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FOREWORD 

A D V A N C E S I N C H E M I S T R Y S E R I E S was f o u n d e d i n 1 9 4 9 b y the 

A m e r i c a n C h e m i c a l Society as a n outlet for symposia a n d 
collections of data i n specia l areas of t o p i c a l interest that c o u l d 
not be a c c o m m o d a t e d i n the Society's journals. I t provides a 
m e d i u m for symposia that w o u l d otherwise b e f ragmented, 
their papers, d i s t r i b u t e d a m o n g several journals or not p u b 
l i shed at a l l . Papers are r e v i e w e d cr i t i ca l ly a c c o r d i n g to A C S 
ed i tor ia l standards a n d receive the care fu l at tent ion a n d proc
essing characterist ic of A C S publ ica t ions . V o l u m e s i n the 
A D V A N C E S I N C H E M I S T R Y S E R I E S m a i n t a i n the integr i ty of the 

sympos ia o n w h i c h they are based; however , v e r b a t i m repro
duct ions of prev ious ly p u b l i s h e d papers are not accepted. 
Papers m a y i n c l u d e reports of research as w e l l as reviews since 
symposia m a y embrace b o t h types of presentat ion. 
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PREFACE 

' " 'Phe purpose of the s y m p o s i u m , " Inorganic C o m p o u n d s w i t h U n u s u a l 
Propert ies . I I . M o l e c u l a r Cata lys is a n d the C o n v e r s i o n , P r o d u c t i o n , 

a n d Storage of E n e r g y , " was to s t imulate c o m m u n i c a t i o n b e t w e e n scien
tists concerned w i t h the synthesis, character izat ion, a n d react iv i ty of 
inorganic , coordinat ion , a n d organometa l l i c compounds a n d scientists 
concerned w i t h appl icat ions of these compounds i n molecu lar catalysis 
a n d i n the conversion, p r o d u c t i o n , a n d storage of energy. T h i s s y m p o s i u m 
was a sequel to a s y m p o s i u m ent i t led " Inorganic C o m p o u n d s w i t h 
U n u s u a l Proper t ies " h e l d i n January, 1975, at the U n i v e r s i t y of G e o r g i a 
a n d p u b l i s h e d i n Advances in Chemistry Series (1976) 150. 

T h e p r o g r a m of the 1978 s y m p o s i u m i n c l u d e d 33 papers of w h i c h 
31 are i n c l u d e d i n this v o l u m e . Seventeen of the 33 papers presented at 
the s y m p o s i u m w e r e b y persons i n v i t e d b y the S y m p o s i u m P l a n n i n g C o m 
mittee. T h e r e m a i n i n g 16 papers were selected b y 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 f r o m those submit ted for presentat ion at the S y m 
p o s i u m . T h e 33 speakers at the S y m p o s i u m i n c l u d e d f o u r persons f r o m 
industry , one person f r o m a government laboratory ( A r g o n n e ) , a n d 28 
persons f r o m universit ies a n d colleges. T w o speakers were f r o m F r a n c e , 
one each f r o m Japan, H u n g a r y , a n d E n g l a n d , a n d the r e m a i n i n g 28 
f r o m the U n i t e d States. 

T h e papers emphas ized appl icat ions of inorganic chemistry to molec 
u lar catalysis a n d energy. Areas of molecular catalysis rece iv ing par t i cu lar 
at tent ion i n c l u d e homogeneous h y d r o g e n a t i o n a n d the water gas shift 
react ion. O t h e r areas of catalysis covered i n the p r o g r a m i n c l u d e oxy
genation, deoxygenat ion, desul fur iza t ion , a n d asymmetr ic h y d r o s i l y l a t i o n . 
I n a d d i t i o n , several papers dealt w i t h aspects of photochemis t ry a n d 
m o l e c u l a r catalysis per ta in ing to solar energy storage. E x a m p l e s of other 
re la ted topics discussed i n this s y m p o s i u m i n c l u d e the f u n d a m e n t a l 
chemistry of p o r p h y r i n s , redox enzymes, zeolites, c a r b o n - h y d r o g e n b o n d 
act ivat ion, m e t a l - m e t a l t r ip le bonds , a n d m e t a l clusters. 

I w o u l d l i k e to a c k n o w l e d g e 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 R o b e r t H . L a n e , 
w h o served on 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 scientif ic a n d nonscienti f ic p r o 
g r a m of the S y m p o s i u m . W e thank the U . S . A r m y Research Off ice 
( D u r h a m ) , the P e t r o l e u m Research F u n d of the A m e r i c a n C h e m i c a l 
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Society, a n d the U . S . D e p a r t m e n t of E n e r g y ( E n e r g y Research a n d D e v e l 
opment A d m i n i s t r a t i o n , D i v i s i o n of E n e r g y Storage Systems) f o r s p o n 
sorship of the S y m p o s i u m t h r o u g h major financial contr ibut ions . F i n a l l y , 
I a m pleased to a c k n o w l e d g e assistance f r o m b o t h H e l e n M i l l s of the 
G e o r g i a C e n t e r 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 w i f e , Jane K . K i n g , 
w i t h the nonscienti f ic p r o g r a m of the s y m p o s i u m . 

