 g 1 , l , l - t r i s ( m e t h y l 
t h i o m e t h y l ) ethane i n 300 m l ethanol . B y the e n d of this t ime, the produc t 
h a d begun to prec ip i tate as a l ight y e l l o w powder . A p p r o x i m a t e l y 200 m l 
ethanol was removed on a flash evaporator, a n d d i e t h y l ether was a d d e d 
to complete prec ip i tat ion of the product . T h e product was co l lected on a 
filter fr i t , washed w i t h d i e t h y l ether, a n d d r i e d i n a v a c u u m oven over
n ight at 60°C . T h e molar conductance ( C H 8 N 0 2 ) is 11 c m 2 / o h m mole 
w h i c h is ind icat ive of a nonelectrolyte. T h e complex is spar ing ly soluble 
i n methanol , ethanol , acetonitri le , a n d nitromethane. 

trans-DiCHLORoms ( 2 , 6 - D I T H I A H E P T A N E ) R H O D I U M ( I I I ) C H L O R I D E . A 
hot ethanol ic solut ion of 1 g R h C l 3 · 3 H 2 0 was added dropwise d u r i n g 
1 hr to a ref luxing solution of 1.5 g 2,6-dïthiaheptane i n 200 m l ethanol . 
T h e resul t ing br ight orange so lut ion was concentrated to approx imate ly 
30 m l ; c o ld d i e t h y l ether was then a d d e d u n t i l the solut ion became 
c loudy. A f t e r storage overnight i n the refrigerator at 0 ° C , b r i ght orange 
crystals of the complex were obtained. T h e product was col lected, 
washed w i t h d i e t h y l ether, a n d d r i e d i n a v a c u u m desiccator at r o o m 
temperature. Crysta ls of the complex contain water as was demonstrated 
b y the strong O H - O H stretching b a n d i n the I R spectrum. 
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362 I N O R G A N I C C O M P O U N D S W I T H U N U S U A L P R O P E R T I E S 

ffYZnS-DlCHLOROBIS ( 2,5-DITHIAHEXANE ) RHODIUM ( I I I ) CHLORIDE, [ R H -

( D T H ) 2 C L 2 ] C L . T h i s complex was prepared b y the W a l t o n m e t h o d ( J ) 
b y a d d i n g excess 2,5-dithiahexane ( K a n d K ) to a ref luxing so lut ion of 
R h C l , { · 3 H . O . T h e i n i t i a l y e l l o w prec ip i tate of the d imer dissolved leav
i n g a br ight ye l l ow solution f rom w h i c h the br ight y e l l o w produc t was 
isolated by flashing off the ethanol a n d i n d u c i n g crysta l l i zat ion b y a d d i n g 
d i e t h y l ether. T h e I R spectrum of the product is i dent i ca l to that 
descr ibed b y W a l t o n . 

P R E P A R A T I O N O F T H E R H O D I U M ( I ) C O M P L E X E S O F 1 , 4 , 8 , 1 1 - T E T R A T H I A -

C Y C L O T E T R A D E C A N E . A so lut ion of 0.5 g [ R h ( T T P ) C l 2 ] C l i n 50 m l d r i e d , 
deaerated methano l was prepared i n an inert atmosphere glove box or 
under a purge of nitrogen. T o this solution was a d d e d 0.25 g (excess) 
sod ium borohydr ide dissolved i n ~ 5 m l methanol . T h e solution t u r n e d 
immed ia te ly f rom br ight ye l l ow to redd ish gold . A solution of 2 - 3 g 
(excess) of the appropr iate salt ( L i C 1 0 4 , L i B F 4 , N H 4 P F G , N H 4 I , 
N H 4 S C N or L i B r ) d issolved i n methano l was then added . W i t h C 1 0 4 " , 
B F 4 " , P F e " , and Γ, br ight golden crystals of the complex f o rmed ; for the 
S C N " a n d B r " derivatives , the vo lume was reduced to about 15 m l a n d 
crysta l l i zat ion was i n d u c e d b y the add i t i on of d i e t h y l ether. T h e product 
was col lected on a filter f r i t ; it was washed w i t h a smal l amount of dry , 
peroxide-free, deaerated d i e t h y l ether a n d d r i e d b y p u m p i n g on a 
v a c u u m l ine i n the glove box. 

( 1 3 , 1 4 - B E N Z O - 1 , 4 , 8 , 1 1 - T E T R A T H I A C Y C L O P E N T A D E C A N E ) R H O D I U M ( I ) 

H E X A F L U O R O P H O S P H A T E , [ R H ( T T X ) ] P F 0 . T O a so lut ion of 0.5 g [ R h -
( T T X ) C 1 2 ] C 1 · 3 . 5 H . O i n 50 m l dry , deaerated methano l was a d d e d 
0.15 g sod ium borohydr ide dissolved i n 5 m l methanol . Excess ( 2 - 3 g ) 
N H 4 P F G d issolved i n 10 m l methanol was then added to the go ld solution. 
T h e brown-go ld product crysta l l i zed out of solution a n d was co l lected on 
a filter fr i t a n d d r i e d on a v a c u u m l ine in the glove box. 

R e a c t i o n of [ R h ( T T P ) ] + w i t h S m a l l C o va lent Molecules . S U L F U R 

D I O X I D E ( 1 , 4 , 8 , 1 1 - T E T R A T H I A C Y C L O T E T R A D E C A N E ) R H O D I U M ( I ) P E R C H L O -

R A T E , [ R h ( T T P ) S 0 2 ] C 1 0 4 . T o a so lut ion of 0.3 g [ R h ( T T P ) C l 2 ] C l i n 
30 m l methanol , 0.15 g sod ium borohydr ide i n 5 m l methano l was a d d e d 
under a ni trogen purge to g ive a go ld solution conta in ing [ R h ( T T P ) ] + . 
Sul fur d ioxide ( C . P . M a t h e s o n ) was then b u b b l e d through the solution 
together w i t h the nitrogen purge for 3 -5 m i n . T o the resul t ing br ight 
y e l l o w solution was then added 2 g L i C 1 0 4 d issolved i n 10 m l methanol . 
T h e br ight y e l l o w so l id w h i c h f o rmed immedia te ly was co l lected on a 
filter fr it under ni trogen a n d d r i e d i n a v a c u u m desiccator at room 
temperature. 

R E A C T I O N O F [ R H ( T T P ) ] + W I T H O X Y G E N . A solut ion of [ R h ( T T P ) ] 
i n methano l was prepared as descr ibed above b y the reduct ion of [ R h -
( T T P ) C 1 2 ] C 1 i n methano l w i t h sod ium borohydr ide . U p o n exposure to 
a ir for 3 - 5 m i n , the go ld solut ion turned deep b lue in i t i a l l y , a n d then i t 
r a p i d l y became deep red -brown . A t this point , L i C 1 0 4 d isso lved i n 
methano l was added to prec ip i tate the product w h i c h was obta ined as a 
b r o w n amorphous sol id . T h e molar conductance ( C H 3 N O 0 ) is 83 c m 2 / 
o h m mole. 

T E T R A C Y A N O E T H Y L E N E ( 1 , 4 , 8 , 1 1 - T E T R A T H I A C Y C L O T E T R A D E C A N E ) R H O -

D I U M ( I ) H E X A F L U O R O P H O S P H A T E , [ R H ( T T P ) C 6 N 4 ] P F 6 . T O a so lut ion of 
0.35 g [ R h ( T T P ) ] P F e i n 50 m l of acetonitri le was a d d e d 0.1 g tetra-
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29. L E M K E E T A L . Macrocyclic Tetradentate Thioethers 3 6 3 

cyanoethylene ( A l d r i c h ) dissolved i n 1 0 m l ocetonitri le . T h e solut ion 
turned immed ia te ly f r om g o l d to b r i ght orange-yel low, a n d a b r ight 
orange-yel low so l id began f o rming . T h e vo lume of the solut ion was 
reduced to 2 0 m l to complete prec ip i ta t ion of the product w h i c h was 
col lected, washed w i t h d i e t h y l ether, a n d d r i e d . 

B O R O N T R I P L U O R I D E ( 1 , 4 , 8 , 1 1 - T E T R A T H I A C Y C L O T E T R A D E C A N E ) R H O D I U M ( I ) 

H E X A F L U O R O P H O S P H A T E , [ B F 3 R h ( T T P ) ] P F 6 · C H 3 C N . T o a so lut ion of 
0 . 3 g [ R h ( T T P ) ] P F 6 i n 4 0 m l acetonitr i le was a d d e d 0 . 1 5 m l f reshly 
d i s t i l l ed a n d deaerated boron tr i f luoride etherate ( B a k e r ) . A s the so lu
t ion was st irred 5 m i n , its color changed f rom go ld to pale ye l l ow. W h e n 
the vo lume was reduced to 1 5 m l , a pale y e l l o w so l id began prec ip i ta t ing , 
a n d smal l amounts of d i e thy l ether were added for 1 0 - 1 5 m i n to complete 
prec ip i tat ion . T h e product was isolated as a l ight y e l l o w amorphous 
powder . 

N I T R O S Y L ( 1 , 4 , 8 , 1 1 - T E T R A T H I A C Y C L O T E T R A D E C A N E ) R H O D I U M ( I I I ) T E T R A -

F L U O R O B O R A T E , [ R h ( T T P ) N O ] ( B F 4 ) 2 . T o a so lut ion of 0 . 2 5 g [ R h ( T T P ) ] -
B F 4 i n 4 0 m l acetonitr i le , a solut ion of 0 . 1 g (excess) n i t roson ium tetra-
fluoroborate ( A l d r i c h ) dissolved i n 5 m l acetonitr i le was a d d e d d r o p -
wise. D u r i n g the add i t i on , the solut ion turned f rom the go lden color of 
[ R h ( T T P ) ] + to a br ight green. T h e v o l u m e of the solut ion was then 
reduced to approx imate ly 1 0 - 1 5 m l , a n d smal l al iquots of d i e t h y l ether 
were a d d e d for 3 0 m i n . T h e br ight green microcrysta l l ine product was 
col lected, washed w i t h d i e t h y l ether, a n d d r i e d b y p u m p i n g on a v a c u u m 
l ine . 

A C E T Y L C H L O R O ( 1 , 4 , 8 , 1 1 - T E T R A T H I A C Y C L O T E T R A D E C A N E ) R H O D I U M ( I I I ) 
H E X A F L U O R O P H O S P H A T E , [ C H 3 C O ) R h ( T T P ) C l ] P F 6 . T o a so lut ion of 0 . 3 

g [ R h ( T T P ) ] P F G i n 5 0 m l acetonitri le was added 0 . 1 m l ( 0 . 0 9 g ) acety l 
ch lor ide ( M a l l i n c k r o d t ) (excess) . T h e solut ion turned immedia te ly 
f r o m go ld to pale ye l l ow. T h e procedure descr ibed above was used to 
isolate a pale ye l l ow microcrysta l l ine so l id . 

I O D O M E T H Y L ( 1 , 4 , 8 , 1 1 - T E T R A T H I A C Y C L O T E T R A D E C A N E ) R H O D I U M ( I I I ) 
P E R C H L O R A T E , [ C H 8 R h ( T T P ) I ] C 1 0 4 . T h e a d d i t i o n of 0 . 1 5 g s od ium 
b o r o h y d r i d e i n 5 m l methano l to a solut ion of 0 . 3 g [ R h ( T T P ) C l 2 ] C l i n 
4 0 m l under nitrogen gave a go ld solution containing [ R h ( T T P ) ] + W h e n 
2 m l (excess) freshly d i s t i l l ed m e t h y l i od ide ( B a k e r ) was added , the 
solut ion became ye l l owish go ld ; the add i t i on of 2 g L i C 1 0 4 d issolved i n 
1 0 m l methanol c l ouded the solution. As the vo lume was reduced , the 
product crysta l l i zed out as a ye l l owish go ld so l id ; i t was col lected on a 
filter f r i t a n d d r i e d i n a v a c u u m desiccator at r oom temperature. 

H Y D R I D O ( 1 , 4 , 8 , 1 1 - T E T R A T H I A C Y C L O T E T R A D E C A N E ) R H O D I U M ( I I I ) T E T R A -

F L U O R O B O R A T E , [ H R h ( T T P ) ] ( B R 4 ) o . T o a so lut ion of 0 . 3 5 g [ R h -
( T T P ) ] B F 4 i n 4 0 m l nitromethane was a d d e d 0 . 2 m l 4 8 % aqueous H B F 4 

( A l f a ) f r om a fresh sample. T h e solution turned s l owly f rom go ld to 
greenish ye l l ow ; its vo lume was reduced to 1 0 m l , a n d s m a l l amounts of 
benzene were a d d e d for 1 5 m i n to induce crysta l l i zat ion . T h e produc t 
was isolated as a greenish ye l l ow microcrysta l l ine so l id . T h e I R spectrum 
( N u j o l ) has a weak b a n d at 2 2 2 0 c m " 1 w h i c h is assigned to the R h - H 
stretching frequency. T h e molor conductance ( C H 3 C N ) is 2 7 9 c m 2 / o h m 
mole. ( N o t e : w h e n aqueous H B F 4 of indeterminate age was used, i l l -
defined products were obta ined w h i c h m a y have resulted f r o m the 
ox idat ion of the r h o d i u m ( I ) b y contaminants such as H F ) . 
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3 6 4 I N O R G A N I C C O M P O U N D S W I T H U N U S U A L P R O P E R T I E S 

Œ - A L L Y L C H L O R O - ( O R B R O M O ) - ( 1 , 4 , 8 , 1 1 - T E T R A T H I A C Y C L O T E T R A D E C A N E ) -

R H O D I U M ( I I I ) H E X A F L U O R O P H O S P H A T E , [ ( a - C 3 H 5 ) R h ( T T P ) C l ] P F 6 . T o 
a solut ion of 0 . 4 g [ R h ( T T P ) ] P F 6 i n 5 0 m l acetonitri le was a d d e d 0 . 1 m l 
a l l y l ch lor ide ( or a l l y l b romide ). T h e solut ion turned immed ia te ly f r o m 
g o l d to a very pale ye l l ow. T h e vo lume was reduced to 1 5 m l , a n d smal l 
amounts of d i e t h y l ether were a d d e d for 1 5 m i n . T h e produc t was 
obta ined as an off-white p o w d e r w h i c h c o u l d be recrysta l l i zed f r o m 
acetoni tr i le -e ther solutions. 

t rans-DiCHLORO ( 1 , 4 , 8 , 1 1 - T E T R A T H I A C Y C L O T E T R A D E C A N E ) R H O D I U M ( I I I ) 

H E X A F L U O R O P H O S P H A T E , [ R h ( T T P ) C l 2 ] P F 6 . A n excess of a saturated 
solut ion of ch lor ine i n acetonitri le was added to a solution of 0 . 3 5 g 
[ R h ( T T P ) ] P F 6 i n 5 0 m l acetonitri le . A s the solution was st irred at r oom 
temperature for 4 5 m i n , its color changed f rom go ld to br ight ye l l ow. 
T h e excess ch lor ine was removed b y p u m p i n g on a v a c u u m l ine , a n d the 
vo lume of the solution was reduced to 1 5 m l . B r i g h t y e l l o w microcrystals 
of the product f o rmed w h e n d i e thy l ether was added s lowly . T h e product 
was col lected, washed w i t h d i e t h y l ether, a n d d r i e d b y p u m p i n g on a 
v a c u u m line. 

B E N Z O Y L C H L O R O ( 1 , 4 , 8 , 1 1 - T E T R A T H I A C Y C L O T E T R A D E C A N E ) R H O D I U M ( I I I ) 

H E X A F L U O R O P H O S P H A T E , [ C 6 H 5 C O ) R h ( T T P ) C l ] P F 6 . F r e s h l y d i s t i l l ed 
benzoy l ch lor ide ( B a k e r ) ( 0 . 1 m l , 0 . 1 1 g ) was added dropwise to a so lu 
t ion of 0 . 3 g [ R h ( T T P ) ] P F 6 i n 5 0 m l acetonitri le . A s the solut ion was 
st irred for 5 m i n , its color changed f rom go ld to pale ye l l ow. A f t e r the 
vo lume was reduced to 1 5 m l , smal l amounts of d i e t h y l ether were a d d e d 
to crystal l ize the product . T h e product was obta ined as a pale y e l l o w 
amorphous p o w d e r w h i c h c o u l d be recrysta l l i zed f rom acetonitri le b y 
the s low add i t i on of d i e t h y l ether. 

tfatis-DiiOOO ( 1 , 4 , 8 , 1 1 - T E T R A T H I A C Y C L O T E T R A D E C A N E ) R H O D I U M ( I I I ) 

H E X A F L U O R O P H O S P H A T E , [ R h ( T T P ) I 2 ] P F e . T o a so lut ion of 0 . 4 g [ R h -
( T T P ) ] P F 6 i n 4 0 m l acetonitr i le was a d d e d 0 . 1 g i od ine dissolved i n 
1 0 m l acetonitri le . T h e solution was st irred 6 hrs at room temperature 
w h i l e its color turned gradua l ly f rom go ld to br ight orange. R e d u c i n g the 
vo lume of the solution to 1 0 - 1 5 m l a n d a d d i n g smal l al iquots of d i e t h y l 
ether for 3 0 m i n gave br ight orange crystals of the desired product . 
T h e product was col lected, washed w i t h d i e t h y l ether, a n d d r i e d as 
descr ibed previously . 

B E N Z Y L B R O M O ( 1 , 4 , 8 , 1 1 - T E T R A T H I A C Y C L O T E T R A D E C A N E ) R H O D I U M ( I I I ) 

H E X A F L U O R O P H O S P H A T E , [ C 6 H 5 C H 2 R h ( T T P ) B r ] P F e . B e n z y l b r o m i d e 
( 0 . 1 1 m l , 0 . 1 5 g ) was a d d e d dropwise to a so lut ion of 0 . 3 5 g [ R h ( T T P ) ] -
P F 6 i n 4 0 m l acetonitri le . T h e color of the solut ion changed immed ia te ly 
f rom go ld to b r ight ye l low. R e d u c i n g the vo lume to 1 0 m l a n d s l owly 
a d d i n g smal l portions of d i e t h y l ether y i e l d e d br ight y e l l o w crystals of 
the desired complex w h i c h were col lected, washed w i t h d i e t h y l ether, 
a n d d r i e d as descr ibed previously . 

R E A C T I O N O F [ R h ( T T P ) P F 6 W I T H C H 3 S 0 2 C 1 . M e t h a n e su l fony l 
ch lor ide ( B a k e r ) was freshly d i s t i l l ed before use. T o a solution of 0 . 3 g 
[ R h ( T T P ) ] P F e i n 5 0 m l acetonitr i le was a d d e d 0 . 2 m l C H 3 S 0 2 C 1 . T h e 
color of the solut ion changed immedia te ly f rom go ld to a very deep red . 
T h e vo lume was reduced to 1 0 m l , a n d smal l amounts of benzene were 
a d d e d u n t i l the solution became c loudy. W h e n the solut ion was a l l o w e d 
to sit 2 0 m i n , a sma l l amount of a dark r e d - b r o w n p o w d e r formed. T h e 
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29. L E M K E E T A L . Macrocyclic Tetradentate Thioethers 365 

p o w d e r was col lected, washed w i t h benzene, a n d d r i e d on a v a c u u m 
l ine . T h e I R spectrum of the powder has no bands attr ibutable to the 
S 0 2 group. T h e E S R spectrum of the i n i t i a l deep r e d solut ion indicates 
no paramagnet ic species. Analys i s of the produc t is most consistent w i t h 
a d i c h l o r o - r h o d i u m ( I I I ) complex. A n a l . : ca l cd for [ R h ( C i 0 H 2 o S 4 ) C l 2 ] -
P F 6 C H 3 C N : C 22.93, H 3.68, S 20.41, R h 16.38; f o u n d : C 22.85, H 3.94, 
S 20.56, R h 16.38. 

R E A C T I O N O F [ R h ( T T P ) ] + W I T H H 2 . H y d r o g e n ( C . P . B u r d e t t ) was 
b u b b l e d v igorou ly through a solut ion of 0.45 g [ R h ( T T P ) ] P F 6 i n 50 m l 
acetonitr i le for 30 m i n ; there was no color change. T h e I R spectrum of 
the solution has no bands that are attr ibutable to a R h - H stretching 
frequency. W h e n hydrogen was b u b b l e d through a solut ion of [ R h -
( T T P ) ] P F 6 for 4 - 5 hrs, the color gradual ly became b l u i s h because of the 
formation of the R h ( I I ) species, [ R h ( T T P ) ] + 2 , p resumably as the result 
of traces of oxygen impuri t ies i n the hydrogen . T h i s react ion was not 
invest igated further. T h e R h ( I I ) species are the subject of a separate 
report. 

C A T A L Y T I C E X P E R I M E N T S W I T H [ R h ( T T P ) ] + . A n attempt was m a d e 
to catalyze the hydrogénation of male ic a c id w i t h [ R h ( T T P ) ] B F 4 u s i n g 
reported ( l i terature ) conditions. A solut ion of 0.171 g [ R h ( T T P ) ] B F 4 

(0 .0075M) a n d 0.290 g male ic a c i d ( 0 . 0 5 M ) i n 50 m l d imethy lacetamide 
was heated to 60 ° C , a n d then hydrogen was b u b b l e d v igorously t h r o u g h 
the solut ion 1 hr at either 60° or ca. 25 °C . D u r i n g this t ime , no color 
change was observed. T h e vo lume was reduced to 10 m l b y d i s t i l l i n g off 
the D M A , a n d an N M R spectrum was obta ined ; no traces of succ in ic 
a c i d are detected i n the N M R spectrum. 

Results and Discussion 

F o r m a t i o n a n d C h a r a c t e r i z a t i o n of the R h ( I ) Complexes . T h e ex
treme difference between the behavior of macrocyc l i c l i g a n d derivatives 
[ R h ( T T P ) C l 2 ] C l a n d [ R h ( T T X ) C l 2 ] C l a n d that of r h o d i u m complexes 
conta in ing acyc l i c chelate l igands deserves add i t i ona l emphasis. W e con
firmed Wal ton ' s observations that both chemica l ( s o d i u m b o r o h y d r i d e ) 
a n d e lectrochemical reduct ion of [ R h ( D T H ) 2 C l 2 ] C l i n v a r i a b l y leads to 
mixtures of the free l i g a n d , some co l l o ida l r h o d i u m meta l , a n d an u n 
ident i f ied dark b r o w n species. T o obviate the poss ib i l i ty that the ethylene 
br idge i n D T H provides too smal l a bite for r h o d i u m , thereby p r o d u c i n g 
on ly weak chelat ion, s imi lar experiments were conducted w i t h C H 3 S C H 2 -
C H 2 C H 2 S C H 3 . H o w e v e r , the reduct ion of the corresponding R h ( I I I ) 
complex w i t h sod ium borohydr ide i n methano l immed ia te ly p r o d u c e d a 
b lack prec ip i tate of r h o d i u m meta l a n d free l i gand . T h e result was the 
same w h e n reduct ion was attempted w i t h [ R h { l , l , l - t r i s ( m e t h y l t h i o -
m e t h y l ) e t h a n e } C l 3 ] . I n contrast, [ R h ( T T P ) C l 2 ] C l a n d [ R h ( T T X ) C l 2 ] -
C l can be reduced either e lectrochemical ly or chemica l ly ( s o d i u m boro 
h y d r i d e ) , f o r m i n g the r h o d i u m ( I ) species R h ( T T P ) + a n d R h ( T T X ) + , 
respectively. W i t h the macrocyc l i c l i g a n d derivatives, w e conc lude that 
the k inet i c inertness t o w a r d subst i tut ion of the R h - S bonds that derives 
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T a b l e I . E l e m e n t a l Ana lyses 

Calcd, % 

Complex 

[ R h ( C 8 H 1 8 S 3 ) C l 3 ] 
[ R h ( C 5 H 1 2 S 2 ) 2 C l 2 ] C l · 2 . 5 H 2 0 
[ R h ( T T P ) ] C 1 0 4 

[ R h ( T T P ) ] B F 4 

[ R h ( T T P ) ] P F 6 

[ R h ( T T P ) ] I 
[ R h ( T T P ) ] S C N 
[ R h ( T T P ) ] B r 
[ R h ( T T X ) ] P F 6 

[ R h ( T T P ) S 0 , ] C 1 0 4 

[ R h ( T T P ) 0 , ] C 1 0 4 

[ R h ( T T P ) C « N 4 ] P F 0 

[ B F 3 R h ( T T P ) ] P F e · C H 3 C N 
[ R h ( T T P ) N O ] ( B F 4 ) , 
[ ( C H 3 C O ) R h ( T T P ) C l ] P F C 

[ C H . , R l i ( T T P ) I ] C 1 0 4 

[ H R h ( T T P ) ] i B F 4 ) 2 

[ C 3 H - ( R h ( T T P ) B r ] P F 0 

[ C : ( H , , R l i ( T T P ) C l ] P F 6 

[ R h ( T T P ) C l 2 ] P F „ 
[ C e H , C H , R h ( T T P ) B r ] P F e 

[ C ( ! H , C O R h ( T T P ) C l ] PF« 
[ R h ( T T P ) I 2 ] P F 0 

f r om the structure of the l i g a n d ( δ , 9 ) is responsible for the fact that 
these R h ( I ) complexes can be isolated. 

Synthesis of the r h o d i u m ( I ) complexes of T T P a n d T T X is not as 
s tra ight forward as, for example , that of the R h ( I ) complexes of phos 
phines. Subst i tut ion reactions, such as the ref luxing of [ R h ( 1,5-cyclo-
o c t a d i e n e ) 2 C l ] 2 w i t h T T P , general ly fa i l ed . A l s o the R h ( I I I ) i n R h C l 3 · 
3 H 2 0 is not s imultaneously reduced a n d chelated b y T T P ( J O ) . T h e only 
successful routes that we f ound invo lve the reduct ion of the prev ious ly 
character ized R h ( I I I ) complexes. V o l t a m m e t r y i n acetonitr i le solution 
o n [ R h ( T T P ) C l 2 ] C l showed a single cathodic process at - 0 . 7 2 V (vs. 
A g V A g C l ) w h i c h represents a two-electron reduct ion . S m a l l samples of 
the R h ( I ) salt were prepared b y electrolysis, but reduct ion w i t h s o d i u m 
borohydr ide i n methano l was used to prepare most of the salts reported 
here. 