T h e U n i v e r s i t y of G e o r g i a R . B R U C E KING 

Athens , G e o r g i a 

M a r c h 1978 

x i i 
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1 

Selective Hydrogenation of Polyunsaturated 
Olefins 

JOHN C . BAILAR, JR. 

University of Illinois, Urbana, IL 61801 

The selective hydrogenation of soybean methyl ester, short 
chain dienes, and cyclooctadiene to the monoene stage 
under the catalytic influence of [Pt(PO3)2(SnCl3)Cl] is 
described. In this catalyst, the platinum can be replaced by 
palladium, the phosphorus by arsenic, antimony, sulfur, or 
selenium, the phenyl groups by other aromatic, aliphatic, or 
ester groups, the tin by lead or germanium, and the chlorine 
by bromine, iodine, or cyanogen. Terminal double bonds, 
even in monoenes, are hydrogenated. Isomerization to con
jugation apparently precedes hydrogenation. Under mild 
conditions only isomerization is observed. The isomerized 
products are largely in the trans form. The catalyst, when 
made heterogeneous by attaching it to cross-linked poly
styrene, still retains its ability to hydrogenate polyunsatu
rated molecules selectively. 

T~*he term, "selective hydrogénation," as i t is u s e d i n this discussion, 
refers to the hydrogénation of some of the d o u b l e bonds i n a m o l e 

cule , l e a v i n g other, s imi lar bonds unat tacked. O u r research o n this 
subject began w i t h the hydrogénation of soybean m e t h y l ester, w h i c h , 
i n its o r i g i n a l f o r m , is a m i x t u r e of the g lycer ine esters of l ino len ic , 
l ino le i c , oleic , stearic, a n d p a l m i t i c acids. F o r our studies, the g l y c e r o l 
ester has been conver ted to the m e t h y l ester ( s h o w n i n T a b l e I ) . 

M o s t of the soybean o i l of c o m m e r c e is used i n the manufac ture of 
oleomargarine , salad oi ls , salad dressings, a n d other foods. U n f o r t u n a t e l y , 
l i n o l e n i c ester has a poor flavor, so i t is desirable to hydrogenate one of 
the d o u b l e bonds, l e a v i n g the others intact . Idea l ly , the ethylenic b o n d 
i n the 15-posit ion w o u l d be r e d u c e d , a n d a l l of the d o u b l e bonds r e m a i n 
i n g w o u l d re ta in their posit ions a n d their cis configurations. 

0-8412-0429-2/79/33-173-001$05.0O/0 
© 1979 American Chemical Society 
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2 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 I I 

Table I. Major Constituents of Soybean Oil° 

15 12 9 
C C C = C C G = C C C = C C C C C C C C C O O R l inolenic 9 % 

C C C C C C = C C C = C C C C C C C C C O O R l inole ic 5 0 % 

C C C C C C C C C = C C C C C C C C C O O R oleic 2 7 % 

C C C C C C C C C C C C C C C C C C O O R stearic 4 % 

C C C C C C C C C C C C C C C C O O R p a l m i t i c 1 0 % 

• A l l double bonds are cis. 

A great d e a l of w o r k has been done o n the selective h y d r o g e n a t i o n 
of po lyo le f in ic materials , i n c l u d i n g n a t u r a l oils as w e l l as hydrocarbons , 
a n d a large n u m b e r of catalysts has been used (1-22). Some of these are 
effective o n l y o n conjugated systems, some b r i n g about m i g r a t i o n of 
olef inic bonds to conjugat ion a n d then r e d u c t i o n , a n d s t i l l others b r i n g 
about h y d r o g e n a t i o n of t e r m i n a l d o u b l e a n d t r i p l e bonds selectively, 
t h o u g h the select ivity is not a lways complete (23). I t was repor ted b y 
A b l e y a n d M c Q u i l l a n (24) that i somer iza t ion of oetene-1 takes place 
o n l y i n the presence of h y d r o g e n , b u t B a i l a r a n d I ta tani f o u n d that soy
b e a n ester isomerizes i n the absence of h y d r o g e n ( 2 5 ) . 

T h e t w o classes of polyole f in ic compounds that have rece ived the 
greatest a m o u n t of at tention i n regard to selective h y d r o g e n a t i o n are 
n a t u r a l oils (e.g., soybean, cottonseed) a n d hydrocarbons . I n b o t h cases, a 
var ie ty of catalysts a n d solvents has been used. C a n d l i n a n d O l d h a m have 
r e v i e w e d this subject a n d , i n the same art ic le , have discussed the i r o w n 
w o r k (26). T h e y h y d r o g e n a t e d a n u m b e r of polyole f in ic alkenes a n d 
alkynes u s i n g the W i l k i n s o n catalyst, R h C l ( P 0 3 ) 3 . T h e y f o u n d that 
t e r m i n a l alkenes are h y d r o g e n a t e d more s l o w l y t h a n unsubst i tuted ones 
(as h a d been f o u n d b y other invest igators) a n d c y c l i c alkenes m o r e 
s l o w l y t h a n t e r m i n a l alkenes. T h e y n o t e d that the rate of h y d r o g e n a t i o n 
is dependent o n the c o o r d i n a t i n g a b i l i t y of the substrate, a n d that sub
strates c o n t a i n i n g electron w i t h d r a w i n g groups hydrogenate r a p i d l y . F o r 
the h y d r o g e n a t i o n of hydrocarbons , T a k e g a m i et a l . used F e C l 3 a n d 
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1. B A I L A R Selective Hydrogenation of Olefins 3 

L1AIH4 i n T H F (27). T i k h o m i r o v et a l . used a m i x t u r e of C r ( a c a c ) 3 

a n d A l ( i - b u ) 3 i n d e c a l i n (28), a n d K w i a t e k a n d his colleagues u s e d 
K 3 C o ( C N ) 5 (4,5,6,7). T a j i m a a n d K u n i o k a used a var ie ty of organo-
meta l l i c c o m p o u n d s (e.g., C p 2 V C l 2 , C p 2 Z r C l 2 , C p C o ( C O ) 2 , n - C 4 H 9 L i , 
C 6 H 5 M g B r , B u 3 A l ) w i t h moderate success (29). F o r the selective reduc
t i o n of cottonseed o i l , K a l i e v a n d B i z h a n o v used a mix ture of n i c k e l a n d 
m o l y b d e n u m (9 :1 ) w i t h o u t a solvent ( 5 0 ) , b u t Z u e v a a n d Potse lueva 
pre ferred a 1:1 mixture of p a l l a d i u m a n d n i c k e l i n absolute ethanol (31). 
A catalyst consist ing of A l ( 4 8 % ), N i ( 4 0 % ), C u ( 1 0 % ), a n d C r ( 2 % ) 
was f o u n d to be m u c h superior to the same mixture w i t h the c h r o m i u m 
left out, i n re la t ion to the ve loc i ty of hydrogenat ion , to the format ion of 
trans acids, a n d to the degree of i somer izat ion (32). I n recent years, at 
least, the selective h y d r o g e n a t i o n of soybean ester has rece ived far more 
attention than that of other vegetable oils . F r a n k e l a n d his co-workers 
have h a d excellent success w i t h meta l carbonyls (33-38). F o r the most 
part , they used i r o n a n d c h r o m i u m carbonyls , w h i c h gave good select ivity. 
T h e y f o u n d that cobalt c a r b o n y l was m u c h infer ior . E m k e n , F r a n k e l , a n d 
But ter f le ld also used the acetylacetonates of N i ( I I I ) , C o ( I I I ) , C u ( I I ) , 
a n d F e ( I I I ) (45). [ N i ( I I I ) a c a c 3 ] was the most act ive a n d the most 
selective of this group. [ C u a c a c 2 ] s h o w e d l i t t le selectivity. T h e y f o u n d 
that no hydrogenat ion took place i n the absence of solvents, a n d that 
m e t h a n o l was a better solvent t h a n either acetic a c i d or d i m e t h y l f o r m -
amide . T h e chief products w e r e monoenes, as l o n g as some tr iene 
r e m a i n e d . T h e y reported that the nature of the solvent h a d l i t t le effect 
o n the rate of catalysis, except that w h e n the solvent conta ined p y r i d i n e 
the react ion was extremely s low. B a i l a r a n d T a y i m (46), however , f o u n d 
that ch lor inated hydrocarbons gave a m u c h faster react ion than d i d a 
b e n z e n e - m e t h a n o l mixture a n d that the presence of p y r i d i n e or th iophene 
comple te ly b l o c k e d the react ion. 

T h e very h i g h select ivity of H 2 P t C l 4 - S n C l 2 a n d H 2 P t C l 6 - S n C l 2 m i x 
tures was first observed b y B a i l a r a n d I ta tani (47). T h i s was based o n 
the observat ion of C r a m e r , Jenner, L i n d s e y , a n d Sto lberg (48) that this 
catalyst was extremely effective for the hydrogenat ion of ethylene. L i n d -
sey's group has p u b l i s h e d extensively on the P t - S n ch lor ide complex , b u t 
not i n terms of its cata lyt ic select ivity (49,50,51). v a n B e k k u m a n d his 
co-workers (20), B o n d a n d H e l l i e r (53), a n d van't H o f a n d L i n s e n have 
used this catalyst for the hydrogenat ion of polyolef ins b u t not for vege
table o i l esters (54). Several investigators have reported that the mole 
ratio of p l a t i n u m to t i n is important , but their estimates of the o p t i m u m 
rat io v a r y f r o m 1:5 to 1:10. 