T h e add i t i on of various salts to the reduced solutions l e d to iso lat ion 
of the series of compounds R h ( T T P ) X (where X = B ( C 6 H 5 ) 4 - P F e " , 
C 1 0 4 - , B r " , Γ, a n d S C N " ) a n d R h ( T T X ) P F 6 . E l e m e n t a l analyses are 
repor ted i n T a b l e I . T h e molar conductances are a l l consistent w i t h 

c Η S Χ 

22.89 4.32 22.92 
22.79 5.17 24.35 
25.51 4.28 27.24 7.53 ( C l ) 

26.21 4.40 27.99 
23.26 3.90 24.84 
24.10 4.05 25.74 25.47(1) 
30.76 4.69 37.33 
26.61 4.47 28.42 
31.14 3.83 22.17 
22.45 3.77 29.97 17.95(0) 
23.83 4.01 25.50 19.09(0) 
29.83 3.13 19.90 8.70 (Ν) 
23.05 3.71 20.51 
20.88 3.51 22.30 2.43 (Ν) 
24.23 3.90 21.56 5.96 (C l ) 
21.56 3.78 20.93 
22.00 3.88 23.49 18.85 ( R h ) 
24.50 3.95 20.12 12.54 ( B r ) 
26.24 4.37 21.56 5.96 ( C l ) 
20.44 3.43 21.84 12.07 ( C l ) 
29.70 3.96 18.66 11.62(Br) 
31.08 3.84 19.52 5.40(C1) 
15.59 2.62 16.65 32.96(1) 
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29. L E M K E E T A L . Macrocyclic Tetradentate Thioethers 367 

of the N e w R h o d i u m Complexes 

Found, % 

c H S X Yield, % 

22.86 4.24 22.46 76 
22.87 4.80 24.39 68 

a) 25.40 4.24 27.16 60 
b) 25.35 4.19 26.99 7.55 ( C l ) 

25.98 4.20 27.89 55 
23.18 3.95 24.57 65 
23.85 3.86 25.52 25.35(1) 42 
30.83 4.75 36.97 31 
26.11 4.32 27.99 30 
30.88 3.79 21.95 51 
22.38 3.74 30.91 17.84(0) 63 
23.39 3.93 24.31 20.21(0) 
30.03 2.96 20.05 8.81 ( N ) 71 
23.39 4.08 20.70 55 
20.51 3.59 22.39 2 .27(N) 
24.14 3.72 21.63 5.99 ( C l ) 
21.35 3.54 21.58 
21.97 3.77 23.32 19.09 (Rh) 
24.49 3.98 20.07 12.59 ( B r ) 
26.51 4.53 22.42 5.95 (C l ) 
20.41 3.36 21.63 1 1 . 9 9 ( d ) 
29.66 3.94 18.52 11.69(Br) 
31.76 3.97 19.80 5.36 ( C l ) 
15.46 2.54 16.55 33.24(1) 

f o rmulat i on as un i -un iva lent electrolytes ( T a b l e I I ) (11, 12). T h e I R 
spectra of the salts [ R h ( T T P ) ] X a n d [ R h ( T T X ) ] P F 6 resemble those of 
the R h ( I I I ) complexes ( 4 ) , w h i c h confirms the presence of the essentially 
unal tered l i gand . T h e m a i n variat ions are attr ibutable to the different 
anions present a n d to the fact that the anions remain uncoord inated . 
U n c o o r d i n a t e d B F 4 " has strong bands at 1060 a n d 520 c m - 1 , C 1 0 4 " at 1086 
a n d 620 cm" 1 , a n d P F 6 " at 850 a n d 555 c m - 1 . T h e spectrum of [ R h -
( T T P ) ] S C N shows VCN at 2040 c m " 1 w h i c h is near that for K S C N (2053 

T a b l e I I . M o l a r Conductances of the R h ( I ) Complexes 
Complex Solvent \M> cm2/ohm mole 

[ R h ( T T P ) ] [ B ( C 6 H 5 ) 4 ] C H 3 N 0 2 86 
[ R h ( T T P ) ] B F 4 C H 3 C N 135 
[ R h ( T T P ) ] P F 6 C H 3 C N 140 
[ R h ( T T P ) ] C 1 0 4 C H 3 C N 147 
[ R h ( T T P ) ] B r C H 3 C N 132 
[ R h ( T T P ) ] I C H 3 C N 130 
[ R h ( T T P ) ] S C N C H 3 C N 165 
[ R h ( T T X ) ] P F 6 C H 3 C N 150 
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cm" 1 ) a n d farther i n frequency f r om N - b o n d e d N C S ( ~ 2065-2100 cm" 1 ) 
a n d S-bonded N C S ( — 2 1 0 0 - 2 1 2 7 c m " 1 ) . T h i s supports the conc lus ion 
that R h ( T T P ) + does not tend to expand its coord inat ion n u m b e r to five 
b y coord inat ing to its counter i on . 

T h e electronic spectra of the R h ( I ) complexes are l is ted i n T a b l e I I I 
together w i t h those of two phosphine complexes. A c c o r d i n g to the inter 
pretations of G r a y a n d co-workers ( 1 3 ) , the pert inent order ing of energy 

T a b l e I I I . E l e c t r o n i c Spectra of Some S q u a r e - P l a n a r 
R h o d i u m (I ) Complexes 

Complex Solvent \max, nm c 

[ R h ( T T P ) ] P F 6 C H 3 C N 355 sh 1077 
318 sh 3736 
293 sh 2418 

[ R h ( T T P ) ] I C H 3 C N 352 sh 985 
315 sh 3360 
292 6512 

[ R h ( T T X ) ] P F 6 C H 3 C N 357 sh 907 
324 sh 3174 
295 6009 

[ R h (2=phos) 2 ] Β ( C 6 H 5 ) 4
 α chlorobenzene 405 6160 

341 6650 
313 10,900 

[Rh(2=phos ) 2 ] C r E P A C 474 250 
405 4900 
341 4900 
309 8400 

[Rh(2-phos)o]Cr E P A 470 150 
405 5150 
314 9300 
296 8400 

a 2 = P hos is c ; s - [ ( C 6 H 5 ) 2 P C H = C H P ( C 6 H 5 ) 2 ] (W. 
ft2-phos is ( C 6 H 5 ) 2 P C H 2 C H 2 P ( C 6 H 5 ) 2 (18). 
C E P A is a 5:5:2 mixture of diethyl ether-isopentane-ethyl alcohol. 

levels is p robab ly b 2 g ( x y ) < eg{xz>yz) < alg{*) < a2^ < blg(%?_y*y a n d the 
g r o u n d state configuration is b2g

2eg
4aïg

2. T h e lowest vacant o rb i ta l is 
α2(1π w h i c h is der ived f rom vacant l i g a n d orbitals w i t h π symmetry. T h u s , 
the spectral bands represent meta l - to - l igand charge transfer, a n d i t is not 
surpr is ing that the lowest energy bands for R h ( T T P ) + occur at energies 
h igher than those for the R h ( I ) phosphine complexes. 

U s i n g a different o rder ing of d levels, V a s k a et al. (14) tentatively 
assigned the first transit ion observed i n the spectrum of [ R h ( 2 = p h o s ) 2 ] -
B ( C 6 H 5 ) 4 at 405 n m as the xy-+ x2 — y2 transit ion. T h e spectra of the 
analogous complexes [ C o ( 2 = p h o s ) 2 ] B ( C 6 H 5 ) 4 a n d [ I r ( 2 = p h o s ) 2 ] B -
( C 6 H 5 ) 4 have this b a n d at 730 a n d 525 n m , respectively. T h i s transi t ion 
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29. L E M K E E T A L . Macrocyclic Tetradentate Thioethers 369 

is e q u a l to 10 D q , a n d thus the energy of the transit ion is a measure of 
the l i g a n d field s tabi l i zat ion energy. Since the react iv i ty of the C o ( I ) , 
R h ( I ) , a n d I r ( I ) complexes t o w a r d oxygen a n d hydrogen decreased as 
the energy of this b a n d increased, V a s k a suggested that a corre lat ion 
exists a n d that the electronic spectra of such square-planar d8 complexes 
m a y a i d i n p r e d i c t i n g their re lated reactivit ies . H o w e v e r , this m o d e l 
w o u l d assign a very h i g h l i g a n d field strength to T T P a n d pred i c t that 
thioether complexes of R h ( I ) w o u l d be more stable a n d less react ive 
t h a n the corresponding phosphine complexes. T h i s is contrary to 
experience. 

Reactivity of R h ( T T P ) + toward Nucleophiles. T h e n e w R h ( I ) 
complexes show no tendency to expand their coordinat ion numbers b y 
a d d i n g L e w i s bases. N i t r o g e n bases, t r i p h e n y l phosphine , carbon monox
ide , a n d ethylene a l l f a i l to react w i t h R h ( T T P ) + . W i t h ethylene, the 
absence of interact ion was conf irmed b y solution I R spectral measure
ments. A l t h o u g h C O a n d C 2 H 4 owe m u c h of their coord inat ing abi l i t ies 
to back bond ing , they must s t i l l be considered to be moderate σ donors. 
T h e fa i lure of e lectron-pair donors to interact w i t h R h ( T T P ) + is a 
reflection of the very great electron density res id ing on the R h ( I ) atom, 
a s tructura l proper ty that is w e l l i l lustrated b y the contrast ing great 
react iv i ty of R h ( T T P ) + t o w a r d electrophiles. 

Reactions of R h ( T T P ) + with Electrophiles. T h e most characterist ic 
react ion of R h ( T T P ) + is its add i t i on to electrophiles. I t combines w i t h 
H + , N O + , B F 3 , SOo, tetracyanoethylene, a n d 0 2 to f o rm a series of w e l l 
character ized products . T h e variations i n react iv i ty t o w a r d such mole 
cules as S 0 2 , 0 2 , a n d B F 3 that is observed among the m a n y k n o w n 
square-planar d8 complexes were at tr ibuted to the f o l l o w i n g factors (15) : 
( a ) the electron affinity of the covalent molecule , ( b ) the nuc l eoph i l i c i ty 
of the meta l i n the complex, a n d ( c ) the ab i l i ty of d orbitals on the m e t a l 
to over lap effectively w i t h suitable orbitals on the electrophile . Molecu les 
such as 0 2 a n d S 0 2 are most appropr iate ly v i e w e d as π acids of cons id 
erable electron affinity, a l though they do have some ab i l i ty to act as 
σ donors, a n d also as L e w i s (σ -bonding) acids. 

Solutions of [ R h ( T T P ) ] P F 6 i n acetonitr i le react read i ly w i t h boron 
tr i f luor ide etherate to give the adduct [ F 3 B R h ( T T P ) ] P F 6 · C H 3 C N 
w h i c h was isolated as a l ight y e l l o w sol id . I n add i t i on to the usual bands 
for [ R h ( T T P ) ] P F G , the I R spectrum of the adduct has bands at 1055 
( s t rong ) , 520 (moderate ) , a n d 2290 c m " 1 ( w e a k ) . T h e bands at 1055 
a n d 520 c m " 1 are consistent w i t h the existence of the F 3 B R h s tructura l 
un i t ( 16 ) . T h e absorpt ion at 2290 c m " 1 is assignable to V O N for C H 3 C N . 
Since this b a n d occurs at 2278 c m " 1 i n pure acetonitri le a n d at l ower 
frequencies among its complexes, the C H 3 C N is assumed to be unco 
ord inated . T h e molar conductance i n acetonitr i le of [ F 3 B R h ( T T P ) ] P F 6 
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is 132 c m 2 / o h m mole w h i c h indicates that the substance is a un i -un iva lent 
electrolyte (11). T h u s the adduct is assigned a five-coordinate structure, 
a n d i t p r o b a b b l y exists as a distorted tetragonal p y r a m i d w i t h the sul fur 
atoms of the T T P f o rming the base a n d the B F 3 group the apex. 

T h e format ion of the stable adduct w i t h the L e w i s a c i d B F 3 estab
l i shed the enhanced basic i ty of the R h ( I ) i n R h ( T T P ) + over that of the 
prev ious ly k n o w n R h ( I ) - p h o s p h i n e complexes. A l t h o u g h [ I r ( P P h 3 ) -
( C O ) C l ] adds B F 3 , the r h o d i u m analog does not (17). A stronger L e w i s 
ac id , e.g. B B r 3 or B C 1 3 , is r equ i red for an observable interact ion w i t h 
[ R h ( P P h 3 ) ( C O ) C l ] (18). Indeed , the only other R h ( I ) complex 
k n o w n to f o rm a stable B F 3 adduct is chloro-bis ( 3 -d iphenylphosphino -
p r o p y l ) p h e n y l p h o s p h i n e r h o d i u m ( I ) (19). T h e enhanced nuc l eoph i l i c i t y 
of the r h o d i u m i n [ R h ( T T P ) ] + is considered as evidence of the poor 
7r-acceptor qualit ies of the sul fur atoms i n the thioether l i g a n d as c o m 
p a r e d w i t h those of the phosphorus atoms i n their s imi lar complexes. 

T h e br ight y e l l o w complex [ R h ( T T P ) S 0 2 ] C 1 0 4 was isolated b y 
b u b b l i n g S 0 2 through a solut ion of R h ( T T P ) + i n methanol , f o l l owed b y 
the add i t i on of L i C 1 0 4 . Its mo lar conductance ( C H 3 N 0 2 ) is 90 c m 2 / o h m 
mole w h i c h indicates that the salt is a un i -un iva lent electrolyte. T h e 
symmetr i c a n d ant isymmetr ic v ib ra t i ona l frequencies for the S-bonded 
l i g a n d i n this complex occur at v 8 y m , 1032 c m " 1 and v a sym 1165 cm" 1 . These 
agree w e l l w i t h those observed for other S-bonded S 0 2 complexes 
(19, 20, 21). T h e L e w i s ac id character of S 0 2 i n its adducts of this class 
is evident i n the x-ray structure of [ I r C l ( S 0 2 ) ( C O ) ( P P h 3 ) 2 ] as deter
m i n e d b y L a P l a c a a n d Ibers (22). It reveals that the S 0 2 l i g a n d is 
b o n d e d to the meta l via the sul fur atom. T h e meta l is coordinated i n a 
tetragonal p y r a m i d a l fashion w i t h the S 0 2 at the apex. T h e geometry 
about the sulfur atom of the S 0 2 is tetrahedral a n d m a y be ascr ibed to 
the donat ion by the meta l of a pa i r of electrons to an approx imate ly sps 

h y b r i d i z e d vacant sul fur orb i ta l . 
Tetracyanoethylene ( T C N E ) is a very strong π a c id so i t is not 

surpr is ing that the add i t i on of T C N E to an acetonitri le so lut ion of 
R h ( T T P ) + leads to the very r a p i d format ion of the orange-yel low adduct 
[( T C N E ) R h ( T T P ) ] \ T h e molar conductance of its P F 6 " salt i n 
C H 3 N 0 2 is 93 c m 2 / o h m mole (un i -un iva lent e lec tro lyte ) , a n d its I R 
spectrum has a sharp b a n d at 2210 c m " 1 w i t h a shoulder at 2195 c m " 1 

that is attr ibutable to the C = N groups of T C N E . There is a s imi lar 
b a n d i n the I R spectrum of [ ( T C N E ) I r ( P P h 3 ) 2 ( C O ) C l ] (23, 24). It 
is again assumed that the e lectrophi l i c l i g a n d binds i n the a p i c a l site i n 
the pseudotetragonal -pyramidal array of donors about the R h ( I ) . 

T h e l i ght green n i t rosy l complex [ R h ( T T P ) N O ] ( B F 4 ) 2 is r ead i l y 
p r e p a r e d b y a d d i n g an acetonitr i le solut ion of N O B F 4 to [ R h ( T T P ) ] B F 4 

disso lved i n acetonitri le . T h e molar conductance of this c o m p o u n d (245 
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29. L E M K E E T A L . Macrocyclic Tetradentate Thioethers 371 

c m 2 / o h m mole i n C H 3 C N ) confirms that i t is a d i -univa lent electrolyte. 
Its I R spectrum has an N O stretching mode at 1750 c m " 1 w h i c h is c o m 
parable to that of other re lated n i t rosy l complexes—e.g. v N o = 1680 c m " 1 

for [ I r C l ( C O ) ( P P h 3 ) 2 ( N O ) ] + ( 25 ) , 1699 c m " 1 for [ R h ( N O ) { P h P -
[ ( C H 2 ) 3 P P h 3 ] 2 } C l ] B F 4 ( 1 9 ) , a n d 1560 c m " 1 for [ I r C l 2 ( N O ) ( P P h 3 ) 2 ] 
( 26 ) . These three compounds a l l have bent M - N - O groupings (26, 27). 
T h e compounds F e ( C O ) 2 ( N O ) 2 ( v N 0 —1810 , 1766) a n d M n ( C O ) ( N O ) 3 

( V N O = 1823, 1734) have l inear M - N - O groupings (28). I t is suggested 
that [ R h ( T P P ) ] + donates an electron pa i r to N O + a n d forms a complex 
i n w h i c h the bent N O group occupies the axia l meta l i on site. 

T h e L e w i s base behavior of R h ( I ) i n R h ( T T P ) + suggests that the 
complex might combine w i t h the proton ; this was demonstrated. T h e 
add i t i on of a 4 8 % aqueous solution of H B F 4 f r om a freshly opened bottle 
to a solution of [ R h ( T T P ) ] B F 4 i n n i tromethane p r o d u c e d the five-
coordinate adduct [ H R h ( T T P ) ] 2 + w h i c h was isolated as the ye l low-green 
tetrafluoroborate salt [ H R h ( T T P ) ] ( B F 4 ) 2 . T h e I R spectrum of the salt 
has a weak b a n d at 2220 c m " 1 w h i c h is assignable to the R h - H stretching 
v ibrat i on . T h e R h - H mode i n [ H R h C l 2 ( P P h 3 ) 3 ] 0 · 5 C H 2 C 1 2 occurs at 
2105 c m " 1 ( 29 ) , that i n [ H R h { P h P [ ( C H L > ) 3 P P h 2 ] 2 } C l 2 ] at 2195 c m " 1 

(19). T h e molar conductance of the protonated mater ia l i n C H 3 C N is 
279 c m 2 / o h m mole w h i c h is ind icat ive of a d i -univa lent electrolyte. 

T h e most w i d e l y s tudied adducts of square-planar d8 complexes are 
those w i t h the oxygen molecule 0 2 (see References 30 a n d 31 for r e v i e w ) . 
I n these derivatives , the two oxygen atoms are b o u n d equiva lent ly to 
the meta l atom, a n d the b o n d i n g scheme is often compared to that p r o 
posed for ethylene adducts. Presumably , the 0 2 donates a pa i r of elec
trons to the bond , but the meta l also donates strongly to the bond . W h e n 
the meta l atom can back donate very strongly, irreversible 0 2 b i n d i n g is 
expected. 

W h e n freshly reduced solutions conta in ing R h ( T T P ) + are exposed 
to air , the bronze -go ld color changes to b r o w n . T h e add i t i on of s od ium 
tetraphenylborate leads to the isolat ion of a b r o w n d iamagnet i c salt w i t h 
the sto ichiometry [ R h ( T T P ) 0 2 ] ( B P h 4 ) . C a r e f u l s tudy of the I R spectra 
of the product a n d re lated materials leads to the assignment of a b a n d 
at 845 c m " 1 to the RhOo group. A s others suggested (32, 3 3 ) , the b a n d 
is p r o b a b l y not pure ly an O - O stretching mode, but rather i t is c o m 
b i n e d w i t h an M - O stretching mot ion . As is true of m a n y of the 0 2 

adducts , [ R h ( T T P ) 0 2 ] + can be reduced back to R h ( T T P ) + ; however , 
the 0 2 is not removed mere ly b y heat ing or l ower ing the p a r t i a l pressure 
of 0 2 . ( I n the course of studies of R h ( I I ) complexes f o rmed w i t h the 
l igands of interest here, w e discovered that R h n ( T T P ) + is f o rmed as an 
intermediate i n the 0 2 ox idat ion of R h ( T T P ) + . S t i l l more remarkab ly , 
R h n ( T T P ) + forms a 1:1 0 2 adduct that is closely analogous to the 
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cobalt ( I I ) adducts w i t h 0 2 . These matters are the subject of a separate 
pub l i ca t i on . ) 

O x i d a t i v e A d d i t i o n React ions of R h ( T T P ) \ T h i s m a t e r i a l is so 
organized that the term oxidat ive add i t i on may be used i n a somewhat 
restr icted sense. Inasmuch as bo th nuc leoph i l i c a n d e lectrophi l i c add i t i on 
were a lready considered, the reactions that were reserved for this section 
on ox idat ive add i t i on invo lve a simultaneous rea l change i n coordinat ion 
n u m b e r f rom four to six a n d a f o r m a l change i n the ox idat ion state of 
R h f r om I to I I I . 

R h ( T T P ) + reacts w i t h a l k y l hal ides , a c y l hal ides , a roy l hal ides , a n d 
su l fony l hal ides, but it shows no evidence of react ion w i t h molecu lar 
hydrogen . These observations further emphasize the fact that R h ( T T P ) + 

is essentially a nuc leophi le a n d it therefore reacts w i t h those reagents 
R X that can ox idat ive ly a d d b y nuc leoph i l i c attack (34 ) . R h ( T T P ) + 

does not react w i t h H 2 , a n d H 2 seems always to a d d to d? complexes via 
a concerted mechanism (35 ) . It appears that R h ( T T P ) + has very l i t t le 
d i r a d i c a l character, i.e. it is not a good analog of a carbene (35 ) . It is 
possible that this unreact iv i ty m a y be associated w i t h the stereochemistry 
of chelat ion b y the macrocyc l i c l i gand . E a r l i e r studies on the oxidative 
add i t i on reactions of R h ( I ) complex w i t h a tetraaza macrocyc le revealed 
that the R h ( I ) h a d strong nuc leoph i l i c properties b u t the act ivat ion of 
molecular H 2 was not reported (36, 37). T h i s poss ib i l i ty is supported b y 
reports that d i a l k y l sulfide complexes of r h o d i u m ch lor ide catalyze the 
hydrogénation of olefins ( 38 ) . 

I n some ways , the simplest a n d least interesting oxidative add i t i on 
reactions are those w i t h halogens. H o w e v e r , there was a rather interest ing 
a n d useful finding i n the react ion of R h ( T T P ) + w i t h C l 2 — t h e product 
was f r a n 5 - R h ( T T P ) C l 2

+ . E a r l i e r studies ( 4 ) , i n w h i c h the R h ( I I I ) 
complexes of T T P were prepared b y subst itut ion reactions, y i e l d e d only 
m - R h ( T T P ) C l 2

+ . T h u s , as the result of two very different preparat ive 
routes, the cis a n d trans isomers are bo th avai lable . T h e N M R spectra 
are second order a n d diff icult to obta in because of so lub i l i ty problems. 
T h e y are sufficiently w e l l resolved to show that the isomers are different 
( F i g u r e 1 ) . T h e fa r - IR a n d electronic spectra of the compounds prov ide 
support for the isomeric s tructural assignments. 

T h e f a r - I R spectrum of d s - [ R h ( T T P ) C l 2 ] P F 6 has two moderate ly 
strong bands at 307 a n d 290 c m " 1 that are assignable to the R h - C l 
stretching vibrat ions pred i c ted for a c i s - d i a c i d o - M L 4 X 2 complex ( 4 ) . 
T h e f a r - I R spectrum of the product obta ined b y ox idat ive add i t i on of 
chlor ine to R h ( T T P ) + has a single strong b a n d at 360 c m " 1 that is assign
able to an R h - C l stretching v ibra t i on . S i m i l a r l y , a single b a n d at 362 
c m " 1 was assigned to the lone R h - C l stretch, a n d W a l t o n ( I ) considered 
this evidence of the trans structure of [ R h ( D T H ) 2 C l 2 ] C l . 
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ι 
DMSO 

—J— I I I I I J 
7Ό j 8Ό 9Î0 Î0.0 

ι 1—J 1 1 1 1 1 I I I I I 
5.0 6 .0 70 8.0 9.0 10.0 

Figure 1. Proton NMR spectra of cis-[Rh(TTP)-
Cl2]PF6 (top) and of trans- [Rh(TTP)Cl 2 }PF G (bot-

torn) 

A s was ment ioned i n the report o n m - [ R h ( T T P ) C l 2 ] C l (4), the 
electronic spectra of J r a r w - M L 4 X 2 isomers exhib i t transitions at l ower 
energies a n d lesser intensities than do those of the cis isomers because of 
a greater distort ion i n the l i g a n d field of the cis isomers. T h e v is ib le 
spectra of cis- a n d i r a r w - [ R h ( T T P ) C l 2 ] P F 6 are presented i n F i g u r e 2. 
T h u s , the electronic spectrum of f r a n s - [ R h ( T T P ) C l 2 ] P F e has absorptions 
at 426 ( € = 291), 340 ( sh, c = 582), a n d 260 n m ( c = 36,683) whereas 
trans- [ R h ( cyc lam ) C 1 2 ] + ( c y c l a m = 1,4,8,11-tetraazacyclotetradecane) 
has absorptions at 406 (c = 78), 310 ( sh , € — 80), 242 ( sh , c = 3300), 
a n d 204 n m ( € = 37,100) (39). W i t h the symmetry approx imated as Déh, 
the first two bands can be assigned to the d-d transitions lEg <- *Ai a n d 
* A 2

 x A i ; the positions of the second bands revea l that the l i g a n d field 
strength of T T P is not iceably b u t not a great dea l smaller than that of 
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300 350 400 450 500 
Wavelength (nm.) 