B a i l a r a n d I tatani later a d o p t e d [ P t ( P 0 3 ) 2 C l 2 ] + S n C l 2 as the 
catalyst for the hydrogenat ion of soybean ester. T h i s complex seems to 
have the highest select ivi ty of any that have been s tudied . F r a n k e l a n d 
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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 I I 

0 

his associates (55,56,57) have recent ly f o u n d that cyc lopentadiene 
c h r o m i u m t r i c a r b o n y l is selective a n d gives cis products . I t is a super ior 
catalyst for this purpose . 

W e w e r e asked several years ago b y the N o r t h e r n U t i l i z a t i o n 
Research a n d D e v e l o p m e n t D i v i s i o n of the U . S . D e p a r t m e n t of A g r i c u l 
ture to s tudy this selective hydrogenat ion . W h i l e our efforts have not yet 
l e d to complete success, they have l e d to some interest ing a n d use fu l 
results. I n a d d i t i o n to soybean m e t h y l ester, w e have e x a m i n e d some 
short c h a i n diolefins a n d some c y c l i c compounds s u c h as cyclooctadiene . 
T h e catalyst that w e first u s e d was suggested b y the w o r k of C r a m e r , 
L i n d s e y , P r e w i t t , a n d Stolberg . It is a mix ture of ch loropla t in i c a c i d ( I V ) 
a n d t i n ( I I ) ch lor ide . W e f o u n d that i t is also a selective catalyst for the 
hydrogenat ion of soybean ester—selective i n the sense that i t leaves one 
d o u b l e b o n d unhydrogenated . 

W e soon m o d i f i e d this catalyst to ga in greater select ivity, a n d 
throughout most of our w o r k w e have used [ P t ( P 0 3 ) 2 C l 2 ] + S n C l 2 . T h i s , 
however , is o n l y one of a large f a m i l y of materials that have the same 
catalyt ic propert ies , some to a greater degree a n d some to a lesser degree. 
Instead of p l a t i n u m , p a l l a d i u m c a n be used. It gives a m u c h more act ive 
catalyst than p l a t i n u m . I n fact, i n m a n y cases the p a l l a d i u m catalyst is 
effective w i t h o u t any a d d i t i o n of t i n ch lor ide . N i c k e l c a n also be used, 
b u t the propert ies of the resu l t ing catalyst are somewhat different t h a n 
those of the p l a t i n u m catalyst. T h e phosphorus can be rep laced b y 
arsenic, ant imony, sul fur , or se lenium. A r s e n i c gives a more act ive 

Table II. Hydrogenation of Propylene at 4 4 ° C and 500 psi of 
Hydrogen in Chloroform with [ P t C l 2 L 2 ] + S n C l 2 • 2 H 2 0 

% Propane 
L after 3 hr 

P 0 3 24.5 
P ( p - C H 8 0 ) 8 24.4 
P ( C H 3 ) 0 2 76.9 
P ( C H 3 ) 2 0 91.8 
P ( C H 3 ) 3 6.0 
P ( C H 2 C H 2 C H 2 C H 3 ) 3 7.0 
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1 . B A I L A R Selective Hydrogenation of Olefins 5 

catalyst t h a n phosphorus ; the others are less act ive. T h e p h e n y l groups 
of the t r i p h e n y l p h o s p h i n e c a n be r e p l a c e d b y other aromat ic groups, 
p h e n o x y groups, or, i n part , b y a l iphat i c groups. T h e presence of one or 
t w o a l iphat ic groups increases the catalyt ic ac t iv i ty , b u t t r i a l k y l phos-
phines g ive poor catalysts. T h e p h e n y l group ev ident ly takes par t i n the 
react ion. T a b l e I I i l lustrates the re la t ive activit ies of some catalysts 
c o n t a i n i n g different phosphines . T h e hal ides i n the S n C l 3 g roup c a n be 
ch lor ide , b r o m i d e , i o d i d e , or cyanide . I f [ P t ( P R 3 ) 2 I 2 ] or [ P t ( P 0 3 ) 2 ( C N ) 2 ] 
is used i t is not necessary to a d d a t i n ha l ide , for i o d i d e a n d c y a n i d e , 
l i k e the S n C l 3 g roup , are o- donors as w e l l as ?r acceptors. I o d i d e is also 
a 7T donor . 

14 

12-

10-

3 6 

J l 

H cis: 23.2% 
I—| trans:76.8%' 

4 5 6 7 8 9 10 11 12 13 14 15 
Bond Position 

Journal of Organic Chemistry 

Figure 1. Distribution of the ethylenic bonds after selec
tive hydrogenation (14) 

T h e propert ies of this group of catalysts c a n b e s u m m a r i z e d as 
f o l l o w s : 

( 1 ) U n d e r suitable condit ions , they leave one d o u b l e b o n d u n -
hydrogenated . 

(2 ) T h e y catalyze the m i g r a t i o n of the d o u b l e bonds a l o n g the 
c a r b o n cha in . F r a n k e l a n d E m k e n (14) observed the d i s t r i b u t i o n of the 
one u n h y d r o g e n a t e d d o u b l e b o n d i n soybean ester to be as s h o w n i n 
F i g u r e 1 . U n d e r suitable condit ions , this i somer izat ion c a n be effected 
w i t h o u t hydrogenat ion . 
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6 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 I I 

(3 ) T h e d o u b l e b o n d i n the esters that are f o r m e d are most ly of the 
trans conf igurat ion (see F i g u r e 1 ) . 

(4 ) W i t h short -chain diolefins, at least, t e r m i n a l d o u b l e bonds are 
r e d u c e d even if there are no other double bonds present. 

(5 ) Short -chain conjugated diolefins, such as butadiene a n d iso-
prene, not o n l y are not r e d u c e d , but they f o r m stable complexes w i t h the 
catalyst a n d thus destroy its catalyt ic proper ty . 

T h e nature of the solvent is very impor tant . I n o u r early w o r k w e 
used a 3 :2 m i x t u r e of benzene a n d methanol , w h i c h dissolves b o t h the 
substrate a n d the catalyst. H o w e v e r , the rea l iza t ion that m e t h a n o l is a 
moderate ly g o o d c o m p l e x i n g agent ( i t p r o b a b l y forms a stronger b o n d 

to P t ( I I ) than does C = C ) caused us to search for a n o n c o o r d i n a t i n g 

catalyst. T h i s search was not ent i re ly successful , b u t i t l e d to experiments 
w i t h n o n c o o r d i n a t i n g solvents. T h e best solvent that was f o u n d w a s 
methylene ch lor ide . I n a l l p r o b a b i l i t y , the olefin a n d the heavy m e t a l 
f o r m a complex that is sufficiently " o r g a n i c " to dissolve i n this solvent. 
D i c h l o r o e t h a n e is almost e q u a l l y active, a n d even c h l o r o f o r m c a n be 
used. Ace tone a n d acetic a c i d are also suitable a n d a l l o w the reac t ion 
to p r o c e e d more r a p i d l y t h a n does the b e n z e n e - m e t h a n o l mixture . P y r i 
d ine a n d th iophene are catalyst poisons; even a trace of either of t h e m 
comple te ly destroys the cata lyt ic ac t iv i ty . W i t h soybean ester, at least, 
m e t h a n o l can serve as the r e d u c i n g agent, the r e d u c t i o n t a k i n g p l a c e at 
about the same rate as w h e n h y d r o g e n is used. 

T a b l e I I I shows the h y d r o g e n a t i o n of 1,5-cyclooctadiene i n several 
different solvents or solvent mixtures . I n a l l cases, the 1 ,5 -hydrocarbon 

Table III. Hydrogenation of 1,5-Cyclooctadiene in Various 
Solvents with and without Added Sn(II) Chloride 0 

Composition of Product 

1,3-Cyclo- Cyclo- Cyclo-
Solvent SnCl2 Added octadiene octene octane 

C H 2 C I 2 40 58 2 
C H 2 C I 2 S n C l 2 • 2 H 2 0 82 18 0 

C H 2 C 1 2 + CH3OH 4 93 3 
C H 2 C 1 2 + CH3OH 

(4:1) 
S n C l 2 • 2 H 2 0 93 7 0 C H 2 C 1 2 + CH3OH 

(4:1) 
C H 3 C O O H — 0 81 19 
C H 3 C O O H S n C l 2 90 10 0 

C 6 H 6 + CH3OH 0 81 19 
C 6 H 6 + CH3OH S n C l 2 12 88 0 

(3:2) 

Reaction time, 5 hr; [Pd(P03)2Cl2]: 90°C. 
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1. B A I L A R Selective Hydrogenation of Olefins 7 

Table IV. Electronic Structure of Pt(II) and Its Complexes 

e" 

P t ° 78 

P t u i > 76 

[ P t X 4 ] n t 84 

R n 86 

5d 6s 6d 

O o o o o o 
O o o o 
o o o o 
o o o o 
o o o o X X X X 
o o o o X X X X 
o 0 o o o o o o 
o o o o o o o o 

o 
o 

was i somer ized to the 1,3-configuration before a n y samples w e r e r e m o v e d 
for analysis , a n d the 1,3-isomer was p a r t i a l l y or ent irely r e d u c e d to c y c l o -
octene or cyclooctane. It s h o u l d be n o t i c e d also that i n a l l cases, i n the 
presence of t i n ch lor ide , there has b e e n no r e d u c t i o n to cyclooctane (58). 