Figure 2. Visible spectra of (a) cis- [Κ/ι (ΓΓΡχ; / 2 ] PF6 and 
(b) trans- [Rfc(TrP)C7 2 ] PF6 

c y c l a m . I n contrast, the electronic spectrum of m - [ R h ( T T P ) C l 2 ] P F 6 

has bands at 352 (c = 1741), 315 ( sh , c = 1692), a n d 248 n m ( £ = 18,582) 
whereas the bands of d s - [ R h ( c y c l a m )C1 2 ] + are at 354 (c==223), 299 
(c = 308), a n d 207 n m (c = 33,900) (39). T h u s , the general izat ion ap 
plies for each p a i r of cis or trans isomers. 

f r a n s - [ R h ( T T P ) I 2 ] P F 6 was also prepared b y oxidat ive add i t i on . It 
is a br ight orange so l id that has the conductance of a 1:1 e lectrolyte 
(152 c m 2 / o h m mole i n C H 3 C N ) . Its electronic spectrum has bands at 
450 ( e _ 5 3 7 ) , 330 ( sh , c —2150), a n d 258 n m (€ = 37,000) whereas 
that of f r a n s - [ R h ( c y c l a m ) I 2 ] + has absorptions at 515 ( sh , c = 64), 466 
(c = 204), 353 (c = 13,100), 275 (e = 34,500), a n d 266 n m (c = 22,800) 
(39). T h e prev ious ly reported c & - [ R h ( T T P ) I 2 ] + has absorptions at 405 
( e _ 2460), 320 (c = 8550), a n d 245 n m (c — 22,500) (4). 

B o t h four- a n d five-coordinate d8 complexes react w i t h a l k y l a n d 
a c y l hal ides , bu t only the most reactive a l k y l a t i n g agents a n d ( i 8 c o m 
plexes general ly f o r m stable adducts (40). T h u s , R h ( T T P ) + a n d C H 3 I 
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29. L E M K E E T A L . Macrocyclic Tetradentate Thioethers 375 

react i n methano l so lut ion to f o rm the expected adduct [ C H 3 R h ( T T P ) I ] -
C 1 0 4 . T h e molar conductance (169 c m 2 / o h m mole ) reveals that the 
substance is a 1:1 electrolyte a n d confirms the coordinat ion of the Γ as 
w e l l as the C H 3 group. T h e proton N M R spectrum of this c o m p o u n d i n 
d 6 - D M S O ( F i g u r e 3) has a doublet at 8.95 τ that is assignable to the 
m e t h y l group b o u n d to r h o d i u m w i t h / i o 3 R h . H = 2.0 H z . A s imi lar doublet 
was observed for R h C l ( I ) ( C H 3 ) ( P P h 3 ) 2 C H 3 I at 7.12 τ a n d / i o 3 R h . H — 2.4 
H z . T h e port ion of the N M R spectrum of [ C H 3 R h ( T T P ) I ] + that is asso
c iated w i t h the T T P protons resembles more closely the corresponding 
spectrum for * r a n s - [ R h ( T T P ) C l 2 ] + than that of d s - [ R h ( T T P ) C l 2 ] + ; this 
therefore suggests that the C H 3 a n d I are trans i n this complex. 

A l l y l b romide reacts w i t h R h ( T T P ) + i n acetonitri le to f o rm b r i g h t 
y e l l o w [ ( a - C 3 H 5 ) R h ( T T P ) B r ] P F 6 . Its molar conductance (160 c m 2 / 
o h m mole ) confirms the electrolyte type ( 1 : 1 ) , a n d the I R spectrum has 
a weak but w e l l defined b a n d at 1618 c m ' 1 that is assignable (41) to the 
C = C stretching v ibra t i on of a σ -bonded a l l y l group. I n add i t i on , the 
b a n d t y p i c a l of π a l l y l i c structures i n the 500-520 c m " 1 reg ion is not 
observed. L i m i t e d so lub i l i ty prevented N M R studies. 

T h e react ion of R h ( T T P ) + w i t h b e n z y l bromide i n acetonitri le y ie lds 
the br ight y e l l o w 1:1 electrolyte [ ( C 6 H 5 C H 2 ) R h ( T T P ) B r ] P F e ( λ Μ = 
148 c m 2 / o h m mole , C H 3 C N ) . T h e presence of the p h e n y l group is 
apparent i n the I R spectrum. T h e proton N M R spectrum has, i n a dd i t i on 

I 1 1 1 I I I I I I I 

5.0 6.0 70 8.0 9.0 10.0 

Figure 3. Proton NMR spectrum of [CHsRh(TTP)I1 ClOk 
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to the usual pattern attr ibutable to T T P protons i n the 5.8-7.2 τ reg ion , a 
sharp apparent singlet w i t h some fine structure at 2.59 τ that is assignable 
to the p h e n y l protons a n d a poor ly resolved resonance at 8.05 τ that is 
attr ibutable to the C H 2 protons. T h e react ion, at reflux, of b e n z y l ch lo 
r ide w i t h R h ( P P h 3 ) 3 C l i n d ichloromethane leads to a π a l ly l ie structure 
( I I I ) (42). Structure I I I was assigned on the basis of the complex i ty of 

C I 

P h 3 P R h 

CI 

I I I 

the p h e n y l proton resonances. T h e re lat ive ly s imple spectrum of [ ( C c H 5 -
C H 2 ) R h ( T T P ) B r ] P F 6 e l iminates I I I as a possible structure for this 
c ompound . 

Ρ 
Pale y e l l o w [ C H 3 C — R h ( T T P ) C l ] P F 6 is f o rmed b y the react ion 

of R h ( T T P ) + w i t h C H 3 C ( λ Μ — 1 5 5 c m 2 / o h m mole , C H 3 C N , 1:1 
^ C l 

e lectro lyte ) . T h e I R spectrum has the strong C = 0 absorpt ion at 1681 
c m " 1 w i t h a shoulder at 1655 cm" 1 . S imi lar bands appear i n the I R spectra 

of re lated c o m p o u n d s — [ C H 3 C — I r C l 2 ( C O ) ( P E t 2 P h ) 2 ] , vc=o = 1639 

Ρ 
c m 1 (43) a n d [ C H 3 C — R h { P h P [ ( C H 2 ) 3 P P h 2 ] 2 } C l 2 ] , A c=o = 1704 c m " 1 

(19). I n add i t i on , there is a b a n d of m e d i u m intensity i n the I R spectrum 

of [ C H 3 C — R h ( T T P ) C l ] P F 6 at 585 c m 1 . Such bands were tentat ively 

assigned to an M - C - O b e n d i n g mode. I n add i t i on to the usua l T T P 
proton resonances, the N M R spectrum of this c o m p o u n d has a sharp 

singlet at 7.48 τ that is assignable to the m e t h y l protons of the C H 3 C ^ 

^ O 
group. F o r the complexes [ C H 3 C — I r X Y ( C O ) ( P M e 2 P h ) 2 ] where X a n d 
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29. L E M K E E T A L . Macrocyclic Tetradentate Thioethers 377 

Y m a y be C l a n d / o r B r , this resonance occurs as a singlet at 8.29-8.42 τ 
(44). 

B e n z o y l chlor ide gives a s imi lar product [ C 6 H 5 C — R h ( T T P ) C l ] P F 6 

(pale y e l l o w so l id ; λ Μ = 131 c m 2 / o h m mole ; 1:1 e lectrolyte; v c = o = s 

1655, sh at 1635 c m " 1 ) . Re la ted compounds have v c =o at 1650-1700 c m - 1 

(29, 44). I n add i t i on , a b a n d at 653 c m " 1 is assignable to an M - C - O 
mode (45) . T h e N M R spectrum has poor ly resolved p h e n y l resonances 
i n the 2.65-2.9 τ reg ion i n add i t i on to the T T P resonances. 

At tempts to obta in C H 3 S 0 2 adducts b y the react ion of R h ( T T P ) + 

w i t h C H 3 S 0 2 C 1 ind i ca ted that the chlor ine atom h a d been abstracted to 
f o r m R h ( T T P ) C l 2

+ . C o l l m a n a n d co-workers (46) observed this k i n d of 
react ion earlier, a n d they f ound that C l · abstract ion b y the meta l l i be r 
ated RSOo · radicals that d i m e r i z e d to f o rm a disulfone. R h ( T T P ) + tends 
to undergo one-electron ox idat ion under the influence of a range of 
reagents, thereby y i e l d i n g an intr icate series of r h o d i u m ( I I ) complexes. 
These are the subject of a separate study. 
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Synthesis and Study of Octa-aza Annulene 
Complexes With Unusual Properties 

VIRGIL L. GOEDKEN and SHIE-MING PENG 

University of Chicago, Chicago, Ill. 60637 

Prototype complexes, [M(C10H20N8)](ClO4)2, derived from 
the metal template condensation of 2,3-butanedihydrazone 
and formaldehyde, undergo further ligand oxidation with 
various oxidants to form molecular complexes of type 
M(C10H14N8) containing completely conjugated 16π-electron 
systems. The nickel complex is an eclipsed cofacial dimer, 
[Ni(C10H14N8)]2, with a Ni-Ni bond length of 2.784(2) A. 
The dimers are stacked in the lattice with the Ni atoms 
forming a chain down the c crystal axis. The Co(III)-alkyl 
complexes have unusual NMR spectra with the proton reso
nances of the macrocyclic ligand displaying abnormal up-
field shifts while the axial ligand protons are observed 
downfield from their normal positions. The temperature 
dependence and solvent dependence, together with shifts 
on chemical alteration of the complex, indicate that the 
abnormal shifts may be attributed to a thermally populated 
paramagnetic state at ambient temperatures. 

* T * h e study of synthetic macrocyc l i c l i g a n d complexes has considerable 
A merit . I n general , these complexes have a robust const i tut ion a n d 

are not easily destroyed, not even w h e n subjected to strongly ac id i c , 
basic , oxidat ive , or reduct ive med ia . These aspects have been advocated 
a n d u t i l i z e d , p r i n c i p a l l y b y B u s c h , i n a lengthy series of far reach ing 
investigations (see Reference I a n d references c i ted there in , as w e l l as 
Reference 2). T h i s paper reports the synthesis of some b is -a -d i imine 
macrocyc l i c complexes a n d their chemica l transformation to y i e l d a series 
of complete ly conjugated 16^e lec t ron l i g a n d complexes. A number of 
these complexes have some u n c o m m o n properties w h i c h are discussed 
i n deta i l . 

379 
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O u r i n i t i a l objective was to synthesize a complete ly conjugated 
l i g a n d system w h i c h , because of a b n o r m a l shortening of the m e t a l - l i g a n d 
distances, m i g h t interact strongly enough w i t h the meta l to create c om
plexes w i t h unusua l c h e m i c a l a n d p h y s i c a l properties. It is w e l l k n o w n 
that a compression of the electronic energy leve l occurs i n complexes of 
soft or po lar i zab le l igands such as d i thio lene a n d d i th io lato - type l igands 
( 3 ) . B u s c h a n d co-workers also demonstrated that the redox potentials 
of metals of macrocyc l i c l igands depend strongly on the degree a n d type 
of conjugation present i n the l i gand as w e l l as on the r i n g size (4, 5 ) . 

T h e macrocyc l i c l i g a n d system chosen for this study, M ( C i o H i 4 N 8 ) , 
is that obta ined b y the meta l template condensation of 2 ,3 -butanedihydra-
zone w i t h aldehydes, f o l l o w e d b y four-electron l i g a n d oxidat ion. T h e 
s imp l i c i t y of the syntheses a n d the inexpensive start ing materials make 
the complexes avai lable for a w i d e var iety of studies. A l t h o u g h the C u , 
N i , C o , a n d F e complexes of this l i g a n d have been prepared , those of 
N i a n d C o appear to be most unusua l a n d they w i l l be discussed i n 
greatest detai l . 

Syntheses 

[ C u ( C 1 0 H 2 o N 8 ) C l ( H 2 0 ) ] ( C l 0 4 ) . F o r m a l d e h y d e , 3.22 g ( 3 8 % i n 
aqueous solution) , was a d d e d to a so lut ion conta in ing 3.41 g C u C l 2 · 2 H 2 0 
i n 50 m l water . T h e n 4.56 g 2 ,3-butanedihydrazone (prepared b y the 
B u s c h a n d B a i l a r method ; see Reference 6) was added as a so l id , a n d 
the solut ion was st irred 10 m i n . T h e solut ion turned dark green as the 
react ion proceeded. A n aqueous solut ion of 5 g N a C 1 0 4 a n d 0.1 m l H C 1 0 4 

was added to precipitate the complex w h i c h separates as shiny green 
plates. T h e complex was filtered, washed w i t h water , a n d then d r i e d i n 
the air . 

[ N i ( C 1 0 H 2 o N 8 ) ] ( C l 0 4 ) 2 . F o r m a l d e h y d e , 1.61 g ( 3 8 % i n w a t e r ) , 
was a d d e d to a solut ion conta in ing 3.65 g N i ( C 1 0 4 ) · 6 H 2 0 i n 30 m l 
C H 3 C N . T o this b lue solut ion, 2.28 g 2 ,3-butanedihydrazone was added . 
T h e mixture was a l l owed to stand 2 h r ; then 50 m l d i e t h y l ether was 
a d d e d to induce prec ip i ta t ion of the product . T h e b r o w n product was 
filtered, a n d then recrysta l l i zed f rom acetonitri le . 

[ C o ( C 1 0 H 2 0 N 8 ) ] ( C 1 0 4 ) 2 . T h e procedure is the same as for the n i c k e l 
complex, but the reactions must be carr ied out under an inert atmosphere. 

[ F e ( C 1 0 H 2 o N 8 ) ( C H 3 C N ) 2 ] ( C l 0 4 ) 2 . A solut ion conta in ing 3.22 g 
3 8 % formaldehyde ( i n water ) a n d 3.44 g 2,3-butanedione was added to 
a so lut ion of 7.27 g F e ( C 1 0 4 ) 2 · 6 H 2 0 i n 100 m l C H 3 C N . T h e n 2.6 g 
anhydrous hydraz ine was added dropwise , a n d the red solut ion was 
filtered to remove insoluble residues. T h e solution was then stoppered 
a n d refr igerated 12 hr d u r i n g w h i c h t ime the product crysta l l i zed . T h e 
product was filtered, washed w i t h ethanol , a n d then air dr i ed . 

[ C u ( C i 0 H i 4 N 8 ) ] . A solut ion of 200 m g [ C u ( C i 0 H 2 0 N 8 ) C l ( H 2 O ) ] -
( C 1 0 4 ) a n d 1 m l t r ie thy lamine was prepared i n 10 m l acetonitri le . M o 
lecular oxygen was then b u b b l e d through the solut ion 5 m i n . T h e product , 
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30. G O E D K E N A N D P E N G Octa-aza Annulene Complexes 381 

w h i c h precipitates as lustrous flaky green crystals, was filtered, w a s h e d 
w i t h C H 3 C N , a n d then d r i e d in vacuo ( y i e l d about 3 0 % ). 

[ N i ( C 1 0 H 1 4 N 8 ) ] 2 . A solut ion of 200 m g [ N i ( C 1 0 H 2 o N 8 ) ] ( C 1 0 4 ) 2 i n 
30 m l C H 3 C N was prepared , a n d 0.5 m l p y r i d i n e was added . M o l e c u l a r 
oxygen was then b u b b l e d through the solut ion 10 m i n . A lustrous, b lack , 
finely d i v i d e d prec ipi tate formed, w h i c h was filtered, washed w i t h 
C H 8 C N , a n d then d r i e d in vacuo. N o t e : the desired product reacts 
s lowly w i t h more molecular oxygen, go ing back into so lut ion to give an 
intense green solution w h i c h we were unable to isolate a n d characterize. 
I n order to avo id this dif f iculty, other oxidants m a y be used w i t h e q u a l 
fac i l i ty . F o u r equivalents of either I 2 or [ F e ( a c a c ) 3 ] , acac = acety l -
acetonato l i g a n d , dissolved i n C H 3 C N m a y be used as an oxidant i n 
place of molecular oxygen. Y ie lds of the [ N i ( C 1 0 H i 4 N 8 ) ] 2 d imer ap 
proach 3 0 % . O t h e r oxidants, such as o -chlorani l or 2,3-dichloro-5,6-
d icyano 1,4-benzoquinone, are capable of in t roduc ing double bonds into 
the macrocyc l i c l i gand , but the products are charge transfer adducts that 
contain some form of the oxidant. 

[ C o ( C i o H 1 4 N s ) ( C r > H r > N ) 2 ] I 3 . A 5-ml so lut ion conta in ing 1.0 g I 2 i n 
C H 3 C N was added to a solution of 200 m g [ C o ( C 1 0 H 2 0 N 8 ) ( C H 3 C N ) 2 ] -
( C 1 0 4 ) 2 a n d 0.5 m l p y r i d i n e dissolved i n 15 m l C H 8 C N . T h e b lack , 
crystal l ine product precipitates w i t h i n a few minutes of m i x i n g the 
reagents. T h e product was filtered, washed w i t h C H 3 C N , a n d then 
d r i e d in vacuo. 

[ C o ( C i 0 H i 4 N 8 ) ( a x i a l base) ( R ) ] . I n these compounds base = p y r i 
d ine , 3-picol ine, 4-picol ine, acetonitri le , or methy lhydraz ine a n d R = 
- C H : { , - C H 2 C H 3 , or - C 0 H r , . These o r g a n o - C o ( I I I ) complexes were pre 
pared us ing a general scheme previously reported i n w h i c h an organi -
hydraz ine undergoes oxidative deaminat ion w i t h the organo-fragment 
be ing transferred to the cobalt complex ( 7 ) . U n d e r the more basic 
condit ions used here, l i gand oxidat ion also occurs, g i v i n g the desired 
octa-aza annulene complex. A solution of 200 m g [ C o ( C i 0 H 2 0 N 8 ) -
( C H 3 C N ) 2 ] ( C 1 0 4 ) 2 , 0.5 m l of the appropriate organohydrazine , a n d 
1 m l of the desired axia l base was prepared i n 15 m l C H 3 C N . T o this 
solution, 482 m g potassium ferf-butoxide was added w i t h vigorous st ir
r i n g . T h e solutions became a deep green-black color. T h e solutions were 
filtered to remove the K C 1 0 4 a n d other insoluble residues. A i r was then 
b u b b l e d through the solution for several minutes. A n exothermic react ion 
ensues d u r i n g w h i c h N 2 is g iven off a n d the product crystall izes f r om the 
solution. T h e product was filtered, washed w i t h C H 3 C N , a n d then 
d r i e d in vacuo. 

[ F e ( C i 0 H i 4 N 8 ) ( C 5 H 5 N ) 2 ] . A solut ion was prepared b y d isso lv ing 
200 m g [ F e ( C i o H 2 0 N 8 ) ( C H 3 C N ) 2 ] ( C 1 0 4 ) 2 , 0.5 m l p y r i d i n e , and 160 m g 
(4 equivalents) potassium ter£-butoxide i n 20 m l acetonitri le under N 2 

atmosphere. T h e solution darkens considerably to b r o w n i s h b lack on 
mix ing . T h e solut ion was centr i fuged to remove K C 1 0 4 a n d other i n 
soluble residues. A solution of 482 m g (4 equivalents) [ F e ( a c a c ) 3 ] , 
d issolved i n a m i n i m u m of C H 3 C N , was a d d e d to the solut ion conta in ing 
the macrocyc l i c complex. T h e product begins c rys ta l l i z ing on the sides 
of the react ion vessel after several minutes ; however , m a x i m u m yie lds 
( 1 5 % ) were obtained w h e n the solut ion was c h i l l e d i n an ice box 12 hr . 
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T h e product was then filtered under N 2 , washed w i t h ethanol , a n d 
d r i e d in vacuo. 

Results and Discussion 

T h e react ion of 2,3-butane d ihydrazone w i t h formaldehyde a n d cer
ta in d iva lent transi t ion meta l perchlorates leads to the format ion of 
b is -a -d i imine macrocyc l i c complexes, II. U n d e r suitable condit ions, these 
complexes undergo a four-electron l i g a n d oxidat ion , w i t h two add i t i ona l 
doub le bonds be ing in t roduced into the macrocyc l i c l igands. D e p r o t o n a -
t i on also occurs i n each of the s ix -membered chelate rings result ing i n the 
format ion of complete ly conjugated 16V-electron macrocyc l i c l i g a n d 
complexes (see the Scheme) . O x i d a t i o n of the s imple macrocyc l i c c om
plexes II occurs under m i l d condit ions i f a suitable base is present to 
remove a proton f rom the hydraz ine l inkage , thus fac i l i ta t ing l i g a n d 
oxidat ion. These hydraz ine protons can sometimes be removed b y re la -

H H ( 0 ) 

N H 2 \ 2 + 2 + N ^ N 

N H 2 H H 

I II I l ia 

t i ve ly weak bases such as p y r i d i n e ; the ease of proton remova l depends 
greatly on the central meta l . A t least one proton is removed f r o m the 
n i c k e l ( I I ) i on izat ion i n the presence of p y r i d i n e . A m u c h stronger base, 
terf-butoxide i on , is needed to effect proton remova l a n d to fac i l i tate 
l i g a n d oxidat ion. 

A f ew comments concerning the poss ib i l i ty of i somer izat ion among 
these octaza complexes is appropriate . T h e nitrogen atoms of the h y d r a 
z ine l inkage are ambidentate , a n d coord inat ion to e ither n i trogen m a y 
occur, depend ing on whether the 2 ,3-butanedihydrazone has the syn-anti 
or anti-anti configuration. T h r e e isomers are possible for each f o r m u l a 
g i v e n : two 5-6-5-6 chelate systems (one of D2n symmetry , I l ia , a n d one of 
C2h symmetry , IHb a n d one 5-5-6-6 chelate system, IIIc). E a c h dep i c ted 
doub le b o n d arrangement represents on ly one of m a n y valence tautomers. 
C o m p l e t e l y conjugated Ιβπ-electron l i g a n d complexes of C2n symmetry , 
IHb, have been prepared b y t w o methods. I n the first, r epor ted b y B a l d -
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30. G O E D K E N A N D P E N G Octa-aza Annulene Complexes 383 

w i n a n d co-workers ( 8 ) , the free l i g a n d ( w h i c h has C2h s ymmetry ) is 
f o rmed first and then the meta l i o n is inserted. A l t e rnat ive ly , i t is possible 
to obta in some C2h complexes i n smal l y i e l d s imp ly b y m i x i n g the b iace ty l , 

meta l perchlorate, hydraz ine , a n d a ldehyde together i n a solution of 
acetonitr i le (9, J O ) . T h e properties of complexes w i t h D21l symmetry are 
qu i te different f r om those of complexes w i t h C2h symmetry . 

T h e N M R spectrum of 2 ,3-butanedihydrazone confirms that, as iso
lated , i t has the anti-anti conf iguration as shown i n Structure I . Since 
α -di imine l igands are good che lat ing l igands because of enhanced b o n d 
i n g at tr ibutable to the π-acceptor a b i l i t y of the α -di imine moiety , i t is 
not surpr is ing that the resultant complexes have the symmetr i ca l D2h 

structure. I n general , this overa l l donor atom arrangement is m a i n t a i n e d 
w h e n the b is -a -d i imine complexes are further ox id ized . T h e copper c o m 
plex appears to be an exception. 

T h e identit ies of the ox id i zed products were establ ished b y various 
spectroscopic a n d crystal lographic techniques. T h e I R spectra of c om
plexes conta in ing the C i o H i 4 N 8 l i g a n d were d e v o i d of any absorptions 
i n the range n o r m a l l y ascr ibed to N - H vibrat ions , a n d they were also 

C H 3 

I H b I I Ic 

T a b l e I . Propert ies of O x i d i z e d Complexes 

[ N i ( C i o H i 4 N 8 ) ] 2 d iamagnetic 
[ C o ( C 1 0 H 1 4 N 8 ) ( C 5 H 5 N ) 2 ] I 3 d iamagnetic 
[ F e ( C i o H 1 4 N 8 ) ( C 5 H 5 N ) 2 ] d iamagnetic 302 ( 5 6 Fe) 
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d e v o i d of any absorptions attr ibutable to perchlorate anions. M a s s spectra 
of the molecu lar species also establ ished that the macrocyc l i c l i g a n d h a d 
a w e i g h t of 246 w h i c h is consistent w i t h the state of ox idat ion v i sua l i zed 
i n the Scheme. Some properties of these ox id i zed complexes are g iven 
i n T a b l e I. 

T h e I R spectra of these complexes a n d of the o r g a n o - c o b a l t ( I I I ) 
complexes i n T a b l e I I were of three types. Those of the cobalt a n d i r on 
complexes were very s imi lar w h i c h suggests that the macrocyc l i c l igands 
were of the same geometr ical isomer a n d contained a s imi lar pattern of 
d e r e a l i z a t i o n . T h e spectra of the N i a n d C u complexes dif fered signif i 
cant ly f r om each other a n d also f r om those of the F e a n d C o complexes. 
F u r t h e r m o r e , the spectrum of the C u complex was i d e n t i c a l to that of 
the [ N i ( C i o H 1 4 N 8 ) ] of C2n symmetry , w h i c h has been s tructura l ly char
acter ized (11), w h i c h suggests that i somerizat ion f r om a structure w i t h 

T a b l e I I . N M R D a t a f o r the N e w 

Solvent T , ° C 

C D C 1 3 

d 5 - p y 

CDCI3 + 5 0 ° C 

CDCI3 - 5 0 ° C 

CDCI3 

Complex 

[ C o ( C 1 0 H 1 4 N 8 ) ( p y ) ( C H 3 ) ] ° 

[ C o ( C 1 0 H 1 4 N 8 ) ( p y ) ( C 2 H 5 ) ] ° 

[ C o ( C 1 0 H 1 4 N 8 ) (py) ( C 6 H 5 ) ] o C D C 1 3 

[ C o ( C 1 0 H 1 4 N 8 ) (4-picoline) ( C H 3 ) ] ° C D C 1 3 

[ C o ( C 1 0 H 1 4 N 8 ) (3-picoline) ( C H 3 ) ] ° C D C 1 3 

[ C o ( C 1 0 H 1 4 N 8 ) ( N H 2 N H C H 3 ) ( C H 3 ) ] 0 d 6 - D M S O 
[ C o ( C 1 2 H 1 8 N 8 ) (py) ( C H 3 ) ] 0 d C D C 1 3 

[ C o ( C 2 2 H 2 2 N 8 ) (py) ( C H 3 ) ] 0 d C D C 1 3 

[ C o ( C 1 0 H 1 6 N 8 ) ( C H 3 C N ) ] ( C 1 0 4 ) 2
e C D 3 N 0 2 

[ C o ( C i o H 1 4 N 8 ) ( C N ) ( C H 8 ) Y' d 5 - p y & D 2 0 
a The numbers in parentheses refer to integrated intensity. 
* The phenyl and pyridine resonances overlap and cannot be distinguished. 
0 Broad peak, probably N H of C H 3 N H N H 2 . 
d The ligand was modified by placing methyls on C ( l ) and C(4) (Figure 1). 
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30. G O E D K E N A N D P E N G Octa-azd Annulene Complexes 385 

D2h symmetry to one w i t h C2Jl symmetry h a d occurred . T h i s was essen
t i a l l y conf irmed b y compar ing the X - r a y p o w d e r patterns of the C u a n d 
the N i complexes; the pattern of the C u complex was v i r t u a l l y i d e n t i c a l 
to that of the t r i c l i n i c f o rm of the N i octa-aza annulene complex of C2h 

symmetry . ( T h e C2h complex of N i occurs i n two crystal l ine forms, 
t r i c l i n i c a n d orthorhombic . ) T h e C u complex was then ox id i zed to the 
corresponding C u ( I I I ) complex w h i c h gave a species w i t h a l o w sp in 
ds conf iguration that was suitable for N M R studies. T h e m e t h y l reg ion 
of the Ή N M R consisted of two singlets at 2.43 a n d 2.75 p p m ( δ ) , w h i c h 
further substantiated our content ion that i somerizat ion h a d occurred . 