T h e m e c h a n i s m of the catalyt ic react ion is not f u l l y k n o w n . F o u r -
covalent complexes of P t ( I I ) , P d ( I I ) , a n d N i ( I I ) lack t w o electrons of 
the next rare gas structure, so they have a vacant space i n the c o o r d i n a 
t i o n sphere. T h i s is s h o w n for p l a t i n u m i n T a b l e I V . T h e r e is some 
evidence that the ear ly part of the react ion proceeds t h r o u g h the steps: 

0 3 P . 

C I 

P f 

C I 

P 0 3 

0 3 P . 
S n C l , 

S n C l 3 0 3 P . S n C l , 
H , 

C I 

P t 

P 0 3 H P 0 s 

a n d that the h y d r i d e is the ac tua l catalyst. T h i s c o m p o u n d has not been 
isolated, b u t a d d i t i o n of t r ie thylamine a l l o w e d the i so la t ion of t r i e t h y l -
amine h y d r o c h l o r i d e (59 ) . 

If w e abbreviate the f o r m u l a for [ ( P t or P d ) ( P 0 3 ) 2 ( S n C l 3 ) H ] to 
M H , the react ion sequence m a y be something l ike that s h o w n b e l o w . 
( N o experiments have been done w i t h l a b e l e d h y d r o g e n , b u t some of 
the h y d r o g e n atoms i n this figure have b e e n m a r k e d for ident i f icat ion. ) 
R e a c t i o n 1 shows the f o r m a t i o n of a TT b o n d be tween the catalyst a n d one 
of the ethylenic bonds , a n d R e a c t i o n 2 shows the convers ion of this b o n d 
into t w o o- bonds. B o t h of these reactions are reversible . H o w e v e r , 
R e a c t i o n 3 c a n take place as r e a d i l y as R e a c t i o n 2; this accounts for the 
m i g r a t i o n of the d o u b l e b o n d a long the h y d r o c a r b o n c h a i n . R e a c t i o n 4 
i l lustrates the f o r m a t i o n of an a d d i t i o n a l TT b o n d a n d the f o r m a t i o n of a 
cyc le . U p o n hydrogenat ion , the c a r b o n - m e t a l a b o n d is broken , w i t h one 
h y d r o g e n atom g o i n g to the c a r b o n atom a n d the other to the catalyst. 
H y d r o g e n a t i o n takes p lace o n l y w h e n this cycle is present. If the p o l y -
olef in contains another d o u b l e b o n d , React ions 1, 2, a n d 3 c a n p r o c e e d 
u n t i l the t w o r e m a i n i n g d o u b l e bonds are close e n o u g h together to a l l o w 
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8 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 — I I 

H o 

H H 
c — c 

/ H A H ° 

H C H * M H A 

\ ' C : 
H 

C 
H 

the formation of a new cycle, when Reactions 4 and 5 take place. Since 
the formation of the cycle must involve two double bonds, hydrogenation 
stops when only one remains. The isolation of an allylic intermediate in 
the hydrogenation of 1,5-cyclooctadiene (Figure 2) is in line with this 
mechanism (58). 
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1. B A I L A R Selective Hydrogenation of Olefins 9 

Figure 2. PMR spectrum of [PdCl(C8H13)(POs)] in 
CDCl3. [ ] represents the number of protons. H(1): 8 == 
3.85 ppm, ]12 = ca. 6.9 Hz, ]ljS = ca. 6.8 Hz; H(2): 
8 = 5.41 ppm, J2 3 = ca. 6.9 Hz; H(s): 8 = 5.39 ppm, 

]3 p = ca. 9.6 Hz, J3A = ca. 6.9 Hz. 