T h e n i c k e l complexes of sto ichiometry N i C i 0 H i 4 N 8 have either D2h 
or C2h symmetry (Structures I l ia a n d H l b ) . T h e C2h s tructure is a 
monomer ; i t has a w e l l defined N M R spectrum a n d properties that are 
general ly consistent w i t h other four-coordinate square p lanar n i c k e l ( I I ) 

Organo-Cobalt(III) Complexes" 

Assignments—Chemical Shifts (B) 

CÏT, C^R " 
(ligand) (C-R) Co-R Axial Ligand 

0.62 (12 ,8) , 4.32 (2,s) 8.04(3,8) 8.54-8.81 (3,m) ; 0.62 (12 ,8) , 4.32 (2,s) 8.04(3,8) 
13.77-14.07 (2,m) 

0.49 (12,s) ,4.22 (2,8) 9.00 (3,s) 
0.57 (12,s), 4.23 (2,s) 8.16(3,8) 8.56-8.85 (3,m) ; 0.57 (12,s), 4.23 (2,s) 8.16(3,8) 

13.84-14.10 (2,m) 
0.74(12,s), 4.57(2,8) 7.59(3,8) 8.49-7.74 (3 ,m) ; 0.74(12,s), 4.57(2,8) 7.59(3,8) 

13.62-13.87 (2,m) 
0.59(12,s), 4.33(2,8) 8.98 8.30-8.67 (3 ,m) ; 0.59(12,s), 4.33(2,8) 

( 2 , q / = •• 4 cps) 13.47-13.97 (2,m) 
4.10 

(3 , t ,J = 7 cps) 
0.53(12,s), 4.42(2,8) 8.16-8.83 (6,m) 12.75-13.08 ( 4 , m ) ' 
0.61 (12,s), 4.34 (2,s) 8.01(2,8) 3.06 (3 ,8 ) , 8.33-8.55 (2,m) ; 0.61 (12,s), 4.34 (2,s) 8.01(2,8) 

13.63-13.86 (2,m) 
0.60 (12,s), 4.34 (2,s) 8.03 (3,s) 3.15 (3,s), 8.35-8.60 (2,m) ; 0.60 (12,s), 4.34 (2,s) 8.03 (3,s) 

13.56-13.90 (2,m) 
0.60(12,s), 4.40(2,8) 7.82(3,8) 2.63 (3,e), 4.33 ( ? ) ' 
0.91 (12,s), 0.78 (6,8) 6.56 (3,s) 8.21-8.37 (3 ,m) ; 

12.52-12.77 (2,m) 
0.83 (12,s), 6.83-7.50 (10,m) 7.07 (3,s) 8.30-8.70 (3 ,m) ; 

12.80-13.30 (2,m) 
2 .15(12,8) , 6.62(2,8) 3.73 (3,s) 2.37 (3,s) 
0.95 (12,s), 4.95 (2,s) 6.94 (3,8) 

e The ligand was protonated on nitrogen. 
1 [Co(CioHi4N 8 )(py)(CH3)]° was dissolved in d5-py, then saturated N a C N i n 

H2O was added. 
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complexes. O n the other h a n d , the D 2 7 l isomer is ac tua l ly a d imer that 
contains a N i - N i b o n d a n d gives a weak parent peak i n the mass spec
t r u m at 608. T h e c o m p o u n d is v i r tua l l y inso luble i n a l l solvents, g i v i n g 
on ly a fa int color i n C H C 1 3 or C H 2 C 1 2 . Fur thermore , the so lut ion spectra 
are different f rom those obta ined i n the so l id state; this suggests some 
possible d i m e r - d i m e r interact ion i n the so l id state. T h e solutions are 
unstable ; they react moderate ly r a p i d l y w i t h molecu lar oxygen a n d de
compose s l owly even i n r igorously degassed ch lorocarbon solvents. T h e 
unusua l impl i cat ions of these observations p rompted us to determine the 
crysta l structure of the complex. 

Exhaust ive efforts to g row suitable crystals afforded o n l y a t iny 
spec imen, 0.024 X 0.054 X 0.23 m m , w h i c h was obta ined b y the s low d i f 
fus ion of oxygen into a 10:1 a c e t o n i t r i l e - p y r i d i n e solut ion of [ N i -
( C i o H 2 0 N 8 ) ] ( C 1 0 4 ) 2 . C r y s t a l data : space group C 2 / c , a = 15.497(9) A , 
h — 18.534(9) A , c = 13.123(7) A , cos β — - 0 . 8 1 2 1 ( 2 ) , P c e l c d = 1.718, 
Pexp = 1.70 g / c m 3 for w h i c h Ζ = 8. T h e t iny crystal size a n d consequent 
weak intensity of the diffractions necessitated the co l lect ion of three 
quadrants of data. D a t a were co l lected w i t h M o Κα rad iat ion to s in θ/λ 
= 0.5946. T h e equivalent data were merged , a n d the processed data 
f r om a l l 2077 independent reflections measured were used i n the so lut ion 
a n d refinement of the structure. T h e structure was solved b y the heavy 

Figure 1. Molecular structure and interatomic distances of the [Ni(C 10HUN8)] 
dimer. The estimated standard deviations are as follows: Ni-N distances, 

0.005 A; N-N, C-N, and C-C distances, 0.006-0.008 A. 
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Figure 2. Pdcking diagmm of the dimers indicdting 
the stdcking of the molecules in the unit cell 

atom m e t h o d a n d ref ined w i t h anisotropic t h e r m a l parameters for a l l 
nonhydrogen atoms. A l l hydrogen atoms were located on a difference 
F o u r i e r , a n d i d e a l i z e d coordinates were redetermined assuming standard 
geometry a n d C - H distances of 0.95 A . These were i n c l u d e d at fixed 
positions i n the final refinement. A t convergence, R i = 10.4 a n d R 2 — 
6 . 1 % where Κχ — 2|Fo - Fc| /2|Fo| a n d R 2 = [Sw(|Fo| - |Fc|)7 
2w|Fo| 2 ] 0 - 5 . 

T h e structure consists of a d imer i c macrocyc l i c complex conta in ing a 
N i - N i b o n d w i t h the d imer i c units stacked along the c c rysta l axis ( F i g 
ures 1 a n d 2 ) . There are a n u m b e r of u n u s u a l features associated w i t h 
this structure. F i r s t , the dimers conta in a N i - N i b o n d of length 2.784(2) A . 
A l t h o u g h N i - N i bonds are not common, an increas ing n u m b e r have been 
f o u n d w i t h b r i d g i n g N - d o n o r or S-donor l igands i n recent years w i t h 
N i - N i bonds rang ing i n l ength f r o m 2.38 to 2.81 A (12,13,14,15,16,17). 
T h a t most closely re lated to ours contains a d ian ion ic quadr identate 
N - d o n o r l i g a n d a n d has a m e t a l - m e t a l distance of 2.81 A . T h e distances 
i n the latter structure a n d i n the N i d imer are comparable to the C o - C o 
distance, 2.794 A , i n the [ C o ( C N ) 5 ] 3 " d i m e r w h i c h contains a single 
a b o n d (18,19). 

H o w e v e r , attractive interact ion between the two macrocyc l i c mo ie 
ties i n add i t i on to a N i - N i σ b o n d must be present to account for the 
ec l ipsed conformation of the two units f o rming the d imer . A l t h o u g h 
h i g h l y de loca l i zed systems such as p o r p h y r i n a n d ch lorophyl - type mole 
cules have attractive τ τ - π interactions l ead ing to aggregation i n so lut ion, 
a staggered arrangement of the atoms that min imizes n o n b o n d i n g r e p u l -
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sions is preferred. T h e most l i k e l y explanat ion for the ec l ipsed arrange
ment of our d i m e r is that, even at the re lat ive ly large N i - N i separation, 
some δ b o n d i n g is present between the two meta l ions. T h e fact that the 
N i atoms are d i sp laced 0.104 A f rom the plane of four n i trogen atoms 
towards one another lends some credence to this v iewpo int . T h e inter -
p lanar separation of the least squares plane defined b y the two macro -
cyc l i c rings is 3.00 A a n d nonbond ing repulsions m a y prevent closer 
approach of the two meta l atoms. 

T h e double bonds of the macrocyc l i c l i g a n d are essentially c o m 
plete ly de loca l i zed ; the average C - C a n d C - N distances i n the five-
m e m b e r e d rings, 1,396 a n d 1.357 A , are very close to the accepted C - C 
distances of benzene a n d the aromatic C - N distance of p y r i d i n e , 1.35 A . 
T h e N - N a n d C - N distances of the s ix -membered chelate rings are also 
intermediate between those expected for single a n d double bonds. T h i s 
degree of d e r e a l i z a t i o n is m u c h more extensive than that observed i n 
the C2h structure ( w h i c h has an al ternat ing double b o n d arrangement) 
or i n the C o ( I I I ) complexes of D2h symmetry (see b e l o w ) . T h i s differ
ence i n d e r e a l i z a t i o n accounts for the differences i n the I R spectra of the 
various octa-aza annulene complexes w h i c h was commented u p o n earl ier . 

T h e p a c k i n g arrangement of the d imer molecules is significant. T h e 
adjacent dimers are re lated b y a crysta l lographic two- fo ld axis a n d are 
stacked a long the c crystal axis w i t h a N i - N i separation of 3.800 A . T h i s 
stacking, a n d possible m e t a l - m e t a l interact ion of adjacent d imers , m a y 
account for the l i m i t e d so lub i l i ty of the complex. O n e other interesting 
po int is that a 0.50-A movement of the N i atoms f rom one another i n the 
d i m e r w o u l d lead to a new d imer w i t h equivalent N i - N i separation b u t 
w i t h the macrocyc l i c l i g a n d rotated 90° relative to one another. T h i s 
w o u l d appear to be a more favorable arrangement than the one f o u n d 
because i t w o u l d m i n i m i z e most of the repuls ive interactions. 

T r u e x a n d H o l m ( 20 ) observed m o n o m e r - d i m e r e q u i l i b r i u m i n so lu
t i on for their cat ionic species, [ N i ( M e H M e - 2 , 9 - d i e n e ) ] + ; i n v i e w of our 
results, their d imer i c species m a y also contain a N i - N i bond . A l t h o u g h 
our d i m e r complex is d iamagnet ic ( i.e., repe l led b y a magnet ic field ) i n 
the so l id state, a l l samples invest igated gave a moderately strong isotropic 
E S R s ignal , g = 2.001, i n d i c a t i n g some u n p a i r e d s p i n density i n the 
7r- l igand system. Since this s ignal is very s imi lar to that descr ibed b y 
T r u e x a n d H o l m for their cat ionic 15?r system, the s ignal w e observe m a y 
be caused b y a smal l i m p u r i t y of an analogous cat ionic species i n our 
samples. 

I n the cobalt complexes there are aga in remarkable differences i n 
the properties of the C2h a n d D2h isomers. T h e C o ( I I I ) complex , 
[ C o ( C i 0 H i 4 N 8 ) ( 0 5 Η δ Ν ) 2 ] ΐ 3 ( t r i - i od ide a n i o n ) , is d iamagnet i c , but a l l 
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attempts to observe its Ή N M R spectrum fa i l ed , even w h e n i t was 
scanned over the range of 100 to —100 p p m on a B r u k e r 270 spectrometer. 
H o w e v e r , the o r g a n o - C o ( I I I ) complexes gave w e l l resolved N M R spec
tra , b u t the resonances were signif icantly shi fted f r om their expected 
positions. I n general , the spectra were character ized b y large downf ie ld 
shifts for the l igands o c c u p y i n g ax ia l sites a n d h i g h field shifts for those 
protons located i n the equator ia l p lane of the macrocyc l i c l i g a n d ( T a b l e 
I I ) . F o r the [ C o ( C 1 0 H 1 4 N 8 ) ( C 5 H 5 N ) ( C H 3 ) ] complex, the C o - C H 3 

resonance is observed at 8.04 p p m ( δ ) , the p y r i d i n e resonances at 8.7 
a n d 13.9 p p m , a n d the l i g a n d m e t h y l groups at 0.62 p p m . I n contrast, 
the C o ( I I I ) - a l k y l complexes w i t h the C2h f o rm of the l i g a n d are five-
coordinate, w i t h t y p i c a l N M R spectra C o - C H 3 at 0.04 p p m a n d the 
l i g a n d - C H 3 ' s at 2.69 a n d 2.42 p p m (21). Whereas the o r g a n o - C o ( I I I ) 
complexes of the C2h f o rm of the l i g a n d are five-coordinate w i t h " w e l l 
behaved" magnet ic properties, the o r g a n o - C o ( I I I ) complexes of the D2h 

f o rm of the l i g a n d are six-coordinate w i t h unusua l magnet ic properties . 
T h e Ή N M R spectra depend m a r k e d l y on (a ) changes of the ax ia l 
l i gand , ( b ) m i n o r changes i n the macrocyc l i c l i g a n d , ( c ) solvent, a n d 
( d ) temperature. These observations have l e d us to bel ieve that the 
anomalous shifts are the result of paramagnet ic contact shifts ar is ing 
f r om the thermal popu la t i on of a l o w - l y i n g tr ip le t state. 

T h e spectra depend on the nature of the ax ia l base, b u t not to the 
extent that we h a d hoped . C h a n g i n g one n i trogen donor for another l e d 
only to minor changes i n the spectra. H o w e v e r , exchanging p y r i d i n e for 

Figure 3. Two views of [Co(C10HuNsXCHs)(NH2NHCHs)] with selected 
interatomic distances and angles. Left: view perpendicular to the plane of the 

molecule, and right: a simplified side view 
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a 7r-acceptor such as cyanide lowers the C o - C H 3 absorpt ion f r om 8.04 to 
6.93 p p m . T h e a l k y l groups produce a strong σ-trans effect; thus the 
effect of the ax ia l l igands (trans to the a l k y l g roup ) o n the electronic 
structure of the complex is less than m i g h t be expected. 

T h e N M R spectra are also sensitive to minor changes i n the macro -
cyc l i c l i gand . Subst i tut ing m e t h y l groups for the hydrogen atoms of C ( 1) 
a n d C (4 ) (see F i g u r e 3), a pos i t ion re lat ive ly isolated f rom the coord i 
nat ion sphere, shifts the absorpt ion of the C o ( I I I ) - C H 3 group f rom 8.04 
to 6.56 p p m . Protonat ion of the l i g a n d b y a d d i n g perchlor i c a c i d to the 
molecu lar complex produces [ C o ( C i 0 H i 6 N 8 ) ( C H 3 C N ) ( C H 3 ) ] ( C10 4 ) 2, 
a species w i t h a more n o r m a l N M R spec trum—the C o ( I I I ) - C H 3 reso
nance appears at 3.78 p p m . Subst i tut ing a po lar solvent, d -pyr id ine , for 
C D C 1 3 results i n a downf ie ld shift for C o ( I I I ) - C H 3 of almost 1 p p m to a 
value of 9.0 p p m for the [ C o ( C 1 0 H 1 4 N 8 ) ( C 5 H 5 N ) ( C H 3 ) ] complex. 

T h e strongest evidence support ing our contention that the anomalous 
N M R spectra are due to paramagnet ic contact shifts ar is ing f rom a 
thermal ly popu la ted tr ip let state is der ived f r om the temperature de
pendence of the N M R spectra ( T a b l e II). C o o l i n g the sample f rom 
+ 5 0 ° to —50°C decreases the popu la t i on of the tr ip le t state a n d shifts 
the absorpt ion m a x i m a of C o ( I I I ) - C H 3 f r om 8.16 p p m to 7.59 p p m i n 
the d irect ion expected for an increase i n the popu la t i on of the singlet 
g round state. T h e N M R spectra of the complexes are independent of 
concentrat ion a n d reproduc ib le f rom preparat ion to preparat ion , thus 
e l i m i n a t i n g the poss ib i l i ty that contact shifts result f rom r a p i d electron 
exchange between the cobalt ( I I I ) -alkyl complexes a n d some paramag 
net ic i m p u r i t y . 

T h e [ C o ( C 1 0 H 1 4 N 8 ) ( C n H n N ) 2 ] I 3 complex a n d the organo-Co ( I I I ) 
complexes a l l give an isotropic E S R signal at room temperature, g = 
2.001 ( h a l f - w i d t h ^ 40-80 gauss) , w h i c h is ind icat ive of u n p a i r e d sp in 
density i n the ττ-ligand system. T h e intensity of the s ignal f rom the 
o r g a n o - C o ( III ) complexes appears to be weaker b y a factor of ten t h a n 
the s ignal f rom the b i spyr id ine complex. 

T h e crystal structure of one of the o r g a n o - C o (III) complexes was 
determined i n order to define unambiguous ly the double b o n d arrange
ment a n d the extent of d e r e a l i z a t i o n i n the macrocyc l i c l i g a n d , a n d to 
shed some l ight on the magnetic pecul iar i t ies of these organo-cobalt ( I I I ) 
complexes. Crysta ls of the hydraz ine complex, [ C o ( C i 0 H 1 4 N 8 ) , N H 2 -
N H C H 3 ) ( C H 3 ) ] , were suitable for X - r a y structural determinat ion . C r y s 
tals of the c o m p o u n d be long to space group P2 i / c , w i t h a = 6.961(1) A , 
b = 23.377(3) A , c = 10.061(2) Α, β = 103 .44 (1 ) ° , P c & l c ( 1 — 1.526, a n d 
Pexp = 1.51(2) for w h i c h Ζ = 4. A tota l of 5294 data were measured on 
a P i c k e r F A C S - 1 dif fractometer w i t h M o Κα rad ia t i on ; 4106 independent 
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data w i t h F values > 2 were used i n the structural refinement. T h e 
structure was solved us ing the heavy atom method , a n d i t was ref ined 
b y f u l l matr ix least squares techniques. Ref inement us ing anisotropic 
thermal parameters for a l l nonhydrogen atoms ( w i t h contr ibut ions for 
a l l the hydrogen atoms located f rom a difference F o u r i e r a n d p l a c e d i n 
assuming standard distances a n d geometry) converged to R i = 4.2% a n d 
R 2 = 4.2%. T h e macrocyc l i c l i g a n d is flat a n d contains a n a -d i imine 
funct ion i n each of the five-membered chelate r ings , a n d a three-atom, 
N - C - N , de loca l i zed system i n each of the s ix -membered chelate r ings 
( F i g u r e 3). T h e angles defined b y N ( 2 ) - C ( l ) - N ( 3 ) a n d N ( 6 ) - C ( 4 ) -
N ( 7 ) , 140 .2 (2 ) ° a n d 139 .4 (2 ) ° respectively, are unusua l ly w i d e . T h i s is 
apparent ly attr ibutable to the preference of the N - N - C l inkage for an 
angle less than 120°. 

T h e parameters of the inner coord inat ion po lyhedron are total ly con
sistent w i t h those reported for a n u m b e r of o r g a n o - c o b a l t ( I I I ) c om
plexes (21) w i t h one exception. T h e average c oba l t -n i t r ogen ( p l a n a r ) 
distance, 1.866 A , is shorter, a l though on ly s l ight ly , than i n other o r g a n o -
c o b a l t ( I I I ) complexes. T h e crystal structures of three cobalox ime c o m 
plexes, w h i c h are the most closely re lated to our organo-coba l t complexes, 
have m e a n C o - N ( p l a n a r ) distances w h i c h v a r y between 1.88 a n d 1.90 A 
(22,23, 24). 

A n alternative explanation for the a b n o r m a l N M R shifts is that the 
16ττ d ian ion i c l i g a n d is behav ing as an ant iaromatic r i n g system. T h e 
observed shifts are close i n magni tude to those observed for the d i a n i o n 
of 15,16 -dimethyldihydropyrene; this demonstrates ant iaromatic charac
ter (25); viz., the met h y l protons o n the inside of the d ihydropyrene r i n g 
appear at very l o w field, δ = 21.0 p p m , compared w i t h the h i g h field 
pos i t ion, —4.25 p p m , for the parent , uncharged aromatic r i n g . H o w e v e r , 
i t is diff icult to see h o w this interpretat ion cou ld account for the tempera
ture var iat ion , solvent dependence, a n d E S R signals that are observed 
for the macrocyc l i c C o ( I I I ) complexes discussed. 

Fur thermore , the results of the crystal lographic analysis are not 
compat ib le w i t h those needed to fu l f i l l the ant iaromatic requirement , for 
example, a n d the al ternat ing double b o n d arrangement. A l t h o u g h the 
double bonds are loca l i zed , they are l o ca l i zed i n the f o r m of two bis-a-
d i i m i n e chelate l inkages a n d two 3-atom de loca l i zed systems, each con
ta in ing a negative charge. 

Conclusions 

A n u m b e r of geometr ical a n d valance isomers of the d ihydro -oc taza -
annulene meta l complexes have been iso lated a n d character ized . T h e 
findings are s u m m a r i z e d i n T a b l e I I I . I t is noteworthy that different 
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T a b l e I I I . S u m m a r y of L i g a n d S t r u c t u r e s 

Complex0 

[ N i L ] 
[ N i 2 L 2 ] 

[ C u L ] 
[ C u i n L ] + 1 

[ C o L ( N H 2 N H C H 3 ) C H 3 ] 

[ C o L ( C H 3 ) ] 
• L = C i 0 H 1 4 N 8 . 

Ligand 
Structure 

Co„ ; I H b 
£> 2 ; , ;iiia 

C2h ) 
C2J, ') 
D2h; 

I H b 
I H b 
I l i a 

C 2 „ ; I I I b 

Comments 

local ized double bonds 
delocal ized double bonds ; N i - N i 

bond 
local ized double bonds 
local ized double bonds 
α-diimine chelate r ings ; a l l y l i c 

type of d e r e a l i z a t i o n i n s i x -
membered chelate rings 

local ized double bonds 

meta l ions tend to stabi l ize different geometr ical structures, a n d further 
more that, for a g iven geometr ical isomer, different meta l ions result i n 
di f fer ing extent of double b o n d d e r e a l i z a t i o n throughout the l i g a n d . 
T h e var ia t ion i n double b o n d d e r e a l i z a t i o n for these systems is far 
greater than f ound w i t h aromatic n i trogen donor l igands. T h e crysta l 
structures of a large n u m b e r of phenanthro l ine complexes have been 
determined ; there is very l i t t le change i n the C - N b o n d lengths w i t h i n 
the five-membered chelate r ings on go ing f rom metals w i t h strong π-
b a c k b o n d i n g tendencies ( w h i c h m i g h t be expected to stabi l ize the a -d i -
i m i n e f orm of phenanthro l ine ) to meta l ions w i t h neg l ig ib le b a c k b o n d i n g 
tendencies ( 26 ) . 
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Metal Complexes of Ligands Derived from 
Carbon Disulfide 

JOHN P. FACKLER, JR. 

Case Western Reserve University, Cleveland, Ohio 44106 

Carbon disulfide reacts with a wide range of bases to pro
duce ligands which readily coordinate to metals. New 
synthetic work including the formation of aryl xanthates, 
disulfide products, and oxidized metal dithiolates is re
viewed. The sulfur addition and abstraction reactions are 
discussed, along with the photobleaching reaction of 
[Ni(n-butyldtc)3]+. Bridged mercaptide complexes of nickel 
triad elements are also described. 

/ ^ a r b o n disul f ide, C S 2 , is a r emarkab ly versati le e lectrophi le that reacts 
^ w i t h a w i d e range of bases ( I ) to produce dithio ls or deprotonated 
d i th ioac ids (Reac t i on 1 ) . Perhaps the most extensively s tudied dithiols 

C S 2 + B * — S o C B - - (1) 

are the dithiocarbamates that were first p repared b y D e l e p i n e (2 ) i n 
1907. T a b l e I lists the names a n d formulas of the more c o m m o n 1,1-
dithio late l igands. 

Coucouvanis (3 ) r ev i ewed the major developments i n the react ion 
chemistry of meta l 1,1-dithiolates u p to 1969, a n d E i s e n b e r g (4 ) de
scr ibed the s tructura l relationships k n o w n at that same t ime. It is m y 
purpose to discuss here p r i m a r i l y w h a t was discovered b y our group, 
a n d b y a f ew groups elsewhere, since 1970. F i g u r e 1 is a p i c t o r i a l s u m 
m a r y of the w e a l t h of react ion chemistry of these compounds that was 
f o u n d since 1965. M y emphasis i n this paper is on recent synthetic 
achievements a n d on some n e w i n t r a - a n d intermolecular reactions. A t 
least part of our cont inued interest i n these species stems f r o m their 
b i o l og i ca l characteristics (5 ) (as fungic ides a n d other enzyme i n h i b i t o r s ) , 
the ir vu l can izat i on capabi l i t ies ( 6 ) , a n d i n general their major significant 
interest as i n d u s t r i a l chemicals ( 7 ) . 

394 
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31. F A C K L E R , J R . Carbon Disulfide Derived Ligands 395 

T a b l e I . D e r i v a t i v e s of CS2 

Base Formula Name 

M o n o b a s i c 
N R 2 " S 2 C N R 2 " d i th iocarbamate 
OR" S12COR" xanthate 
S R - S 2 C S R " t h i o x a n t h a t e e 

R " or A r ' S 2 C R ' or S 2 C A R ~ d i t h i o a l k y l a t e or ary la te 

D i b a s i c 
N R Z " S 2 C N R 2 ' d i th iocarb imate 
O 2 " S 2 C 0 2 " d i thiocarbonate 
S 2 " SoCS 2 - t r i th iocarbonate 
CRo z " SoCCR 2

2 " 1,1-dithiolate 
β Also alkyltrithiocarbonate. 

Olef in Products 

Various 
Allcylated 
Products 

a lky la t ion 
*M«Ni,Co,Cr 
XY=OR,0,S 

M^XY^ Products 

and 

CS n 

x«s 
Y«R 

- χ - γ 

Base Adducts 
to M 

Nuclecphi le/M»Ni ,Co 

PR. , N R ~ ^ M U . ,Pd,Pt ,Zn 
2y^XI-ORyC^ ,SR,NR2 

I sags** «*p*C 
η X Y = ^ Mn, Fe 

M=Zn,Ni,Pd,Pt 

S atom 
abstraction 

+ HXY products 

Figure 1. Reaction chemistry of metal l,l-dithiofotes 

Synthesis 

A r y l X a n t h a t e s . It is 165 years since Zeise (8) r epor ted the f o r m a 
t ion of xanthates f r om a lcohol a n d C S 2 on react ion w i t h base. Y e t only 
three papers, a 1948 I ta l ian patent ( 9 ) , a 1970 report b y L e e (10), a n d 
a recent (1971) report b y Re i ch l e (11), relate to the synthesis of a r y l 
xanthates. W e established (12) that the I ta l ian patent is incorrect . 
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Phenols i n the presence of C S 2 a n d base w i t h a l coho l solvents produce 
a l iphat i c , not aromatic , xanthates. (See Ref . 48.) 

L e e (JO) first synthesized an a r y l xanthate b y react ing thallous 
phenoxide w i t h C S 2 i n benzene (Reac t i on 2 ) . R e i c h l e ( I I ) synthesized 

benzene 
T 1 0 C 6 H 5 + C S 2 - * T 1 S 2 C 0 C 6 H 5 (2) 

a c o p p e r ( I ) der ivat ive , w h i c h he reported to be [ P ( C 6 H 5 ) 3 ] 2 C U O C G H 5 · 

C S 2 , b y react ing C S 2 w i t h the b isphosphine phenox ide of c o p p e r ( I ) . W e 
prepared the same mater ia l b y react ing [ P ( C 6 H 5 ) 3 ] 3 C u B r w i t h 
T l S 2 C O C G H 5 or T l S 2 C O C 6 H 4 - p - C H 3 ( R e a c t i o n 3 ) . 

L 3 C u B r + T l S 2 C O A r -> L 2 C u S 2 C O A r (3) 

T h e general synthesis of a r y l xanthates is descr ibed b y Schussler 
et al. (12). I t fo l lows f r o m the a b i l i t y of t h a l l i u m ( I ) xanthates to 
undergo metathet ica l reactions w i t h meta l hal ides i n absolute ethanol 
(Reac t i on 4) . T h e t h a l l i u m ( I ) precursors c ou ld be obta ined w i t h p h e n o l 

absolute 
M X 2 + 2TlSoC0Ar - » M ( S 2 C O A r ) 2 + 2T1X (4) 

C 2 H 5 O H 

a n d the p - C H 3 , p - O - n - b u t y l , p-tert-buty\, a n d 3 ,5 -d imethyl derivatives. 
W i t h p -bromophenol , the t h a l l i u m ( I ) complex w o u l d not f o rm a l though 
Reichle 's method l ed to the c o p p e r ( I ) der ivat ive . T h e p -n i t ropheno l 
p roduc t c o u l d not be obta ined b y either technique. T h u s the synthesis 
c lear ly depends on the ac id i ty of the parent phenol . T h e meta l i o n also 
is important i n s tab i l i z ing the product . W i t h sod ium or potassium 
hal ides , react ion w i t h the t h a l l i u m ( I ) complex gave T L X a n d the corre
sponding a l k a l i meta l phenoxide , thereby e l iminat ing C S 2 . T a b l e I I lists 
some of the a r y l xanthates s tudied so far. 

T h e p h y s i c a l properties of these a r y l xanthates resemble closely 
those of their a l k y l counterparts. T h e t h a l l i u m compounds are heat- a n d 
l ight-sensit ive, a n d they decompose i n acetone or T H F to f o rm T 1 2 S , T P , 

T a b l e I I . A r y l X a n t h a t e s α 

T l S 2 C O A r N i , S 2 C O A r ) 2 C o ( S 2 C O A r ) 3 

[ ( C 6 H 5 ) 8 P ] 2 C u S 2 C O A R P d ( S 2 C O A r ) 2 

P t ( S 2 C O A r ) 2 

( S 2 C O A r ) 2 

a OAr = phenoxide and the p-methyl-, 3,5-dimethyl-, p-butoxy-, and p-£er£-butyl 
derivatives of phenoxide. 
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31. F A C K L E R , J R . Carbon Disulfide Derived Ligands 397 

a n d pheno l . T h e odor of C O S is detected. T h e solids change color f r o m 
pale y e l l o w to orange after about two days at room temperature i n a 
stoppered container. I n a ir , thallous phenoxide is f o rmed near ly c om
plete ly i n a few days. T h e other meta l l i c derivatives that were prepared 
are more stable, but they do decompose i n the presence of water. 

T h e structure of the n i c k e l ( I I ) phenoxide der ivat ive i n p r e l i m i n a r y 
refinement (13) has the t y p i c a l N i S 4 p lanar geometry of 1,1-dithiolates. 
T h e p h e n y l r ings, however , are perpendicu lar to this p lane, w h i c h i n d i 
cates that no π conjugation occurs beyond the oxygen atom. T h e 1Alg —» 
xAog transit ion of the n i c k e l complex occurs at 15.6 k K a n d is rather 
insensitive to r i n g substitutions. T h e d o rb i ta l sp l i t t ing p r o d u c e d is 
s l ight ly larger than that of the dithiophosphates a n d the a l k y l xanthates, 
but i t is not as great as that of the dithiocarbamates . B i o l o g i c a l testing of 
these a n d re lated materials is i n progress. 

S u l f u r A d d i t i o n . Since the i n i t i a l studies of sul fur a d d i t i o n to 
anionic 1,1-dithiolate derivatives (Reac t i on 5) b y Coucouvanis (14, 15) 

M ( S 2 C = X ) 2
2 - + | S , - » M ( S 3 C = X ) 2

2 - (5) 

i n our group i n the mid-1960s and the later w o r k b y F e t c h i n a n d co
workers (16, 17) on sulfur add i t i on to derivatives of d i thioac ids ( R e a c 
tions 6 ) , on ly a modest effort was expended on synthesis. F u r l a n i a n d 

M ( S 2 C A r ) ο + S 8 -> M ( S 3 C A r ) ( S 2 C A r ) 

Z n ( S 3 C A r ) 2 + M K 2 -> M ( S 3 C A r ) 2 + Z n X 2 (6) 

M ( S 3 C A r ) 2 + P ( C c H 5 ) 3 -> M ( S 3 C A r ) ( S 2 C A r ) + S P ( C 6 H 5 ) 3 

L u c i a n i (18) synthesized some perthiocarboxylato derivatives of p i v a l i c 
ac id w h i c h have properties s imi lar (19) to those of the per th ioary l a c i d 
complexes. Perhaps parenthet ica l ly , i t should be noted that v i b r a t i o n a l 
analyses a n d other phys i ca l measurements (20, 21) have n o w established 
that the complexes synthesized near the t u r n of the last century b y 
H o f m a n n a n d ident i f ied as N i ( N H 3 ) 3 C S 3 a n d P t ( N H 3 ) 2 C S 3 · H 2 0 are 
salts of the type [ N i ( N H 3 ) G ] [ N i ( C S 3 ) 2 ] a n d [ P t ( N H 3 ) 4 ] [ P t ( C S 3 ) 2 ] 
w h i c h contain coordinated trithiocarbonates. Recent ly (22) w e synthe
s ized some c a d m i u m derivatives of the perthiocarboxylates to further 
the unders tanding of catenated sul fur complexes of this element. 

O x i d i z e d M e t a l D i t h i o c a r b a m a t e s . O n e of the most i n t r i g u i n g de
velopments i n recent years i n the chemistry of C S 2 derivatives is the 
except ional a b i l i t y of the Ν,Ν'-dialkyldithiocarbamate l i g a n d to stabi l ize 
complexes i n w h i c h the meta l is i n a h i g h f o r m a l ox idat ion state. T h e 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
6 

| d
oi

: 1
0.

10
21

/b
a-

19
76

-0
15

0.
ch

03
1

In Inorganic Compounds with Unusual Properties; King, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1976. 



398 I N O R G A N I C C O M P O U N D S W I T H U N U S U A L P R O P E R T I E S 

inorgan i c chemistry researchers at N i j m e g e n i n c l u d i n g J . A . C r a s , J . J . 
Steggerda, a n d their students H . C . Br inkho f f a n d J . W i l l e m s e deserve 
substant ia l credit for this discovery. T h e i r first paper (23), w h i c h re 
ce ived very l i t t le notice, was a report of the synthesis a n d structure of 
B r 2 C u m S 2 C N ( n - b u t y l ) 2 . I n 1969 Br inkhof f et al. (24) reported , among 
other compounds , the synthesis of N i I V [ S 2 C N ( n - b u t y l ) 2 ] 3 B r . O u r inter 
est i n ox id i zed n i c k e l group dithiolates p r o m p t e d us to examine this 
m a t e r i a l thoroughly . T h e crysta l structure a n d photochemica l b l e a c h i n g -
deb leach ing properties (25, 26) were shown to be ent ire ly consistent 
w i t h the l i g a n d s tab i l i zed n i c k e l ( I V ) descr ipt ion. I n fact, the short 
C — Ν thioure ide b o n d l ength of 1.318 A ( F i g u r e 2 ) a n d the associated 

Journal of the American Chemical Society 

Figure 2. Structure of NiIV [S2CN(n-butyl)2'] 3Br 

shift f r om 1505 c m - 1 for the stretching frequency of this b o n d i n the 
n i c k e l ( I I ) complex to 1545 c m " 1 i n the n i c k e l ( I V ) species are consistent 
w i t h the ab i l i t y of the l i g a n d to d istr ibute posit ive charge a w a y f r o m the 
meta l i o n effectively ( 1 ) . O x i d a t i o n of the l i g a n d system through S- · -S 

1 

b o n d i n g as dep i c ted b y the resonance structures i n R e a c t i o n 7 also c o u l d 
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31. F A C K L E R , J R . Carbon Disulfide Derived Ligands 399 

contr ibute to the stabi l i ty of these complexes. H o w e v e r , other C S 2 de 
r ivatives capable of ready d imer i za t i on to disulfides m i g h t also be ex
pected to stabi l ize h i g h ox idat ion states of m e t a l ions i f this were the 
dominant factor. T o date, on ly dithiocarbamates (or their se lenium 
analogs) a n d 1,1-dithiolates have demonstrated this ab i l i ty . T h e x-ray 
crysta l structure of the se lenium complex N i [ S e 2 C N ( n - b u t y l ) ] 3 B r was 
reported (27). 

I n the last f ew years, i r on ( I V ) , manganese ( I V ) , p a l l a d i u m ( I V ) , a n d 
p l a t i n u m ( I V ) complexes were character ized (28, 29, SO, 31, 32). A f e w 
other studies such as the reports of cobalt ( I V ) b y Salek a n d Straub ( 3 3 ) , 
b y G a h a n a n d O ' C o n n o r (34), a n d also b y N i g o et al. (35) a n d the 
report of the r u t h e n i u m ( I V ) a n d r h o d i u m ( I V ) complexes b y G a h a n a n d 
O ' C o n n o r (34) appear to be i n error. These latter materials are synthe
s ized b y react ing B F 3 w i t h solutions of the tr isdithiocarbamates. H e n -
dr i ckson a n d M a r t i n (36) demonstrated b y c lassical methods that 
" C o ^ C N t C H ^ ^ B F / is C o 2 [ S 2 C N ( C H 3 ) 2 ] 5 B F 4 a n d P igno le t a n d 
M a t t s o n reported (37) the crysta l structure ( F i g u r e 3 ) of R u 2 [ S 2 C N -
( C 2 H 5 ) 2 ] 5 B F 4 . T h e ab i l i t y of d i thio late l igands to b o n d to metals i n 
various ways , w h i l e s t i l l r e m a i n i n g bidentate , is n i ce ly demonstrated b y 
this structure. 

O u r attempts to prepare m e t a l complexes i n h i g h ox idat ion states 
s tab i l i zed b y other l igands capable of d i s t r ibut ing the meta l charge effec
t ive ly have not yet been very successful. Complexes w i t h cyanod i th io -
formate ( R e a c t i o n 8 ) are rather insoluble (38). Complexes of p -hydroxy -

Ί3 
3 ^ 

etc. 

(7) 
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' \ c—C=N: 
f/ 

\ M C=C=N: 
η \ g / 

(8) 

d i thiobenzoate ( 2 ) were synthesized recent ly i n our laboratory . T h e i r 

A 
O H 

potent ia l to stabi l ize h i g h f o rmal ox idat ion states b y posi t ive charge re 
m o v a l f rom the meta l center (Reac t i on 9 ) is current ly b e i n g evaluated. 

A 
\M C 
«Ν \ f 

Ο" 
A 

-*- \ M " C O (9) 

Other Miscellaneous Synthetic Information 

Since the synthesis a n d structural analysis of C u 8 ( S 2 C C ( C N ) 2 ) 6 4 " 
was reported ( 3 9 ) , H o l l a n d e r a n d Coucouvan is (40) p r e p a r e d a n d re 
por ted the structures of the C u 8 clusters w i t h the l i g a n d 1,2-dithio-
squarate (3) a n d l , l -d i carboethoxyethylene-2 ,2 -d i th io late ( 4 ) . E a c h of 

2 -

y 

.0 

0 

O C 2 H 5 

S C = 0 

X 
S c=o 

I 
O C 2 H 5 

these compounds is bas i ca l ly a cube of copper atoms surrounded b y a 
dodecahedron of sul fur atoms. Interest ingly the C u - C u distance i n the 
two compounds differs v e r y l i t t l e : 2.822-2.906 A . M o l e c u l a r o r b i t a l c a l -
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31. F A C K L E R , J R . Carbon Disulfide Derived Ligands 401 

Figure 3. Crystal structure of Ru2[S2CN(C2H5)2^5BFi 

d i l a t i o n s of the modi f ied W o l f s b e r g - H e l m h o l t z ( M W H ) var iety were 
made b y our group (41) whereas Messmer (42) used S la ter -Johnson 
S C F - α Χ scattering theory; bo th methods l e d to the same general con
c lusion. T h e d o r b i t a l m a n i f o l d is not spl i t extensively i n C u s a n d i t is 
complete ly over lapped b y the b a n d of s a n d ρ orbitals . T h e lowest 
unf i l l ed o rb i ta l i n either theory is p redominant ly 4s4p. T h e four l o w 
l y i n g electronic transitions f o u n d between 10.2 k K a n d 26.0 k K are 
l igand- to -meta l accord ing to the M W H theory a n d d^> sp a c cord ing to 
the S C F - α Χ theory. T h e b o n d i n g p i c ture w h i c h emerges is that of a 
smal l cube of s l ight ly ox id i zed meta l l i c copper surrounded b y a dodeca-
h e d r a l sheath of sulfide ions. T h e M W H parameter ized charge on each 
copper is +0 .49 w i t h a 3 d 9 " 7 4s° - 4 8 7 4p° 0 2 2 configuration. Changes i n the 
C u - C u distance (to 2.38 A ) have l i t t le effect o n this b o n d i n g descr ipt ion 
i n the M W H mode l . 
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Reactions 

S u l f u r A d d i t i o n a n d A b s t r a c t i o n . B y us ing mass spectral intensities 
of the C G H 5 C S + f ragment u p o n add i t i on of sul fur enr i ched i n 3 4 S , i t was 
possible (26) to demonstrate that the photochemica l ly in i t ia ted sul fur 
add i t i on react ion (Reac t i on 10) to p lanar n i c k e l ( I I ) d i t h i o b e n z o a t e is 
s t r ik ing ly specific. T h e results are consistent w i t h early studies on the 

2 \ N i O / C - C . H , + J - S . ^ M f ^ J Π / Μ Μ , Ι α ο ) 

tr i thiocarbonate complex that used radioact ive 3 3 S tagging. Some s c ram
b l i n g occurs w i t h heat ing. W i t h z inc , however , total sulfur atom s c r a m 
b l i n g results. Rad iochromatography h a d been used, notably b y Russ ian 
investigators i n the early 1960's ( 43 ) , to demonstrate that 3 5 S incorpora 
t ion into the meta l d i thiocarbamates was signif icantly slower for the 
n i c k e l ( I I ) complex than for the z inc ( I I ) species. 

N M R studies of solutions that conta in e q u a l mixtures of per th io -
cumate of z i n c ( I I ) ( 5 ) a n d d i th iocumate of z i n c ( I I ) ( 6 ) can be used 

to evaluate the approximate rate of sulfur atom exchange i n these species 
(32 ) . A l t h o u g h a concentration dependence is f o u n d w h i c h mitigates 
against a s imple mechanist ic explanat ion, the act ivat ion energy is smal l , 
~ 5 k c a l / m o l e , w i t h an extrapolated r oom temperature exchange l i f e 
t ime of ~ 10" 5 sec at infinite d i lu t i on . T h e su l fur - r i ch z inc complexes are 
efficient sul fur atom transfer reagents. It appears that z ince dithiolates 
act ivate sul fur ( vu l can iza t i on catalysis) b y f o rming su l fur - r i ch c o m 
plexes w h i c h have very lab i le disulf ide sul fur atoms. 

O x i d i z e d D i t h i o c a r b a m a t e s . T h e a b i l i t y of t h i u r a m disulf ide ( 7 ) to 

s—s-

5 6 
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undergo ready exchange w i t h dithiocarbamates has been k n o w n for 
more than a decade (43) a l though i t was rea l i zed on ly recent ly that a n 
ox id i zed meta l complex m i g h t be an intermediate . T h e n i c k e l ( I V ) c o m 
plex also displays some interest ing react ion chemistry (26). It reacts 
w i t h the n i c k e l ( I I ) d i th iocarbamate to produce a paramagnet ic species 
w h i c h , i n the case of the d i -n -buty ld i th iocarbamate w i t h i od ide as the 
counter i on , was isolated as N i ( d t c ) 2 I b y W i l l e m s e . W e reported (32) 
that i n 5 0 % C H C l 3 - t o l u e n e glass a 1:1 mixture of the n i c k e l ( I V ) 
( b r o m i d e ) a n d the n i c k e l ( I I ) complexes exhibits a three-l ine E P R 
spectrum (at - 1 4 0 ° C ) w i t h g values of 2.212, 2.190, a n d 2.165. T h e 
p o w d e r spectrum of N i ( d t c ) 2 I shows (32) p r i n c i p a l g values of 2.260, 
2.215, a n d 2.027. A distorted square p y r a m i d a l geometry c ou ld account 
for these findings. 

Solutions of N i ( n - b u t y l d t c ) 3 B r i n basic solvents are b leached b y 
v is ib le l ight to n i c k e l ( I I ) complexes a n d th iuramdisul f ide . T h e react ion 
is reversible i n C H 3 C N , a n d the rate of re turn to the n i c k e l ( I V ) cations 
can be s tudied convenient ly w i t h spectrophotometry. T h e exper imental 
data (26) are consistent w i t h a rate l a w ( E q u a t i o n 11) i n w h i c h t h i u r a m 
d i s u l f i d e - L 2 a n d ha l ide bo th p l a y a role. 

I n t r a - a n d I n t e r m o l e c u l a r Rearrangements . P igno le t a n d co-workers 
(44) descr ibed a var iety of intramolecular rearrangements of the t r i s ( d i 
thiocarbamates ) a n d suggested that w i t h i r on ( I I ) as the meta l i o n the 
process involves a t r igonal pr i smat i c intermediate . W i t h the n i c k e l ( I V ) 
complex, on ly a b r o a d P M R spectrum was observed w i t h no reso lut ion 

d N i I V 

dt 
d N i 1 1 fci[Nin][L2] 

(11) dt fc2[Br] + / c 3 [ L 2 ] 

syn-endo 

syn-exo a n t i 
nonplanar 
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of the methylene protons. S imi lar findings w e r e obta ined b y W i l l e m s e 
(32) for the tris p a l a d i u m ( I V ) a n d p l a t i n u m ( I V ) species. Perhaps the 
magnet i c asymmetry is insufficient to resolve the methylene protons i n 
these n i c k e l t r i a d complexes. 

Some N M R studies i n our laboratories (45) are des igned to bear 
d i rec t ly on the so-cal led N i - N i b o n d (46) i n N i 2 ( S 2 C R S ) 2 ( S R ) 2 c om
plexes. B o t h V i l l a et al. (46) a n d w e (47) reported that these b r i d g e d 
mercapt ide complexes exist i n f o lded syn-endo or ant i configurations, 8. 
T h e short 2.8 A N i - N i distance was thought b y V i l l a et al. (46) to i m p l y 
N i - N i bond ing . Since the chelate can be exchanged to m a i n t a i n the 
d imer , we are careful ly examin ing the proton a n d 1 3 C N M R spectra of 
the N i a n d P d complexes ( 9 ) w h i c h , i f f o lded , shou ld d i sp lay diastereo-

R ' 

R v & \ .8 . R V v ν V < 
/ V Y V V - C H 7 

C H 2 ( R ) X C H 3 

C H 3 

C H 3 (R ' ) 

9 

topic methylene protons. W h i l e k inet i c data have not yet been obta ined , 
at — 50 ° C the P d complex i n C D 2 C 1 2 shows a significant broaden ing of 
the external methylene groups w h i l e the b r i d g i n g methylene groups re 
m a i n sharp. A r a p i d f l ip-f lop, butterf ly fashion across the f o l d of the 
M 2 S 2 rhombus cou ld account for these results. I n C2v average symmetry 
( f o l d e d ) , the br idge methylenes are equivalent , but the external ones 
are non-equivalent a n d become equivalent only w h e n a D2h ( p l a n a r ) 
intermediate occurs. Since this happens w h e n temperatures are as l o w 
as —40°C , any M - M b o n d forc ing a f o lded structure must be very weak 
(less than 10 k c a l / m o l e ) . 
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Binuclear and Mixed Metal Binuclear 
Chelates of Schiff-Base Derivates of 
1, 3, 5-Triketones 

RICHARD L. LINTVEDT, BARBARA TOMLONOVIC, 
DAVID E. FENTON, and MILTON D. GLICK 

Wayne State University, Detroit, Mich. 48202 

Some new binucleating, Schiff-base ligands were prepared 
by reacting the 1,3,5-triketones 1-phenyl-1,3,5-hexanetrione 
and 2,2-dimethyl-3,5,7-octanetrione with ethylenediamine in 
1:1 molar ratios. The products, abbreviated H4(BAA)2en 
and H4(PAA)2en respectively, contain two different coordi
nation sites which enable them to bind selectively to two 
different metal ions. Several heteronuclear complexes were 
prepared and characterized; these included NiZn(BAA)2en, 
NiCu(BAA)2en, NiVO(BAA)2en, and NiUO2(BAA)2en. A 
single-crystal x-ray structure was determined for NiZn-
(BAA)2en. The Cu(II) chelates of these ligands have un
usually strong antiferromagnetism; Cu2(PAA)2en is diamag
netic at room temperature, has no EPR signal, and gives a 
high resolution NMR spectrum. Cu2(PAA)2en undergoes 
electrochemical reversible reduction vs. SCE at —0.61 V in 
a one-step, two-electron reduction per molecule. 

'Sphere has been considerable interest recently in the physical proper-
A ties of po lynuc lear transit ion meta l complexes. T h i s interest covers 

a w i d e range of areas i n c l u d i n g metal loenzymes, homogeneous catalysis, 
e lectr ica l conduct iv i ty , a n d magnet ic exchange interactions. U n t i l n o w 
m u c h of the research invo lved invest igat ing an isolated example of an 
interest ing po lynuc lear complex. A l t h o u g h m a n y compounds w i t h inter 
esting a n d important properties were d iscovered i n this manner , i t is not 
a systematic method of either p r e p a r i n g n e w materials or unders tanding 
the p h y s i c a l pr inc ip les responsible for the ir properties . 
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Idea l ly , one w o u l d l ike to prepare m a n y closely re lated complexes, 
each one designed to v a r y a parameter re lated to the properties under 
invest igat ion. I t is probable that on ly through such molecu lar design 
w i l l a thorough understanding of the properties a n d react iv i ty of po ly -
nuc lear complexes be achieved. A surpr is ing ly l i t t le s tud ied class of 
po lynuc lear transit ion meta l complexes w h i c h presents an excellent op
por tun i ty for molecular design of hundreds of n e w compounds consists of 
the β-polyketonate chelates a n d their derivatives. T h e general ized struc
ture of the β-polyketone l igands m a y be dep ic ted as a homologous series 
i n w h i c h the w e l l k n o w n 1,3-diketones are the simplest members . T h e 

1,3-diketone 1,3,5-triketone 

0 0 0 0 

1,3,5,7-tetraketone 

organic molecules may be altered i n various ways i n c l u d i n g v a r y i n g R 
a n d R ' , r ep lac ing hydrogens on the backbone carbons w i t h other groups, 
r ep lac ing the ketonic oxygens w i t h other electron pa i r donors such as 
N , S, Se, a n d P , a n d increasing the number of ketone groups ( i.e. increas
i n g n ) . V e r y l i t t le in format ion about such molecules, m u c h less their 
m e t a l derivatives, is f ound i n the l i terature. Some re lat ive ly h i g h mo le cu 
lar we ight β-polyketones have been reported. F o r example, H a r r i s a n d 
co-workers ( J , 2; also see references c i ted i n 2) p repared /?-polyketones 
i n a homologous series u p to a n d i n c l u d i n g a 1,3,5,7,9,11,13,15-octaketone, 
a n d there are reports of β-polyketone polymers w i t h molecular weights 
of about 2000 ( 3 ) . 