U n d e r m i l d condi t ions , i somer izat ion can take p lace w i t h o u t h y d r o 
genat ion. T h i s , of course, is most ev ident w h e n h y d r o g e n gas is not used ; 
u n d e r that c o n d i t i o n , the react ion has been s tudied i n some d e t a i l ( F i g u r e s 
3 a n d 4 ) . I t is p r o b a b l e that i somer iza t ion to con jugat ion precedes 
h y d r o g e n a t i o n i n a l l cases. W e thought at one t i m e that this is not the 
case, for 2 ,3 ,3- tr imethyl-pentadiene (1-22,25), w h i c h cannot f o r m conju
gate bonds , is r e a d i l y h y d r o g e n a t e d ( T a b l e V ) . W e have l earned since, 
however , that t e r m i n a l d o u b l e bonds hydrogenate e v e n w h e n n o other 
e thylenic groups are present. T h i s is s h o w n i n T a b l e V I . T h i s shows the 

Table V . Hydrogenation of 2,3,3-Trimethyl-l,4-pentene 

CH3 CH3 

C H 2 = C C — C H : = C H 2 

C H 3 

CH3 CH3 CH3 CH3 

C H 2 = C C — C H o — C H 3 

C H 8 

C H 3 — C H C — C H = C H 2 

i 
C H 3 
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1 0 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 I I 

Table V I . Catalytic Hydrogenation of Monoenes with PtCl^POs)^ 
and S n C l 2 • 2 H 2 0 in Benzene—Methanol (3 hr) 

3-Iso-
mer 

1-Iso
2- Isomer 

1-Iso
Isomer 

rrier cis trans 

E t h y l e n e 0 
P r o p y l e n e 66 
1-Butene 12.0 30.3 46.4 
a s - 2 - B u t e n e 0 71.1 27.3 
£rans-2-Butene 0 9.8 89.6 
1-Pentene 11.6 30.2 47.2 
2-Pentene 3.0 27.7 67.5 

(cis 47.9; t rans 52.1) 
1-Hexene 12.5 28.5 41.6 
2 - H e x e n e a 

3-Hexene° 

5.6 

Satu
rated 

Hydro
carbon 

100 
34 
11.3 

1.6 
0.6 

11.6 
1.8 

12.0 

° No observable hydrogenation. 

products of h y d r o g e n a t i o n of some short c h a i n hydrocarbons after 3 h r 
of hydrogenat ion . I n the case of ethylene, h y d r o g e n a t i o n was complete 
i n less than 1 hr . A s the c h a i n o n one side of the d o u b l e b o n d is 
lengthened b y one or t w o m e t h y l groups, the rate of h y d r o g e n a t i o n is 
decreased. F u r t h e r l engthening seems to have l i t t le effect. I f the c h a i n 
is l engthened o n b o t h sides of the ethylenic b o n d , however , v e r y l i t t le 
h y d r o g e n a t i o n takes place , a n d that l i t t le m a y be p r e c e d e d b y m i g r a t i o n 
of the d o u b l e b o n d into a t e r m i n a l pos i t ion . F i g u r e s 3 a n d 4 c o m p a r e 
the condit ions u n d e r w h i c h i somer izat ion a n d hydrogenat ion of 1,5-cyclo-

Journal of the American Chemical Society 

Figure 3. Catalytic isomerization of 1,5-cyclo-
octadiene in C6H6-CH3OH solution under 1 atm 

N2 at 60°C (15) 
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1. B A I L A R Selective Hydrogenation of Olefins 11 

1 0 0 

, 5 - C 0 D 
Cyclooctene 

1 , 3 - C O D 

J I I I L 
1 0 0 1 5 0 2 0 0 2 5 0 3 0 0 3 5 0 4 0 0 

Time in Minutes 

Journal of the American Chemical Society 

Figure 4. Catalytic hydrogenation of 1,5-cyclooctadiene in methylene chlo
ride under 500 psi H2 at 105°C (16) 

octadiene take place . I t is evident f r o m F i g u r e 4 that the i somer iza t ion is 
reversible a n d reaches an e q u i l i b r i u m after about 200 m i n . Short c h a i n 
dienes often show interest ing a n d instruct ive results. T a b l e V I I shows 
the results that were obta ined w i t h isoprene w i t h different catalysts a n d 
solvents ( 1 3 ) . 

N e a r the e n d of our w o r k w i t h soybean m e t h y l ester, w e fixed the 
catalyst on polystyrene cross- l inked w i t h d i v i n y l benzene, thus m a k i n g i t 
a heterogeneous catalyst ( T a b l e V I I I ) . W h e t h e r the h e a v y m e t a l fur ther 
cross-links the p o l y m e r or is at tached to phosphorus atoms o n a single 
polystyrene c h a i n is not k n o w n . I n any event, the heterogeneous catalyst 
has the same sort of select ivity as the homogeneous one. I n no case d i d 
w e succeed i n get t ing a l l of the phosphorus atoms i n the p o l y m e r at tached 
to the heavy m e t a l of the catalyst. T h e first entry i n T a b l e I X , for 
example, indicates that for each uni t of the p o l y m e r , 0.505 molecules of 
P t C l 2 were attached. I n the cases i n w h i c h p a l l a d i u m ch lor ide was used, 
no t i n ch lor ide was a d d e d — t h e p a l l a d i u m chlor ide is sufficiently act ive 
w i t h o u t it . It is evident that i t is possible to destroy the tr iene w i t h o u t 
great ly increas ing the amount of saturat ion i n the o i l . W e are s t i l l w o r k i n g 
o n this catalyst system, a n d hope to have m o r e results to report before 
long . 
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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 I I 

Catalyst 

Table VII. Hydrogenation of Isoprene with 

Solvent 

P t ( P 0 3 ) 2 C l 2 + S n C l 2 

P d ( P 0 3 ) 2 C l 2 + S n C l 2 

P d ( P 0 3 ) 2 ( C N ) 2 

N i ( P 0 3 ) 2 I 2 

"55atmH 2 ;5hr; 100°C. 