W h e n one considers the chelates prepared f r om the β-polyketones, i t 
is important to real ize that these l igands are read i ly enol izable a n d that 
they f orm po lyan ion i c species i n the presence of a base (e.g. Reac t i on 1 ) . 
T h e conjugated sp2 type carbons i n the polyanions i m p a r t a r i g i d p lanar i ty 
to the system so that chelat ion of m e t a l ions results i n p lanar , po lynuc lear 
molecules i n w h i c h the metals share b r i d g i n g oxygens. T h u s , b y use of a 
homologous series of l igands , a homologous series of chelates m a y be 
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32. L i N T V E D T E T A L . Binucîear Schiff Base Ligands 409 

l I J base 

(D 

prepared i n w h i c h the major s tructural features are constant. T h e first 
three members of such a series of d iva lent m e t a l complexes are 1, 2, a n d 
3. I n these structures Β represents a n adduc t l i g a n d , e.g. H 2 0 or p y r i d i n e , 

w h i c h m a y or m a y not be present depend ing on the m e t a l i on . T h e r e 
are a f e w papers on 1,3,5-triketonate chelates (4, 5, 6, 7, 8, 9,10) b u t on ly 
one report on tr inuclear 1,3,5,7-tetraketonate chelates ( J i ) . T o our 
knowledge , no h igher homologs have been reported. 
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Recent ly s ingle-crystal x-ray structure determinations for b inuc lear 
1,3,5-triketonates of C u ( I I ) (12, 13), N i ( I I ) ( 7 ) , a n d C o ( I I ) (6) have 
conf irmed the general structures 1, 2, a n d 3 a n d the fact that the l igands 
are essentially p lanar . Indeed , i n the N i ( I I ) a n d C o ( I I ) chelates w h e r e 
Β is p y r i d i n e , the backbone carbons, the ketonic oxygens, a n d the meta l 
ions are coplanar w i t h i n exper imental error. T h e C - C a n d C - O distances 
reveal that the π electrons i n the l igands are de loca l i zed a n d further 
support the bel ie f that the carbons are best represented as sp2. T h e other 
important s tructura l features are: ( a ) the b r i d g i n g oxygen-to-metal 
distance is very s imi lar to the t e rmina l oxygen-to-metal distance, ( b ) the 
O b - M - O b angle is about 75° , a n d ( c ) the M - O b - M angle is about 102°. 

T h e p r i m a r y interest i n the β-polyketonate chelates so far has been 
to investigate magnet ic exchange between the meta l ions w i t h i n the same 
molecule . Temperature -dependent magnet ic suscept ib i l i ty was measured 
o n b inuc lear triketonates of dl-dl ( 8 ) , d*-ds (14), d7-d7 (6), d*-d* (7), 
a n d d 9 - d 9 (4, 5, 9, 12, 13) systems. I n a l l cases, qui te strong anti ferro-
magnet ic exchange is observed w i t h the strongest be ing the d9-d9 C u ( I I ) 
chelates. T h e s imi lar geometry of the meta l ions a n d b r i d g i n g oxygens 
impl ies that differences i n the strengths of exchange are caused b y d i f 
ferences i n the symmetry of the exchanging electrons (15 ) . Since the 
u n p a i r e d (dry) e lectron i n C u ( I I ) is d i rec ted at the ketonic oxygen a n d 
is able to part ic ipate d i rec t ly i n σ bond ing , i t is l og i ca l that d9-d9 ex
change is the strongest yet observed i n the first-row transit ion meta l ions. 
M o r e quant i tat ive in format ion about u n p a i r e d electron symmetry a n d 
exchange strength awaits preparat ion of n e w complexes, more magnet ic 
measurements, and add i t i ona l s tructural in format ion . 

Another area of considerable interest i n po lynuc lear meta l complex 
chemistry for w h i c h the β-polyketones seem w e l l suited is that of m i x e d 
m e t a l a n d m i x e d valence complexes. W h e n one is seeking fundamenta l 
data on h o w the molecular structure a n d properties of such compounds 
relate to b u l k properties , i t is not sufficient to be content w i t h uncer ta in 
ties concerning p u r i t y a n d the positions of the different ions. I n this 
paper w e report on a systematic approach to the preparat ion of some 
heteronuclear, mo lecu lar chelates, i.e. molecules conta in ing two or more 
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different meta l ions. T h e l igands used i n this invest igat ion are Schiff-base 
derivatives of 1,3,5-triketones a n d ethylenediamine . These molecules con 
ta in two different coordinat ion sites, one w i t h two n i trogen a n d two 
oxygen donors, the other w i t h four oxygen donors ( 4 ) . T h e binucîear 
chelates of these l igands have rather unusua l properties whether the t w o 
meta l ions are s imi lar or different. 

Experimental 

T h e 1,3,5-triketones were prepared b y the modi f ied C la i sen - type 
condensation descr ibed b y M i l e s , H a r r i s , a n d H a u s e r (16). A b b r e v i a 
tions are based on the t r i v i a l names: l -phenyl - l ,3 ,5 -hexantr ione is b e n -
zoylacetylacetone ( H 2 B A A ) a n d 2,2-dimethyl-3,5,7-octanetrione is p i v a -
loylacetylacetone ( H 2 P A A ). 

H 4 ( B A A ) 2 e n . T h e condensation of e thylenediamine a n d H 2 B A A was 
effected b y the add i t i on of 2.0 m l (0.03 mo le ) e thy lenediamine to 11.0 g 
(0.054 mo le ) H 2 B A A i n a m i n i m u m of methanol . T h e so lut ion was 
heated to b o i l i n g a n d cooled at — 5 ° C . T h e crude crystals were co l lected 
a n d recrysta l l i zed f rom acetone. T h e ye l l ow crystals mel t at 171 ° C . 
Y ie lds are typ i ca l l y 8 0 - 9 0 % . A n a l . : ca l cd for C 2 6 H 2 8 N 2 0 4 : C 72.19, 
H 6.52, Ν 6.45; f o u n d : C 71.84, Η 6.45, Ν 6.66. 

H 4 ( P A A ) e n . T h e preparat ion of this l i g a n d was s imi lar to that of 
H 4 ( B A A ) 2 e n w i t h yields of about 9 0 % . T h e off-white, mica - l ike crystals 
melt at 145° -146°C . A n a l . : ca l cd for C 2 o H 3 6 N 2 0 4 : C 67.34, Η 9.20, Ν 
7.14; f ou n d C 66.98, Η 9.40, Ν 7.12. 

N i H 2 ( B A A ) 2 e n . T h i s mononuclear complex was prepared b y m i x i n g 
equimolar quantit ies of H 4 ( B A A ) 2 e n dissolved i n hot acetone a n d 
N i ( C > H 3 0 2 ) 2 · 4 H 2 0 dissolved i n a smal l amount of hot water . W h e n 
the react ion mixture was cooled, the crude product prec ip i tated a n d i t 
was then recrysta l l i zed f rom acetone. T h e r e d crystals mel t at 174°C. 
A n a l : c a l c d for C 2 6 H 2 C N 2 0 4 N i : C 63.84, Η 5.38, Ν 5.73, N i 12.0; f o u n d : 
C 63.56, H 5.32, Ν 5.73, N i 11.9. 

C u 2 ( B A A ) 2 e n . T w o solutions were p r e p a r e d : one conta ined 2.0 g 
(0.01 mole ) H 2 ( B A A ) 2 e n i n 40 m l acetone-160 m l C H C 1 3 , the other 4.0 g 
(0.02 mole ) C u ( C 2 H 3 0 2 ) 2 · H 2 0 i n 125 m l methanol . T h e w a r m l i g a n d 
solut ion was then added to the w a r m , st irred meta l i o n so lut ion d u r i n g 
about 30 m i n . T h e reaction mixture was heated 1 hr u n t i l the vo lume 
decreased to about 100 m l . T h e prec ip i tated product was filtered, a ir 
d r i ed , a n d washed three times w i t h 30 m l portions of acetone a n d once 
w i t h 30 m l C H C 1 3 . T h e green product does not melt be l ow 335°C. 
A n a l . : ca l cd for C 2 6 H 2 4 N 2 0 4 C u 2 : C 56.21, H 4.35, Ν 5.04, C u 22.88; 
f o u n d : C 56.22, Η 4.43, Ν 5.21, C u 22.6. 

C u 2 ( P A A ) 2 e n . T h e crude produc t was prepared b y m i x i n g stoichio
metr i c quantit ies of H 4 ( P A A ) 2 e n a n d C u ( C 2 H 3 0 2 ) 2 · H 2 0 (1 :2 m o l a r 
rat io ) i n hot methanol . A f ter several minutes of heat ing a n d then coo l 
i n g , the crude product prec ip i tated ; i t was then recrysta l l i zed f r om hot 
C H C 1 3 . T h e smal l green crystals melt at 264°C. A n a l . : ca l cd for 
C 2 2 H 3 2 N 2 0 4 C u 2 : C 51.20, Η 6.21, Ν 5.43; f o u n d : C 50.46, Η 6.13, Ν 5.38. 
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N i C u ( B A A ) 2 e n . T h e mononuc lear complex N i H 2 ( B A A ) 2 e n was 
used as a l i g a n d b y d isso lv ing it i n acetone a n d s l owly a d d i n g an e q u i -
molar quant i ty of C u ( C 2 H 3 0 2 ) 2 · H 2 0 dissolved i n a m i n i m u m v o l u m e 
of H 2 0 . A f t e r concentration and coo l ing , the heteronuclear chelate p re 
c ip i tated . T h e crude product was recrysta l l i zed f rom pyr id ine , washed 
w i t h co ld acetone, a n d d r i e d under v a c u u m . Y i e l d is about 8 5 % based 
on N i H o ( B A A ) 2 e n . T h e dark r e d - b r o w n product does not melt b e l o w 
335°C. A n a l . : c a l c d for C 2 6 H 2 4 N , 0 4 N i C u : C 56.70, H 4.39, Ν 5.09, C u 
11.54; f o u n d : C 56.85, Η 4.47, Ν 5.12, C u 11.50. 

N i Z n ( B A A ) 2 e n · 2 H 2 0 . T h i s c o m p o u n d was prepared b y the same 
method that was used for N i C u ( B A A ) 2 e n . T h e c rude product was re 
crysta l l i zed f rom benzene to give a golden b r o w n p o w d e r w i t h about 
6 0 % y ie ld . T h e c o m p o u n d does not melt be low 300°C. A n a l . : ca l cd for 
C 2 6 H 2 8 N 2 0 6 N i Z n : C 53.06, Η 4.70, Ν 4.76, N i 9.97; f o u n d : C 53.41, H 
4.30, Ν 4.96, N i 10.2. Recrysta l l i zat ion f rom p y r i d i n e gave large s ingle 
crystals of a p y r i d i n e adduct , N i Z n ( p y ) ( B A A ) 2 e n · 2py, i n w h i c h one 
p y r i d i n e is coordinated to the Z n atom. T h e uncoord inated pyr id ines 
are easily removed b y wash ing w i t h acetone. A n a l . : ca l cd for C 2 6 H 2 4 N 2 -
0 4 N i Z n ( C 5 H 5 N ) : C 58.94, H 4.63, Ν 6.65; f o u n d : C 58.51, Η 4.72, Ν 6.61. 

N i U 0 2 ( B A A ) 2 e n . T h i s c o m p o u n d was prepared b y the same method 
that was used for N i C u ( B A A ) 2 e n . T h e crude product was recrysta l l i zed 
f r om acetone to give a dark r e d powder w h i c h does not melt be l ow 330°C. 
A n a l . : ca l cd for C 2 6 H 2 4 N > 0 6 N i U : C 41.24, Η 3.19, Ν 3.70, U 31.43, N i 
7.75; f o u n d : C 40.68, H 3.82, N 3.50, U 31.4, N i 7.4. 

N i V O ( B A A ) 2 e n . T h e same procedure was used to prepare this c om
p o u n d . Recrysta l l i zat ion f rom acetone y i e lded dark r e d crystals w h i c h 
do not melt b e l o w 300°C. A n a l . : ca l cd for G > G H 2 4 N 2 0 5 N i V : C 56.35, H 
4.37, Ν 5.06; f o u n d : C 56.15, Η 4.43, Ν 5.06. 

Spectra . Spectra were recorded us ing the f o l l o w i n g spectrometers: 
absorpt ion spectra, a Cary -14 ; mass spectra, an At las C-4 mass spectrome
ter; E S R , a V a r i a n E - 4 ; and N M R , a V a r i a n A 6 0 A . T h e fluorescence 
spectra were recorded us ing an A m i c o B o w m a n spectrofluorometer. 

M a g n e t i c Suscept ib i l i t y Measurements . T h e magnet ic suscept ib i l i ty 
of the solids was measured b y the F a r a d a y method w i t h H g [ C o ( S C N ) 4 ] 
used as the cal ibrant . Correct ions for d iamagnet ism were made us ing 
Pascal 's constants. So lut ion measurements were made i n C H C 1 3 b y N M R 
techniques (17 ) . 

X - r a y S t r u c t u r e D e t e r m i n a t i o n . A three-d imensional s ingle-crystal 
structure was determined on crystals obta ined b y recrysta l l i zat ion of 
N i Z n ( B A A ) 2 e n f rom p y r i d i n e . T h e crystals were monoc l in i c I 2/c w i t h 
latt ice parameters of a = 28.403(6) A , b = 8.465(3) A , c = 30.220(9) A , 
β = 105 .86 (2 ) ° , a n d Ζ = 8. Intensity data were col lected b y the 0-20 
scan technique w i t h graphite -monochromated M o - Κ α rad ia t i on o n a 
Syntex F2X diffractometer. O f the 5055 data w i t h sin θ/λ < 0.54, 2559 
h a d I > 3 σ ( Ι ) a n d these were used i n the solut ion a n d refinement of the 
structure. T h e structure was solved b y Patterson—Fourier methods a n d 
ref ined b y fu l l -matr ix ( i sotropic ) a n d b lock -d iagona l (anisotropic ) least 
squares refinement. T h e convent ional d iscrepancy factors at the present 
state of refinement are R = 0.056 a n d R w — 0.071. 
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Results and Discussion 

T h e d iamine Schiff-base derivatives of 1,3,5-triketones are an inter 
esting a n d versatile class of l igands. F r o m the derivatives prepared so 
far, i t appears that the d i a m i n e condensations that occur are f a i r l y 
analogous to those of the 1,3-diketones. F o r example, amines condense 
very read i l y at the carbony l carbon of an acety l group b u t not at the 
c a r b o n y l carbon of a benzoy l or p i v a l o y l group whether i t be a diketone 
or a triketone. Therefore , i n an unsymmetr i ca l ly subst i tuted 1,3,5-tri-
ketone i n w h i c h the 1-substituent is - C H 3 a n d the 5-substituent is C 6 H 5 

or ter£-C4H9, a d i a m i n e condenses exclusively at the m e t h y l end. U n d e r 
a var ie ty of exper imental condit ions, condensation was not observed at 
the centra l carbony l carbon. A s a result of this specificity, b inuc lea t ing 
l igands can be prepared i n w h i c h there are two coordinat ive ly different 
sites for meta l ions. Since one site furnishes two imine - type nitrogens 
a n d t w o oxygens a n d the other furnishes four oxygen donors, the metals 
o c c u p y i n g these sites experience different l i g a n d field effects. Several 
studies have demonstrated that magnet ic exchange be tween m e t a l ions 
i n the triketonates is strongly anti ferromagnetic (4-15). Therefore , 
i n the Schiff-base triketonate, i t is possible to investigate the properties 
of binucîear complexes i n w h i c h strongly coup led metals are i n s igni f i 
cant ly different l i g a n d fields. 

H e t e r o n u c l e a r Complexes . T h e presence of two coord inat ive ly d i s 
t inct sites i n the l i g a n d impl ies that certain m e t a l ions have a preference 

heteronuclear homonuclear 
pos i t i ona l isomers complexes 
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for one of the sites a n d different meta l ions a preference for the other 
site. B y us ing these preferences, w e can prepare p u r e compounds i n 
w h i c h two different meta l ions are contained w i t h i n the same molecule . 
I n add i t i on , the positions of the meta l ions w i t h i n the molecu le are 
pred i c tab le because of the coord inat ion specificity. I f condit ions are not 
complete ly favorable , however , impuri t ies i n the f o rm of pos i t ional 
isomers a n d homonuclear chelates may be formed. T h e character izat ion 
a n d identi f icat ion of a pure product w h e n a l l possibi l it ies exist is not 
t r i v i a l , a n d even structure determinat ion is not unambiguous w h e n the 
two metals have s imi lar atomic numbers . T h u s , the approach taken to 
the systematic preparat ion of pure heteronuclear complexes must be very 
del iberate, a n d character izat ion must inc lude several different p h y s i c a l 
measurements. 

O u r approach to the preparat ion of pure heteronuclear chelates is 
to establish the selectivity of the two coordinat ion sites i n a l i g a n d such 
as H 4 ( B A A ) 2 e n b y de termin ing the structure of some mononuclear 
chelates. O n c e these are unambiguous ly character ized , they are used as 
l igands to b i n d a second meta l i on w i t h a proven preference for the 
avai lable site. T h e two metals are chosen so as to m i n i m i z e compet i t ion 
for the same site w i t h i n the molecule . 

M O N O N U C L E A R C H E L A T E S O F H 4 ( B A A ) 2 E N . Three w e l l character ized 
complexes w i t h the general f o rmula M [ H 2 ( B A A ) 2 e n ] , where M is 
N i ( I I ) , C u ( I I ) , and V O ( I I ) , were prepared . Single -crystal x-ray struc
ture determinations of the C u ( I I ) (18) a n d V O ( I I ) (19) complexes 
revealed that the meta l ions occupy the site w i t h four oxygen donors 
under the preparat ive condit ions used. A l t h o u g h the presence of a s m a l l 
amount of the other pos i t ional isomer cannot be discounted, sample 
homogeneity a n d crys ta l l i zab i l i ty are indicat ions that a significant q u a n 
t i ty is not present i n the crystal l ine product w h i c h is isolated i n h i g h 
yie lds . 

A structure determinat ion of the other mononuclear chelate, N i [ H 2 -

( B A A ) 2 e n ] , was deemed not necessary because of its unambiguous char
acter izat ion b y spectral a n d magnet ic measurements. T h e v is ib le spec
t r u m of N i [ H 2 ( B A A ) 2 e n ] is essentially ident i ca l to that of N i ( A c a c ) 2 e n 
w h i c h is k n o w n to contain square p lanar N i ( I I ) . T h e I R spectrum con
tains an intense unchelated carbony l b o n d at 1700 c m " 1 w h i c h indicates 
that the n i c k e l atom is coordinated to two nitrogens a n d two oxygens. 
I n add i t i on , N i [ H 2 ( B A A ) 2 e n ] is d iamagnet i c w i t h Xg obs. = —266 X 
10" 6 cgs w h i l e x g ca lculated f rom Pascal 's constants is —246 X 10 ' 6 cgs, 
w h i c h is further proof of square p lanar geometry about the N i . 

T h e spectral properties of N i [ H 2 ( B A A ) 2 e n ] are not a sensitive 
measure of p u r i t y w i t h respect to the two pos i t ional isomers, but the 
d iamagnet i sm of the c o m p o u n d m a y be used to judge pur i ty . I f the N i 
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were coord inated to four oxygens, its environment w o u l d b e very s imi lar 
to that f o u n d i n bis (benzoylacetonato) n i c k e l ( I I ) , w h i c h is paramagnet i c 
b y v ir tue of the fact that it attains h igher coordinat ion numbers through 
solvent coord inat ion or o l igomer izat ion (20 ) . E v e n a smal l amount of a 
paramagnet ic N i ( I I ) species w o u l d be easily detected b y suscept ib i l i ty 
measurements. O n the basis of the experiments per formed so far , i t 
appears that pure isomers of mononuclear complexes are read i ly p repared 
under a g iven set of exper imental condit ions a n d that the coord inat ion 
sites exhib i t a significant degree of specif icity t o w a r d different meta l ions. 

P R E P A R A T I O N A N D C H A R A C T E R I Z A T I O N O F H E T E R O N U C L E A R C H E L A T E S . 

Once i t was establ ished that the two sites i n Schiff-base derivatives of 
1,3,5-triketones m a y specif ically coordinate different meta l ions, i t became 
feasible to prepare pure m i x e d meta l complexes i n w h i c h the posi t ion of 
the two meta l ions is k n o w n . A s a matter of preparat ive convenience i n 
the ear ly stages of this work , w e chose to use N i [ H 2 ( B A A ) 2 e n ] as a 
l i g a n d to b i n d a different meta l i on w h i c h has a preference for the a v a i l 
able oxygen donor site (Reac t i on 2 ) . T h e major rationale for us ing the 

N i complex as a l i g a n d is as fo l l ows : ( a ) this mononuclear complex is 
apprec iab ly soluble i n most organic solvents i n c l u d i n g hydrocarbons ; 
( b ) w e observed that this complex has extremely l i t t le tendency to 
isomerize to the other pos i t ional isomer i n w h i c h N i is b o n d e d to four 
oxygens; a n d ( c ) the d iamagnet ism of N i [ H 2 ( B A A ) 2 e n ] is a convenient 
property for judg ing whether or not the meta l ions change posi t ion d u r i n g 
the react ion since the N i is expected to be paramagnet i c i n the oxygen 
donor posit ion. 

Mass Spectra. T h e heteronuclear chelates Z n ( p y ) ( B A A ) 2 e n , N i C u -
( B A A ) 2 e n , a n d N i V O ( B A A ) 2 e n are sufficiently vo lat i le that mass spectra 
can be obtained. I n each case, strong parent i o n peaks are observed 
minus any adducted l igands. T h e h i g h mass regions of the N i Z n ( B A A ) 2 e n 
a n d N i V O ( B A A ) 2 e n spectra are surpr is ing ly s i m p l e — o n l y the parent i on , 
the parent i o n minus two mass units , a n d the doub ly charged ions ar is ing 
f rom these two species are observed i n apprec iab le concentration above 
m/e = 105. W i t h bo th these chelates, the loss of two mass units b y the 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
6 

| d
oi

: 1
0.

10
21

/b
a-

19
76

-0
15

0.
ch

03
2

In Inorganic Compounds with Unusual Properties; King, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1976. 



416 I N O R G A N I C C O M P O U N D S W I T H U N U S U A L P R O P E R T I E S 

parent i o n is a very favorable process (Reac t i on 3 ) . T h e most l og i ca l 
explanat ion of the strong P + - 2 peaks is that two h y d r o g e n atoms are lost 
f r om the ethylenediamine group w h i c h results i n a complete ly unsatu 
ra ted molecu lar ion . T h i s explanation for the P + - 2 peak is be ing invest i 
gated further b y isotope studies. 

- 2 H 
N i 

M m/e 

Z n 550, 552, 554, 556 

V O 553, 555 

M m/e 

Z n 548, 550, 552, 554 

V O 551, 553 

(3) 

[ p - 2 H ] 2 + 

M m/e 

Z n 275, 276, 277, 278 

V O 276.5, 277.5 

M m/e 

Z n 274, 275, 276, 277 

V O 275.5, 276.5 

It is obvious that the peaks around mass 275 are caused b y d o u b l y 
charged ions since the half-mass and full -mass peaks are a l l qu i te intense. 
T h e importance of the d o u b l y charged ions is certa inly the result of 
the presence of two meta l centers, each of w h i c h c o u l d l og i ca l ly stabi l ize 
a posit ive charge. T o pursue this point , the mass spectrum of the mono
nuclear chelate N i [ H 2 ( B A A ) 2 e n ] was recorded. There is no evidence 
of f ormat ion of doub ly charged ions b y this compound , w h i c h constitutes 
strong indirect evidence that the m a x i m u m posit ive charge is determined 
b y the number of meta l atoms present. 

T h e spectrum of N i C u ( B A A ) 2 e n is s imi lar to those of Z n a n d V O , 
but i t is more complex i n that P + - C u a n d re lated fragments are qui te 
intense. T h e p r i m a r y reason for record ing the mass spectra was to sup
port the conclus ion that these compounds are pure heteronuclear chelates 
rather than mixtures of hetero- a n d homonuclear molecules. S ince no 
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peaks attr ibutable to species such as N i 2 ( B A A ) 2 e n a n d Z n 2 ( B A A ) 2 e n 
were observed, the mass spectra support the conc lus ion that the samples 
consist of pure heteronuclear molecules. 

Magnetic Properties. A l t h o u g h the ana ly t i ca l a n d mass spectral data 
ind icate that the heteronuclear chelates are pure , they give no c lue as to 
whether some of the meta l ions have reversed the ir positions d u r i n g 
preparat ion . Since one of our purposes is to be able to prepare pure 
m i x e d meta l compounds i n w h i c h positions of the m e t a l ions are k n o w n , 
such a reversal w o u l d constitute a n i m p u r i t y i n the b u l k sample. T h e 
magnet i c properties of these N i m i x e d m e t a l compounds do , however , 
enable one to determine the meta l i o n positions w i t h some certainty 

Figure 1. Molecular structure of NiZn(py)(BAA)2en 
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since N i ( I I ) is square p lanar a n d d iamagnet i c w h e n coordinated to the 
two nitrogens a n d the two central oxygens. I n the alternative pos i t ion , 
the N i ( I I ) is expected to be paramagnet ic , as discussed above. 

T h e magnet ic susceptibi l i t ies of a l l the heteronuclear complexes p re 
pared f rom N i [ H 2 ( B A A ) 2 e n ] are consistent w i t h a d iamagnet ic , square 
p lanar N i ( I I ) . T h e magnet ic moments of N i C u ( B A A ) 2 e n a n d N i V O -
( B A A ) 2 e n correspond to one u n p a i r e d electron per molecule , N i Z n ( p y ) -
( B A A ) 2 e n is d iamagnet ic , a n d N i U 0 2 ( B A A ) 2 e n has a s m a l l p a r a m a g 
net ism that m a y result f rom some orb i ta l contr ibut ion . 

Structure of NiZn(py)(BAA)2en. Single crystals were prepared b y 
c rys ta l l i z ing N i Z n ( H 2 0 ) ( B A A ) 2 e n f rom p y r i d i n e , a n d the structure was 
proven to be as dep ic ted i n F i g u r e 1. It is interest ing that a l though x-ray 
techniques cannot d is t inguish between N i a n d Z n atoms, the four -
coordinate atom must be N i since the c o m p o u n d w o u l d be paramagnet i c 
i f N i were five-coordinate. I n add i t i on , the coordinat ion sphere of the 
five-coordinate atom is very s imi lar to that f ound i n Z n ( A c a c ) 2 p y (21). 

T h e N i a n d its four donor atoms ( two nitrogens a n d two oxygens) 
f o r m a p lane i n w h i c h no atom is d i sp laced more than 0.03 A f r om 
p lanar i ty . T h e Z n is i n a t yp i ca l l y five-coordinate environment i n w h i c h 
the m e t a l atom is d isp laced 0.32 A f rom the least-squares p lane of the four 
donor oxygens. T h e average distances i n the coordinat ion spheres of the 
two meta l atoms are depic ted i n F i g u r e 2, a n d the important angles i n 
the meta l coord inat ion spheres are shown i n F i g u r e 3. 

T h e geometry of the M r i n g i n the Schiff-base l i g a n d 

( B A A ) 2 e n 4 ~ does not differ greatly f rom that f ound i n the homonuclear 
complexes that contain s imple triketonate l igands (see T a b l e I ) . T h e 

T a b l e I . Comparisons of M / ° \ M R i n g S t r u c t u r e i n 

Several Binucîear Complexes 

Complex0 

N i 2 ( D B A ) 2 ( p y ) 4 

C o 2 ( D B A ) 2 ( p y ) 4 

C u 2 ( B A A ) 2 ( p y ) 2 

C u 2 ( D A A ) 2 ( p y ) 2 

N i Z n ( p y ) ( B A A ) 2 e n 

" D B A is the dianion of l,5-diphenyl-l,3,5-pentanetrione whose trivial name is 
dibenzoylacetone. D A A is the dianion of 2,4,6-heptanetrione whose trivial name is 
diacety lace tone 

b T h e angle 68.8° is for O - Z n - O , and 79.7° is for O - N i - O . 

Metal-Metal O-M-0 M-O-M 
Distance, A Angle, ° Angle, ° Ref. 

3.17 78.5 101.5 7 
3.27 77.3 102.7 6 
3.06 75.9 103.6 12 
3.05 77 103 13 
3.12 79.7,68.8* 104.9 
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32. L i N T V E D T E T A L . Binuclear Schiff Base Ligands 419 

N ( 2 ) 0 ( 3 ) 0 ( 4 ) 

N ( l ) 0 ( 2 ) O ( l ) 

Figure 2. Distances (in A) in the coordination 
spheres of Ni and Zn 

structura l s imilarit ies l ead one to conclude that any of several meta l ions 
m a y be in t roduced w i t h o u t s ignif icantly d is tort ing the part of the mo le 
cule i n w h i c h m e t a l - m e t a l interactions take place. Therefore , f r o m the 
standpoint of magnet i c superexchange studies, a great m a n y homo- a n d 
heteronuclear complexes can be invest igated under condit ions of very 
s imi lar coordinat ion geometry. T h i s fact shou ld prove very useful i n the 
quant i tat ive exper imental testing of current theory descr ib ing super-
exchange mechanisms. 

F i n a l l y , the structure of N i Z n ( p y ) ( B A A ) 2 e n lends conv inc ing struc
t u r a l support to the contention that the coord inat ive ly different sites i n 
the l i g a n d determine pred i c tab ly the positions of the two meta l atoms. 
T h i s in format ion , together w i t h macroscopic measurements (par t i cu lar ly 
magnet i c suscept ib i l i ty ) to indicate b u l k p u r i t y , demonstrates that i t is 

N ( 2 ) 0 ( 3 ) 0 ( 4 ) 

N ( l ) 0 ( 2 ) O ( l ) 

Figure 3. Bond angles in the coordination spheres 
of Ni and Zn 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
6 

| d
oi

: 1
0.

10
21

/b
a-

19
76

-0
15

0.
ch

03
2

In Inorganic Compounds with Unusual Properties; King, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1976. 



420 I N O R G A N I C C O M P O U N D S W I T H U N U S U A L P R O P E R T I E S 

possible to take an extremely systematic approach to the synthesis of 
heteronuclear molecular complexes. 

H o m o n u c l e a r Chelates of H ^ P A A ^ e n . I n the above discussion, i t 
was shown that the react ion of 1:1 mo lar ratios of C u ( I I ) a n d H 4 -
( B A A ) 2 e n at elevated temperatures i n M e O H yie lds C u [ H 2 ( B A A ) 2 e n ] 
w i t h C u ( I I ) coord inated to four oxygens. U n d e r different preparat ive 
condit ions, however , other products are obta ined (see Reactions 4 a n d 5 ) . 

C H C l 3 - M e O H 
H 4 ( P A A ) 2 e n + 2 C u ( O A c ) 2 • C u 2 ( P A A ) 2 e n + 4 H O A c 

hot (4) 

H 3 C 

T T A N _ C H C l 3 - M e O H Γ ^ V , ' 

H 4 ( P A A ) 2 e n + l C u ( O A c ) 2 Η 
0 C L N Ο 0 

C H 3 

. C ( C H 3 ) 3 

(5) 

C ( C H 3 ) 3 

purple so lut ion 

Analogous compounds were prepared i n w h i c h the tert-butyl group is 
r ep laced b y p h e n y l . These n e w compounds have unusua l properties 
w h i c h should prove use fu l i n the study of po lynuc lear complexes. 

M A G N E T I C P R O P E R T I E S . T h e b inuc lear C u ( I I ) compounds of Schiff-
base triketonate l igands a l l exhib i t extremely strong anti ferromagnetism. 
T h e so l id a n d so lut ion magnet ic properties of C u 2 ( P A A ) 2 e n a n d the 
re lated triketonate C u 2 ( P A A ) 2 are compared i n T a b l e I I . T h e h i g h 

T a b l e I I . M a g n e t i c Propert ies o f C u 2 ( P A A ) 2 a n d C u 2 ( P A A ) 2 e n 

Parameter T , °K 
M a g n e t i c moment ( B M ) 

sol id 300 
77 

s o l u t i o n 0 ( i n C H C l 3 ) ambient 

M a g n e t i c resonance i n 
C H C 1 3 or C D C 1 3 

E P R 
N M R 

β Determined by N M R . 

Cu9(PAA)9 

0.22 
0.00 
0.18 

Cut(PAA)%en 

0.42 
0.21 
0.00 

v e r y weak signal no s ignal 
broad absorptions sharp absorptions 

reso lut ion N M R spectrum a n d the absence of a n E P R s ignal for C u 2 -
( P A A ) 2 e n prove that the complex is d iamagnet i c at r o o m temperature. 
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32. L i N T V E D T E T A L . Binucîear Schiff Base Ligands 421 

T h u s , the ant i ferromagnet ism is strong enough to p a i r complete ly the 
electrons on the two C u ( I I ) ions. T h i s means that the g round state 
s ing le t -exc i ted state tr ip let separation is at least 1400 c m " 1 b y the 
B l e a n e y - B o w e r s method (22 ) . Strong anti ferromagnetism i n p lanar 
binucîear C u ( I I ) complexes is not uncommon , but to our knowledge no 
such complexes have been reported i n w h i c h h i g h resolut ion N M R 
spectra are obta ined a n d there is no E P R signal . Since trace amounts of 
paramagnet ic C u ( I I ) broaden N M R peaks tremendously a n d are easily 
observed b y E P R , not only is the magnet ic exchange i n C u 2 ( P A A ) 2 e n 
very strong, but the c o m p o u n d is unusual ly free of C u ( I I ) impur i t i es . 
E v e n at very h i g h instrumental gains, n o E P R s ignal is observed. 

T h e absence of an E P R s ignal at r oom temperature i n C H C 1 3 makes 
possible a series of unusua l m i x e d meta l E P R experiments i n w h i c h a 
meta l other than C u is doped into C u 2 ( P A A ) 2 e n . Introduct ion of a trace 
of the n e w meta l i on into the d iamagnet i c C u 2 ( P A A ) 2 e n disrupts the 
magnet i c exchange i n the subst ituted molecules, thereby g i v i n g rise to a 
C u ( I I ) E P R s ignal that is at tr ibutable to the m i x e d m e t a l molecules. 
T h e meta l i on doped into C u 2 ( P A A ) 2 e n m a y be d iamagnet ic , p a r a m a g 
netic , E P R active, or E P R inact ive . I n each case, a s ignal appears w h e n 
ever the doped meta l replaces a C u ( I I ) i n C u 2 ( P A A ) 2 e n . 

In t roduc ing Z n ( I I ) into C u 2 ( P A A ) 2 e n , for example, gives the s ignal 
i n F i g u r e 4 (the spectrum was recorded i n C H C 1 3 at r oom temperature ) . 
T h e sample was prepared b y m i x i n g a C H C 1 3 solution of H 2 ( P A A ) 4 e n 
a n d a methano l solution that contained C u ( I I ) acetate a n d Z n ( I I ) 
acetate i n 95:5 molar rat io ; the product was then col lected a n d re 
crysta l l i zed f rom C H C 1 3 . T h e spectrum gives an a d d e d bonus i n that 
superhyperfine sp l i t t ing of 15 -20 g is observed. Since this is the m a g n i 
tude of c opper -n i t rogen sp l i t t ing a n d it is almost ident i ca l to the p u r p l e 
isomer of C u [ H 2 ( P A A ) 2 e n ] , i t can be stated w i t h some confidence that 
the oxygen-coordinated C u ( I I ) is the one rep laced b y Z n ( I I ) . T h e 
green isomer of C u [ H 2 ( B A A ) 2 e n ] , w h i c h was demonstrated s tructural ly 
to contain oxygen-coordinated C u ( I I ) , has a s imple E P R spectrum 
wi thout superhyperf ine spl i t t ing . Analogous experiments w i t h a var ie ty 
of other meta l ions should furn ish m u c h in format ion about heteronuclear 
complexes w i t h potent ia l ly strong superexchange interactions. 

S P E C T R A L P R O P E R T I E S . Absorption Spectra. T h e spectral properties 
of binucîear C u ( I I ) complexes w h i c h exhibi t strong magnet ic exchange 
are not w e l l k n o w n . E x p e r i m e n t a l l y there is some advantage to s tudy ing 
the polyketonates a n d their Schiff-base derivatives since comparisons 
can be made between the po lynuc lear molecules a n d the w e l l k n o w n 
mononuclear diketonates. F o r example, C u 2 ( P A A ) 2 e n can be envis ioned 
as resul t ing f r o m a fus ion of d iketonate a n d Schiff-base diketonate 
chelates (Reac t i on 6 ) . Since the l i g a n d fields a n d m e t a l i on geometries 
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422 I N O R G A N I C C O M P O U N D S W I T H U N U S U A L P R O P E R T I E S 

before and after fusion are qui te s imi lar , spectral changes i n go ing f rom 
mono- to b inuc lear molecules can be a t t r ibuted to the format ion of the 
oxygen-br idged system a n d the resultant change i n energy levels. T h e 
v is ib le spectra of mono- a n d b inuc lear complexes are c ompared i n T a b l e 

Figure 4. First derivative EPR spectrum of Zn(U)-doped Cu2(PAA)2en 
compared with that of the purple isomer Cu \H2(PAA)2eri\ 
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32. L i N T V E D T E T A L . Binucîear Schiff Base Ligands 423 

I I I . I t is clear that n e w absorptions a n d / o r shifts i n spectral transitions 
take place i n go ing f r o m the mono - to the binucîear complexes. A l t h o u g h 

T a b l e I I I . T h e V i s i b l e Spectra of Some R e l a t e d M o n o - a n d 
Binucîear C u ( I I ) Complexes ( i n C H C l 3 ) 

Complex Wavelength, nm (emax) 

C u ( A c a c ) 2 650 (38 ) β 

C u ( A c a c 2 ) e n 540 (198) a 

C u 2 ( P A A ) 2 e n 512 (75) 650 (160) 745 (50) 
C u 2 ( P A A 2 ) - 4 7 5 (75) 645 (282) 735 (65) 

β From Ref. 23. 

i t is premature to consider m a k i n g assignments, these data do ind i cate 
that add i t i ona l spectral studies are warranted . 

Emission Spectra. T h e emission spectra f r om transit ion meta l c o m 
plexes can be an extremely useful a i d i n s tudy ing molecu lar electronic 
states. T h e binucîear c o m p l e x C u 2 ( P A A ) 2 e n has a sharp fluorescence 
emission at 427 n m . T h i s is u n u s u a l since C u ( I I ) compounds rare ly , i f 
ever, are observed to emit . It is significant that nei ther C u ( A c a c ) 2 nor 
C u ( A c a c ) 2 e n emits under the exper imental condit ions used to s tudy 
C u 2 ( P A A ) 2 e n . Indeed , there are no reports i n the l i terature of emission 
f r om either of these chelates under any exper imental condit ions. T h e 
fluorescence spectra of the protonated l i g a n d , H 4 ( P A A ) 2 e n , a n d of 
C u 2 ( P A A ) 2 e n are compared i n T a b l e I V . T h e excitation wave length i n 

T a b l e I V . Fluorescence S p e c t r a of H 4 ( P A A ) 2 e n a n d C u 2 ( P A A ) 2 e n 
( i n 3 -Methy lpentane at 7 7 ° K ) 

Comparative 
Half-band Widths 

Substance Excitation, nm Emission, nm at Half Height, nm 

H 4 ( P A A ) 2 e n 370 - 3 8 5 - 4 
- 4 0 0 - 7 
~ 4 2 0 - 1 2 

C u 2 ( P A A ) 2 e n 365 427 1.5 
385 427 1.5 

b o t h the l i g a n d a n d the complex corresponds to a strong absorpt ion, 
presumably a n i n t r a l i g a n d ΤΓ--»7Γ* b a n d . W h e n C u 2 ( P A A ) 2 e n is exc i ted 
at either 365 or 385 n m , sharp emission occurs at 427 n m . N o phospho
rescence was observed d o w n to about 800 n m . 

E L E C T R O C H E M I S T R Y . T h e cyc l i c v o l t a m m o g r a m for the reduct i on of 
C u 2 ( P A A ) 2 e n i n d i m e t h y l f o r m a m i d e ( D M F ) is presented i n F i g u r e 5. 
T h e reduct ion occurs at E i / 2 = —0.61 V vs. S C E , a n d i t is reversible . 
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REVERSIBLE 2e" REDUCTION - Cu^PAAfeen 

ο 

- . 4 5 - 5 0 - . 5 5 - .60 -:65 - .70 -.75 

VOLTS 

Figure 5. Cyclic voltammogram for the reduction of Cus-
(PAA)2en in DMF 

O n the basis of electrolysis experiments, i t was determined that the 
process involves the a d d i t i o n of two electrons per molecule . T h i s is qui te 
uncharacter ist ic of s imple C u ( I I ) compounds w h i c h general ly reduce 
i r revers ib ly i n a one-step, two-e lectron reduc t i on g i v i n g C u ( 0 ) ( 2 4 ) . 
Several of the b i s ( l , 3 , 5 - t r i k e t o n a t o ) d i c o p p e r ( I I ) chelates were s tudied 
po larograph i ca l ly i n our laboratories ( 25 ) . These reductions are a l l 
i rrevers ib le , but they are s imi lar to that of C u 2 ( P A A ) 2 e n i n that they 
consist of two-electron reductions. 

D u r i n g the electrolysis i n w h i c h a solut ion of C u 2 ( P A A ) 2 e n i n D M F 
was qua l i ta t ive ly reduced , the color changed f rom green to y e l l o w but 
no prec ip i tate formed. T h u s it seems l i k e l y that a stable C u ( I ) complex 
was formed. T h e revers ib i l i ty of the reduct ion indicates that perhaps 
species such as [ C u ? ( P A A ) 2 e n ] 2 ' or C u 2 [ H 2 ( P A A ) 2 e n ] are f o r med i n 
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32. L I N T V E D T E T A L . Binuclear Schiff Base Ligands 425 

solution. T h e nature of these solutions w i l l be invest igated further since 
the e lectrochemical data suggest that chelates such as C u 2 ( P A A ) 2 e n 
m a y be useful e lectron transfer reagents. 
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2,3-Butane dihydrazone 382 

C 

Carbon disulfide, metal complexes 
of ligands derived from 394 

Carbon sigma bonds, actinide-to- . 242 
Carbon, single bond, mercury- . . . 307 
Carbon tetrachloride 224 
Carbonyl group, metal-bonded . . . 304 
Catalytic experiments with 

[Rh(TTP)] 365 
Cell , voltaic 109 
[ ( C 5 H 5 ) 2 ( C 5 H 4 ) - T h ] , molecular 

structure of 239 
C - H - M o bond, three-center 297 
( C 4 H 9 ) 4 N 2 M o 4 l i o C l 333 
Charge on the metal 99 
Charge separation 101 

caused by neutral ligands 96 
complex compounds with a large 95 
in coordination compounds . . . . 95 

Charge-transfer 
luminescence 152 
salt, organic 33 
systems 35, 38 

Chelate complex, substrate- 229 
Chelated bis (carborane) metal 

complexes 303 
Chelates 

of H 4 ( B A A ) 2 e n , mononuclear . . 414 
of H 4 ( P A A ) 2 e n , homonuclear . . 420 
heteronuclear 410,415,417 
/3-polyketonate 408 
of Schiff-base dérivâtes of 1,3,5-

triketones, binuclear 407 
Chelating, uninegative 289 
Chemical reactions of the excited 

states 167 
Chemical tuning 150 
Chloride solvents, molten 107 
Chlorides, metal 108 
Chlorocuprate solvent, solubility 

of C u C l 2 in 109 
Chlorocuprates, liquid 104 

applications of 107 
Chloroform 224 
p-Chloronitrobenzene 226 
2-Chloropentaborane 303 
Chromium 267,311 
Circularly polarized luminescence . 156 
Cluster species of the Group VI 

transition metals 318 
Cluster systems 74 
C 0 2 283 
Co (III) ammines 128 

photochemistry of 137 
photosubstitution reactions of . . 142 
thermally equilibrated excited 

(thexi) state chemistry of 
some 128 

Cobalt 304,399 
complexes 385, 388 

of tri(terf-phosphine) ligands 348 
Co(C5H5) derivatives, perfluoro-

alkyl 299 
[ C o ( C i 0 H 1 4 N 8 ) (axial base)(R)] 381 
[ C o ( C i 0 H 1 4 N 8 ) ( C 5 H 5 N ) 2 ] l 3 . . . . 381 
[ C o ( C i o H 2 0 N 8 ) ] ( C 1 0 4 ) 2 380 
Columnar structure 19, 23 
Complex 

compounds with a large charge 
separation 95 

dimeric macrocyclic 387 
energy level diagram for a 

Cr(III) 132 
hydrazine 390 
isonicotinamide 193 
Pd 404 
substrate-chelate 229 
systems, binuclear transition 

metal 31 
systems, electrical property 

studies of planar metal . . . . 1 
Complexes 

axially symmetrical 98 
binuclear 418 
cobalt 388 
containing chloride, fluorescence 

of napy 218 
containing 1,8-naphthyridines, 

fluorescence properties of 
rare earth 214 

Cr(III) ammine 139 
CuCO complexes 295 
dipole moments of polynuclear . 101 
16 ττ electron ligand 379 
emission spectra from transition 

metal 423 
environmental effects on photo

physical processes in C r 3 + . . 172 
exciplexes of transition metal . . 169 
excited-state properties of transi

tion metal 160 
heteronuclear 413 
hexaammine 189 
hexacoordinated C r 3 + 174 
highly conducting inorganic . . . 27 
ionic 173 
iridium (III) 152 

hetero-bischelated 201,203 
lanthanide 229 
of ligands derived from carbon 

disulfide, metal 394 
of macrocyclic tetradentate thio-

ethers, rhodium(I) 358 
molecular 173 
neopentyl-type 258 
nickel 385,403 
nickel (II) chloride triphenyl-

phosphine 271 
octa-aza annulene 379 
one-dimensional inorganic 18 
optical properties of inorganic . . 21 
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I N D E X 429 

Complexes (Continued) 
organocobalt(III) 384 
osmium (II) 151 
phenanthroline 392 
of PHP ( C H 2 C H 2 C H 2 P P h 2 ) 2 , 

alkyl and hydride rhodium . 341 
platinum hydride 304 
polynuclear transition metal . . . . 407 
of Pt(II ), five-coordinate trigonal 

bipyramidal 292 
pyridine 199 
rhodium 187 

new 367 
photochemistry of 189 
square-planar 368 

role of the excited states in the 
photochemistry of Cr(III) . 163 

ruthenium ( II ) 151 
photochemistry of 191 

size of dipole moments in mono
nuclear 96 

Sn and Pb 258 
spectral properties of ruthe

nium ( II ) and rhodium ( III ) 188 
sulfur-rich zinc 402 
terbium 218 
tetracarboxylatodimolybde-

num(II) 321 
transition metal 199 
of tri(terf-phosphine) ligands, 

cobalt(I) 348 
ttp-rhodium 346 
Zn(II) 421 

Condensations, diamine 413 
Conductances, specific 106 
Conducting inorganic complexes, 

highly 27 
Conduction mechanism 34 
Conductivity 7,9,19, 56, 60 

anisotropic electrical 2 
dc 69 
electrical 2,32,64 
measurements 51 
of polymers 47 
scale for some solid state mate

rials 4 
studies 218 

Configuration interaction parameter 156 
Configurations, folded 404 
Coordination compounds, asym

metrical 95 
Coordination compounds, charge 

separation in 95 
Coordination numbers by bulky 

ligands, stabilization of un
usual valence states and 267 

Coordination polyhedron, inner . . 391 
Coordinative saturation 242 
Copper 311,312 
Coupling model 153 
Coupling, spin-orbit 202 
Covalent metal-nitrogen bonds . . . 285 
Covalent polymers 71 

C p T l 37 
C r ( C N ) 6 3 " 163 
Cr(III) 

ammine complexes 139 
complex, energy level diagram 

for 132 
complexes, environmental effects 

on photophysical processes 
in 172 

complexes, hexacoordinated . . . . 174 
complexes, role of the excited 

states in the photochemistry 
of 163 

C r ( e n ) 3
3 + 165 

C r ( N H 3 ) e 3 + absorption spectrum 
for aqueous 130 

Cryoscopy 258 
Crystal field stabilization 269 
Crystal lattice energy 228 
Crystal structure 25 
Crystalline defects 4 
Crystalline environments 173 
Crystallization, low temperature . . 274 
Crystallography 23 
Crystals, MGS 10 
(3CT)Ru(dipy) 3

2 + 168 
[ C u ( C 1 0 H i 4 N 8 ) ] 380 
[Cu ( C i o H 2 0 N 7 ) CI ( H 2 0 ) ] ( C10 4 ) 380 
C u 2 C l 3 " , binucîear 106 
C u C l 2 in chlorocuprate solvent, 

solubility of 109 
C u C l 2 " galvanic cell 110 
C u 8 clusters 400 
C u C O complexes 295 
C u 2 ( P A A ) 2 and C u 2 ( P A A ) 2 e n , 

magnetic properties of 420 
Cyclopentadienyl rings 245 

D 
1-D systems 18 
Dc conductivity 69 
Decamolybdodivanadophosphoric 

acid 86 
Decatungstodivanadophosphoric 

acid 86 
Decay, nonexponential 201 
Decomposition of actinide alkyls, 

thermal 236 
Derealization, double bond 392 
Derealization, electron 2 
Derealization in mixed valence 

heteroply anions, electron . . . 86 
Deprotonation 382 
Deuterium gas with boron-hydro

gen bonds, exchange of 308 
Dfhd complexes 225 
Dialkylamides and alkoxides of 

molybdenum and tungsten . . . 273 
Dilakylamides, divalent metal 

alkyls and 262 
Dialkylamido ligands 267 
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430 I N O R G A N I C C O M P O U N D S W I T H U N U S U A L P R O P E R T I E S 

Dialkylstannylene 262 
derivatives 256 

Diamine condensations 413 
Dichroism 22 
/3-Diketones 223 
Dimer equilibrium, monomer- . . . 338 
Dimer molecules, packing of 388 
Dimer, pyrazine-bridged 79 
Dimeric macrocyclic complex . . . . 387 
Dimeric ruthenium complexes . . . . 78 
Dimethylamides of the early transi

tion elements 283 
Dimethylamido ligands 278 
2.5- Dimethylpyrrole compounds . . 270 
Dimolybdenum tetracarboxylate 

derivatives 321 
Dimolybdenum carboxylates with 

iodine, reactions of the 329 
p-Dioxane 224 
Dipolar molecules, highly 96 
Dipole moments 97 

in mononuclear complexes 96 
of nitrido complexes 100 
of polynuclear complexes 101 
of some cis-platinum(II) chloro 

complexes 97 
Dipyrazolylborates 290 
2.6- Dithiaheptane 361 
Dithiene complexes 42 
Dithiocarbamates 394 

oxidized 402 
metal 397 

1,1-Dithiolate derivatives, sulfur 
addition to 397 

Dithiolate ligands 394 
Dithiolates, oxidized nickel group . 398 
1,1-Dithiolates, reaction chemistry 

of metal 395 
Divalent metal alkyls and dialkyl

amides 262 
7r-Donor-acceptor compounds . . . . 12 
Double bond derealization 392 
Drude equation 69 
Drude reflectance 68 
Dysprosium and europium com

plexes 217 

Ε 
Eclipsed arrangement 388 
Electric dipole moments 95 
Electrical conductivity 2, 32, 64 

anisotropic 2 
Electrical properties 23 

of planar metal complex systems 1 
Electrically neutral ligands 96 
Electrolysis 424 
Electron 

counting in metalloboranes . . . . 316 
derealization 2 

in mixed valence heteropoly 
anions 86 

Electron (Continued) 
exchange between pairs of vana

dium atoms 85 
-hopping model 54 
ligand complexes, 16π- 379 
micrograph studies 65 
pair acceptor derivatives 303 

Electronic 
interactions 73 
relaxation time 69 
spectra, solid state 21 
structure, MGS 11 
transitions of reduced tungsto-

vanadophosphate anions . . 93 
Electrophiles 369 
Electrophilic attack 287 
Emission spectra from transition 

metal complexes 423 
Emission spectroscopy 149 
Emitting levels, orbital parentage 

of 205 
Energy 

crystal lattice 228 
level diagram foi a Cr(III) 

complex 132 
level schemes 152 
transfer 174,202 

efficiency, factors affecting . . . 165 
intermolecular 181 
processes 210 

Environment, effect of 172, 174 
Enzyme inhibitors 394 
Epitaxial growth 66 
EPR signal 65 
Equilibrated excited (thexi) state 

chemistry of some Co (III) 
ammines 128 

Equilibration, thermal 145, 146 
Equilibration, monomer-dimer . . . 388 
ESR spectrum 85 
Ethylenediamine 135 

labilization 142 
Eu(thd)3(DMSO) 227 
Europium adducts, fluorescence 

spectra of 219 
Europium complexes, disprosium 

and 217 
Europium-p-nitrotoluene inter

action 227 
Exchange of deuterium gas with 

boron-hydrogen bonds 308 
Exchange transfer 182 
Exciplexes of transition metal com

plexes 169 
Excited state properties 149, 160 
Excited states 

charge-transfer-to-ligand 151 
chemical reactions of 167 
in the photochemistry of Cr(III) 

complexes 163 
External magnetic interactions . . . 156 
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I N D E X 431 

F 
Fe(III)-Fe(III) species 39 
Ferrocene-containing polymers, 

mixed valence, semiconducting 46 
Ferrocenophane complexes 31 
Five-coordinate trigonal bipyrami

dal complexes of Pt(II) 292 
Flash photolysis studies 197 
Fluorescence 131, 201 

of napy complexes containing 
chloride 218 

properties of rare earth com
plexes containing 1,8-
naphthyridines 214 

spectra of europium adducts . . . 219 
spectra, solid state 215 

Fluoroolefins 294 
Fluxional mechanism 280, 304 
Fod complexes 224 
Folded configurations 404 
Formaldehyde 160 
Formation of complex 7r-orbitals . . 206 
Formation, liquid clathrate 116 
Forster or resonance transfer 182 
Four-probe ac technique 56 
Franck-Condon states 133 
Fungicides 394 
Fused salts, room temperature . . . 104 

G 
Galvanic cell, C u C l 2 - 110 
Geometric isomers of heteropoly 

tungstates 85 
Germanium (II) alkyl 260 
Germanium-metal bond 309 
Group VI transition metals, cluster 

species of 318 

H 

Hafnium 267 
Hall effect measurements 5 
Halogen-free metallocarborane . . . 304 
H 4 ( B A A ) 2 e n , mononuclear chel

ates of 414 
H B ( p z ) 3 ligand, tridentate 299 
H 2 B ( p z ) 2 P t M e 3 297 
Heteroatom borane 309 
Hetero-bischelated complexes of 

Ir(III) 201,203 
Heterocyclic ligands, nitrogen . . . . 214 
Heteronuclear chelates . . . .410, 415, 417 
Heteronuclear complexes 413 
Heteronuclear quadruple bond . . . 329 
Heteropoly anions 85, 86 
Heteropoly blues 85 
Heteropoly transition metal oxo-

complexes 85 
Heteropoly tungstates, geometric 

isomers of 85 
Hexaammine complexes 189 

Hexacoordinated C r 3 + complexes . . 174 
Hg 2 .86AsF 6 56,58 
Homonuclear chelates of 

H 4 ( P A A ) 2 e n 420 
Hybrid sandwiches 299 
Hydrazine complex 390 
/3-Hydride elimination 236 
Hydride rhodium complexes of 

P h P ( C H 2 C H 2 C H 2 P P h 2 ) 2 . . . 341 
Hydrogen bonds, exchange of 

deuterium gas with boron- . . 308 

I 

Impurities 4 
Inhibitors, enzyme 394 
Inner coordination polyhedron . . . 391 
Inorganic complexes, highly con

ducting 27 
Inorganic complexes, one dimen

sional 18 
Inorganic complexes, optical prop

erties of 21 
Insertion 286 

reactions involving C 0 2 285 
Instability, Peierls 34 
Insulators 23,32,46 
Interaction parameter, configuration 156 
Interactions, external magnetic . . . 156 
Intermolecular energy transfer . . . 181 
Intermolecular rearrangements, 

intra- and 403 
Intersystem crossing efficiency . . . 179 
Intervalence optical transition . . . . 85 
Intra- and intermolecular rearrange

ments 403 
Intramolecular exchange 313 
Intramolecular relaxation rates . . . 176 
Iodine, reactions of dimolybdenum 

carboxylates with 329 
Ion photophysics, transition metal 172 
Ionic complexes 173 
Ir(III), hetero-bischelated com

plexes of 203 
Ir 1 and Pt 1 1 complexes, square 

planar 27 
IR spectra 327,383 

studies of liquid clathrates 120 
Iridium (III) complexes 152 

hetero-bischelated 201 
Iron 312,403 

-borane 306 
Isomerization 382 
Isomers of heteropoly tungstates, 

geometric 85 
Isomers, oxidation state 77 
Isonicotinamide complex 193 
IT transitions 78 

Κ 
K [ A 1 2 ( C 2 H 5 ) 6 F ] 113 
Keggin structure 87 
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432 I N O R G A N I C C O M P O U N D S W I T H U N U S U A L P R O P E R T I E S 

K ^ 0 . 5 l r ( C O ) 2 C l 2 19 
K 2 P t ( C N ) 4 B r o . 3 0 o - 3 H 2 0 18 
Krogmann's salt 31 

L 
Lanthanide complexes 229 
Lanthanide N M R shift reagents . . 222 
Lanthanide trissilylamides 270 
Lewis acidity of E u (fod) 3 224 
Lewis bases 225,308 
Ligand 

benzhydryl 259 
-bridged systems 76, 77 
charge separation by anionic . . . 98 
complexes, 167r-electron 379 
excited states, charge-transfer to- 151 
field theory 129 
functionality, reversible biden-

tate-tridentate borane . . . . 312 
-metal single bonds, metallo

borane derivatives with . . . 302 
nitride 100 
oxidation 382 
oxide 100 
R B ( p z ) 3 291 
stabilization via R B ( p z ) 3 295 
strong interactions between 

metals through a bridging . 80 
substituents used to modify 

photochemical reactivities . 187 
tridentate H B ( p z ) 3 298 
weak interaction between metals 

through a bridging 76 
Ligands 

borane anion 311 
bulky 281 
charge separation caused by 

neutral 96 
cobalt(I) complexes of tri-

( teri-phosphine ) 348 
derived from carbon disulfide, 

metal complexes of 394 
electrically neutral 96 
mono-atomic anionic 100 
monohapto 302 
neutral bridging 41 
nitrogen heterocyclic 214 
non-bridging 80 
phosphine 335,336 
polydentate 336 
tertiary alkoxo 267 

Light emission characteristics . . . . 202 
Liquid chlorocuprates 104 
Liquid clathrate ( s ) 112,116 

based on the nitrate ion 118 
behavior 115 

solid state clues to 122 
formation 116 
IR spectroscopic studies of . . . . 120 

Liquid enclosure compounds, non-
stoichiometric 112 

Lithiocarboranes 304 

Ln(dfhd )3 complexes 225 
Ln(thd )3 complexes 224 
Low temperature crystallization . . 274 
Lower dimensional polymeric 

metals 71 
Luminescence 201 

charge-transfer 152 
circularly polarized 156 
as a probe of excited state 

properties 149 

M 
McConnell-Robertson equation . . . 228 
Macrocyclic complexes 379, 387 
Macrocyclic tetradentate thioethers, 

rhodium ( I ) complexes of . . . . 358 
Magnetic interactions, external . . . 156 
Magnetic properties 417 

of inorganic complexes 22 
Magnetic susceptibility data 327 
Magnus' Green Salt 5,6,24 
M[A1 2 R 6 X] 112 
Manganese 312,399,415 
Mass spectra 384 
Mechanism, conduction 34 
Mercuric chloride 305 
Mercuric halides, reaction of 

C-lithocarboranes with 303 
Mercury-carbon single bond . . . . . 307 
Mercury poly cation s 56 
( M e 2 S i ) 2 C h - 256 
Metal alkyls and dialkylamides, 

divalent 262 
Metal alkyls, stable homoleptic . . . 256 
Metal 

-bonded carboranyl group 304 
-boron single bonds 305 
charge on the 99 
charge transfer systems, mono

nuclear transition 35 
chlorides 108 
complex systems, binuclear tran

sition 31 
complex systems, electrical prop

erty studies of planar 1 
complexes 

chelated bis (carborane) . . . . 303 
emission spectra from transi

tion 423 
exciplexes of transition 169 
excited-state properties of tran

sition 160 
of ligands derived from carbon 

disulfide 394 
polynuclear transition 407 
transition 199 

compounds, mixed 329 
derivatives, M o - W mixed 325 
dithiocarbamates, oxidized . . . . 397 
1,1-dithiolates 395 
ion photophysics, transition . . . . 172 
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I N D E X 433 

Metal (Continued) 
-ligand-metal bridges 281 
-metal bonding 74, 275 
oxocomplexes, heteroply transi

tion 85 
systems, transition 187 

Metallate anion, penta-carbonyl . . 313 
Metallic-like properties 64 
Metallic properties 46 
Metallic systems, one-dimensional . 57 
Metalloborane derivatives with 

ligand-metal single bonds . . . 302 
Metalloboranes 311 

electron counting in 316 
Metallocarborane, halogen-free . . . 304 
Metals 

cluster species of the Group VI 
transition 318 

interactions between 76, 80 
lower dimensional polymeric . . . 71 
polymeric 63 
polypyrazoylyborates of heavier 300 
synthesizing organometallic . . . . 38 

Methyl migration 295 
MGS (Magnus7 Green Salt) 6 

crystals 10 
electronic structure 11 

Mixed-metal compounds 329, 330 
Mixed valence polyanions 93 
Mixed valence semiconducting 

ferrocene-containing polymers 46 
Mobilities 5 
Mo bond, three-center C - H - 297 
M o ( C O ) c 296 
Model, coupling 153 
Model, electron-hopping 54 
M0L3 compounds 274 
Molecular chelates, heteronuclear . 410 
Molecular complexes 173 
Molecular dipole moments 97 
Molecular structure of 

[(Cr>H 5 )2(C 5 H4)-Th] 239 
Molten-chloride solvents 107 
Molybdenum 267,318 

dialkylamides and alkoxides of . 273 
M o - N bond rotation 280 
M o 2 ( N M e 2 ) , structure of 279 
Mono-atomic anionic ligands 100 
Monohapto ligands 302 
Monomer-dimer equilibrium 388 
Mononuclear chelates of 

H 4 ( B A A ) 2 e n 414 
Mononuclear complexes, size of 

dipole moments in 96 
Mononuclear transition metal 

charge transfer systems 35 
[ M o 2 ( 0 2 C R ) 4 ] I 3 derivatives 326 
Mo 2 (OR)c , variable temperature 

m N M R spectra 277 
Mossbauer spectra 263 
M o - W mixed-metal derivatives . . . 325 
M o W ( 0 2 C C ( C H 3 ) 3 ) 4 329 
Mylar 66 

Ν 
1,8-Naphthyridines, rare earth 

complexes containing 214 
Napy complexes containing chloride 218 
Neopentyl-type complexes 258 
Neutral bridging ligands 41 
Neutral ligands, charge separation 

caused by 96 
Neutral ligands, electrically 96 
Nickel 304, 380, 381, 398, 403, 419 

complexes 271, 385, 398, 403,419 
group dithiolates, oxidized 398 

Nitrate ion, liquid clathrates 
based on 118 

Nitric oxide 267 
Nitride ligand 100 
Nitrido complexes, dipole moments 

of 100 
Nitrogen bonds, covalent metal . . . 285 
Nitrogen heterocyclic ligands . . . . 214 
Nitromethane 224 
N M R 

data for Pd compounds, ring 
proton 43 

shift reagents, lanthanide 222 
spectra 277,390 

proton 342 
spectroscopy 88 

Nonbridging ligands 80 
Non-equilibrated states, thermally 203 
Nonexponential decay 201 
Nonradiative process 172 
Non-stoichiometric liquid enclosure 

compounds 112 
Nonstoichiometry 25 
Nucleophilic attack 287 
Nucleophiles, reactivity of 

R h ( T T P ) + toward 369 

Ο 
Octa-aza annulene complexes . . . . 379 
One-dimensional inorganic com

plexes 18 
One-dimensional metallic systems . 57 
One-dimensional semiconductors . . 2 
One-electron donor derivatives . . . 303 
Optical anisotropy 65 
Optical properties of inorganic 

complexes 21 
Orbital nomenclature 155 
Orbital parentage of emitting levels 205 
Orbitals, formation of complex π- . 206 
Orbitals, metal-metal 75 
Organic salts 46 

charge transfer 33 
Organoactinide reactivity 232 
Organocobalt(III) complexes ..384,385 
Organometallic chemistry actinide 232 
Organometallic compounds 291 
Organometallic metals, synthesizing 38 
Ortho-carborane 305 
Osmium (II) complexes 151 
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434 I N O R G A N I C C O M P O U N D S W I T H U N U S U A L P R O P E R T I E S 

Oxidation 
ligand 382 
partial 27 
state isomers 77 
states, solid state 77 

Oxidative addition reac
tion 240,308,372 

Oxide ligand 100 
Oxidized dithiocarbamates 397,402 
Oxo-bridged cluster compounds, 

triangular 81 
Oxocomplexes, heteropoly transi

tion metal 85 

Ρ 
3 1 P N M R spectroscopy 85 
Packing 229,388 
Palladium 304,399 
Paramagnetic contact shifts . . . . 389, 390 
Partial oxidation 27 
Pb complexes 258 
Pd complex 404 
Pd compounds, ring proton N M R 

data for 43 
Peierls instability 34 
Pentacarbonyl metallate anion . . . 313 
Perfluoroalkyl C o ( Q , H 5 ) deriva

tives 299 
1,10-Phenanthroline 203,214 
Phenanthroline complexes 392 
Phosphine complexes, tertiary . . . . 95, 96 
Phosphorescence 201 
Phosphorus 308,354 
Photoaquations of R u ( N H 3 ) s L 2 + in 

aqueous solution 194 
Photochemical reaction 308 
Photochemical reactivities, use of 

ligand substituents to modify . 187 
Photochemical system, schematic . 161 
Photochemistry 172 

of Co (III) ammines 137 
of Cr(III) complexes 163 
of rhodium (III) complexes . . . . 189 
of ruthenium(II) complexes . . . 191 

Photoconductivity 4,54 
Photoluminescence 149 
Photolysis 139 

studies, flash 197 
Photolytic reactions 309 
Photophysical processes in C r 3 + 

complexes, environmental 
effects on 172 

Photophysics 172 
transition metal ion 172 

Photoreactive species 135 
Photosubstitution reactions of 

Co (III) ammines 142 
PhP(CH 2 CH2CH 2 PPh2)2 , alkyl 

and hydride rhodium com
plexes of 341 

Phthalocyanine 249 

Planar metal complex systems, 
electrical property studies of . 1 

Plasma minimum 68 
Platinum 304,399 

hydride complexes 304 
Pleochroism 22 
Polarized luminescence, circularly . 156 
Polyanionic species 408 
Polycations, mercury 56 
Polydentate ligands 336 
Polyethylene 66 
Polyethynylferrocene 47 
Ι,Γ-Polyferrocenes 76 
Polyferrocenylene 47 
Polyhedron, inner coordination . . . 391 
/3-Polyketonate chelates 408 
Polymeric metals 63, 71 
Polymeric sulfur nitride 63 
Polymerization 63,281 

radical initiated 49 
of S 2 N 2 crystals, solid state . . . . 66 

Polymers, conductivity of 47 
Polymers, covalent 71 
Polymetallic systems, redox proper

ties of 73 
Poly (methyl methacrylate ) 179 
Polynuclear complexes, dipole 

moments of 101 
Polynuclear transition metal com

plexes 407 
Polyphosphine ligands 335, 336 
Polypyrazolyborate chemistry . . 289, 300 
Polysalts 54 
Polythiazyl 63 
Polyvinylferrocene 47 
Potassium germyltrihydroborate . . 303 
Potassium 10-tungstodivanado 

phosphates 87, 88 
Properties of inorganic complexes, 

optical 21 
Proton N M R data for Pd com

pounds, ring 43 
Proton N M R spectra 342 
Pt 1 1 complexes 11 

square planar Ir 1 and 27 
P t ( P T T ) 2 43 
P T T synthesis 43 
Pyrazine-bridged dimer 79 
Pyridine complexes 199 

Q 
Quadruple bond, heteronuclear . . . 329 
Quadruple metal-metal bonds . . . . 319 
Quenching 160 

R 
Radiationless processes 211 
Radical-initiated polymerization . . 49 
Radiochromatography 402 
Raman spectra 106 
Rare earth complexes containing 

1,8-naphthyridines 214 
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Rate of sulfur atom exchange . . . . 402 
Rates, intramolecular relaxation . . 176 
R B ( p z ) 3 , ligand 291 
Reaction 

chemistry of metal 1,1-dithiolates 395 
of C-lithocarboranes with mer

curic halides 303 
of Co (III) ammines, photosub-

stitution of 142 
of dimolybdenumcarboxylat.es 

with iodine 329 
of the excited states 167 
of halocarbonylmetallate anions 

new species from 331 
involving COo, insertion 285 
of liquid clathrates 119 
oxidative addition 240,308 
photochemical 308 
photolytic 309 
of R h ( T T P ) + with electrophiles 369 
of R h ( T T P ) + , oxidative addition 372 
of [Rh(TTP) ] + with small co

valent molecules 362 
template 247 
of vinyl and allyl compounds, 

AIBN-catalyzed 339 
of W ( N M e ) 6 283 

Reactive state 163 
Reactivity, organoactinide 232 
Reactivity of R h ( T T P ) + toward 

nucleophiles 369 
Reagents, lanthanide N M R shift . . 222 
Rearrangements, intra- and inter

molecular 403 
Redox behavior 75 
Redox properties of polymetallic 

systems 73 
Reduction of P V 2 W 1 0 O 4 0 5 * 88 
Reflectance 68 
Reflectance, Drude 68 
Relaxation rates, intramolecular . . 176 
Resistivity 3,56,58 
Resonance transfer, Forster 182 
Reversible bidentate-tridentate 

borane ligand functionality . . 312 
Rhenium 101 
Rhodium 304,399 

complexes 187, 335, 341, 345, 
346, 358, 362 

photochemistry of 189 
spectral properties of 188 
square planar 368 

R h ( T T P ) + 362,369,372 
Ring proton N M R data for Pd 

compounds 43 
Room temperature fused salts . . . . 104 
Ruthenium 399 

complexes 151,187, 399, 401 
in aqueous solution 194, 197 
dimeric 78 
ligand-bridged 77 
photochemistry of 191 
spectral properties of 188 

S 

Salt(s) 
B F D 39 
Krogmann's 31 
organic 46 

charge transfer 33 
room temperature fused 104 
T C N Q 47 
W 2 X 9 2 _ 332 

Sandwiches, hybrid 299 
Schematic of a photochemical sys

tem 161 
Schiff-base derivatives of 1,3,5-tri

ketones, binucîear chelates of 407 
Schlenk technique 275 
Seebeck effect 4 
Semiconductivity 47 
Semiconductors, one-dimensional . 2 
Semiconducting ferrocene-contain

ing polymers, mixed valence . 46 
Sensitization 160 
Shift 

paramagnetic 389, 390 
p-nitrotoluene chemical 226 
reagents, lanthanide N M R 222 
Stokes 184 

Silylamide groups 269 
Size of dipole moments in mono

nuclear complexes 96 
( S N ) , 63 
S 2 N 2 65 
[Sn{CH(SiMe 3 ) 2 }2]2 260 
( S N ) , crystals 65 S2N2 crystals, solid state polymeri

zation of 66 
Sn Mossbauer spectra 263 
Sn and Pb complexes 258 
Solid state 

aggregates 37 
clues to liquid clathrate behavior 122 
electronic spectra 21 
fluorescence spectra 215 
materials, conductivity scale for 

some 4 
oxidation states 77 
polymerization of S 2 N 2 crystals . 66 
studies 63 

Solubility of C u C l 2 in chloro-
cuprate solvent 109 

Soluble metal chelates, unusually 
volatile and 222 

Solvatochromism 21 
Solvent cage 145 
Solvents, molten chloride 107 
Specific conductances 106 
Spectra 

IR 327,383 
mass 384 
N M R 390 
of reduced anions 91 
Sn Mossbauer 263 
solid-state electronic 21 
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Spectra (Continued) 
solid state fluorescence 215 
from transition metal complexes, 

emission 423 
Spectral properties of ruthenium ( II ) 

and rhodium (III) complexes . 188 
Spectral studies of MGS 6 
Spectrophotofluorometer 215 
Spectroscopic data 285 
Spectroscopy, N M R 88 
Spin-based nomenclature 154 
Spin-orbit coupling 202 
Square planar Ir 1 and Pt 1 1 com

plexes 27 
Square planar rhodium(I) com

plexes 368 
Square planar systems, synthesis of 

binuclear 40 
Stabilization, crystal field 269 
Stabilization of unusual valence 

states and coordination num
bers by bulky ligands 266 

Stabilization via RB(pz )3 ligand . . 295 
Stable homoleptic metal alkyls . . . 256 
Stacking interactions 2 
Stark splitting 220 
Stereochemistry of the rhodium 

hydride and rhodium methyl 
complexes 345 

Stereoisomerism 298 
Stereoisomers 85 
Steric factors 281 
Stibenes 96 
Stokes shift 184 
Structure, MGS electronic 11 
Substituents to modify photo

chemical reactivities, ligand . . 187 
Substrate-chelate complex 229 
Sulfur addition and abstraction .397, 401 
Sulfur atom exchange 402 
Sulfur nitride, polymeric 63 
Sulfur-rich zinc complexes 402 
Superconductivity 69 
Superphthalocyanine 249,251 
Synthesis 

binuclear square planar system . 40 
of bisporphines 40 
of organometallic metals 38 
P T T 43 

Τ 
T C N Q ( tetracyanoquinodi-

methane) 31,35,47,57 
Teflon 66 
Temperature X H Ν M Pi spectra of 

M o 2 ( O R ) 6 277 
Template reactions 247 
Terbium complexes 218 
Tertiary alkoxo ligands 267 
Tertiary phosphine complexes . . . . 95, 96 
Tetrabenzoatodimolybdenum ( 2.5 ) -

triiodide 322 

Tetracarboxylatodimolybdenum ( II ) 
complexes 321 

Tetracyanoquinodimethane 
( T C N Q ) 31,35,47,57 

Tetradentate thioethers, rhodium(I) 
complexes of macrocyclic . . . . 358 

Tetrapivalatomolybdenum( II ) 
tungsten (II) 323 

Tetrapivalatidimolybdenum ( 2.5 ) -
triiodide 323,324 

Tetrapropionatodimolybdenum-
(2.5) triiodide 322 

Th( allyl ) 4 245 
Thermal decomposition of actinide 

alkyls 236 
Thermal equilibration 145,146 
Thermally equilibrated excited 

( thexi ) state chemistry of 
some Co (III) ammines 128 

Thermally non-equilibrated states . 203 
Thermally populated triplet state . 390 
Thermoelectric power 4 
Thermolysis 234 
Thermopower 9 
Thexi state 133,183 
Thioethers, rhodium(I) complexes 

of macrocyclic tetradentate . . 358 
Thiuram disulfide 402 
Thorium 233 
Three-center C - H - M o bond 297 
Titanium 267 
T I C 5 H 5 37 
Transfer energy 165,210 
Transfer, Forster or resonance . . . . 182 
Transfer systems, binuclear charge 38 
Transfer systems, mononuclear 

transition metal charge 35 
Transition 

elements, dimethylamides of the 
early 283 

metal charge transfer systems, 
mononuclear 35 

metal complex systems, binuclear 31 
metal complexes 199 

emission spectra from 423 
exciplexes of 169 
excited-state properties of . . . 160 
polynuclear 407 

metal ion photophysics 172 
metal oxocomplexes, heteropoly . 85 
metal systems 187 
metals, cluster species of the 

Group VI 318 
Transitions, IT 78 
Triangular, oxo-bridged cluster 

compounds 81 
Trichloro [1,1,1 - tris ( methy lthio-

methyl ) ethane] rhodium ( III ) 361 
Tridentate H B ( p z ) 3 ligand 298 
Triethylammonium dichlorocuprate 104 
3-Trifluoroacetyl-<i-camphor 229 
Trigonal bipyramidal complexes of 

Pt(II) 292 
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Trigonal planar configuration . . . . 269 
Triiodide derivatives 326 
1,3,5-Triketones, binucîear chelates 

of Schiff-base dérivâtes of . . . 407 
Triphenylphosphine 269 
Triplet state 93 

thermally populated 390 
Tris ( dithiocarbamates ) 403 
l , l , l - T r i s ( methylthiomethyl )-

ethane 361 
Tri ( te/t-phosphine ) ligands, 

cobalt(I) complexes of 348 
T T F 57 

- T C N Q 33 
ttp-rhodium complexes 346 
Tungstates, geometric isomers of 

heteropoly 85 
Tungsten 2,268,308,318 

dialkylamides and alkoxides of . 273 
Tungstovanadophosphate anions . . 93 
Two-electron donor derivatives . . . 308 
Two-stage thermal equilibration . . 146 

U 
U( allyl) 4 245 
Uninegative chelating 289 
Uranium 233 

V 
Valence states and coordination 

numbers by bulky ligands . . . 267 
Vanadium 267 

atoms, electron exchange be
tween pairs of 85 

Variable temperature 1 H N M R 
studies 277,282 

Vinyl and allyl compounds, A I B N -
catalyzed reactions of 339 

Vinylbisfulvalenediiron 47 
Viscoelastic behavior 146 
Volatile and soluble metal chelates, 

unusually 222 
Voltaic cell 109 

W 

W 2 B r 9
2 - 332 

Weak interactions between metals 
through a bridging ligand . . . 76 

W 2 ( N M e 2 ) c 281 
W 2 X 9

2 - salts 332 

X 
X-ray powder patterns 385 
X-ray structure determination . . . . 412 

Y 
Yb ( thd ) 3 (DMSO) 227 

Ζ 
Zirconium 267 
Zn 419 

complexes 421 
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