C H 3 C O O H + C H 3 C O C H 3 (4:1) 
C H 3 C O O H 
C 6 H 6 + C H 3 O H (3:2) 
C H s O H 

C H C H 2 

Table VIII. Polymeric Catalysts* 

\ 

C H , C 1 

* The structure on the left is actually a copolymer of chloromethylstyrene and 
divinyl benzene. 

Table IX. Hydrogenation of Soybean 

Catalyst 

O r i g i n a l substrate 

[ P o l . ( P t C l a ) 0.505] 

150° C 600 psi H 2 

[ P o l . ( P d C l 2 ) 0 . 8 5 l ] 
25 ° C 600 psi H 2 

[ P o l . ( P d C l 2 ) 0 . 8 5 l ] 
2 5 ° C 1 a t m H 2 

[ P o l . ( P t C l 2 ) 0.505] 

1 5 0 ° C + S n C l 2 

[ P o l . ( P d C l 2 ) 0.507] 

7 0 ° C 

Solvent 

C H 2 C 1 2 

C H 2 C 1 2 

j C H 3 O H 

C H 2 C 1 2 

Metal/'Olefin 
Ratio X 10s 

0.62 

1.02 

0.48 
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1. B A I L A R Selective Hydrogenation of Olefins 13 

Different Catalysts and Different Solvents' 

Product (%) 

C C c C 5 
C=C-G===C C - C = C - C C = C - C - C C - C - C = C C - C - C - C 

1 63 8 0 28 
30 20 1 49 — 
12 64 11 12 1 

100 — — — — 

Ester on the Heterogeneous Catalyst 

Y i m e Composition of Product 

(hr) Saturate Monoene Diene Con]. Diene Triene 

14.2 22.3 56.2 7.0 

6 14.5 37.8 28.3 20.1 — 

4 15.1 60.4 24.3 — — 

8 14.3 62.4 23.4 — — 

6 13.8 26.6 39.2 18.4 2.0 

3 14.8 35.2 45.9 — 4.3 
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2 

Some Aspects of the Coordination Chemistry 
and Catalytic Properties of Cationic Rhodium-
Phosphine Complexes 

JACK HALPERN, A. S. C. CHAN, D. P. RILEY, and J. J. PLUTH 

Department of Chemistry, University of Chicago, Chicago, IL 60637 

The chemistry of cationic rhodium complexes containing 
chelating diphosphine ligands was found to differ signifi
cantly from that of corresponding complexes of monodentate 
phosphine ligands. The characterization of [Rh(DIPHOS)]+ 

and of its alkene and arene adducts is described, together 
with studies on the kinetics of the catalytic hydrogenation 
of alkenes in which such adducts are intermediates. The 
results of these studies are pertinent to the role of such 
complexes as catalysts for the asymmetric hydrogenation of 
prochiral olefins. 

onsiderable interest has recent ly b e e n focused o n cat ionic r h o d i u m ( I ) 
^ complexes conta in ing tert iary p h o s p h i n e l igands, p a r t i c u l a r l y i n the 
context of such complexes as h i g h l y effective asymmetr ic h y d r o g e n a t i o n 
catalysts ( 1 , 2 ) . W h i l e the most extensive studies o n the coordinat ion 
chemistry a n d Catalytic propert ies relate to s u c h complexes conta in ing 
monodentate tert iary phosphine l igands , for example , those d e r i v e d f r o m 
[ R h ( P R 3 ) 2 ( D I E N E ) ] + ( w h e r e D I E N E — norbornadiene ( N O R ) or 
1,5-cyclooctadiene) (3-13), the highest o p t i c a l y ie lds to date ( > 9 5 % 
enant iomer ic excess i n the h y d r o g e n a t i o n of p r o c h i r a l a -acetamidoacryl ic 
a c i d s ) have been ach ieved w i t h cat ionic r h o d i u m catalysts conta in ing 
c h i r a l che la t ing d i p h o s p h i n e l igands , no tab ly l , 2 - b i s ( o - a n i s y l p h e n y l p h o s -
p h i n o ) e t h a n e ( D I P A M P ) (14,15) a n d 2 , 3 - b i s ( d i p h e n y l p h o s p h i n o ) b u 
tane ( C H I R A P H O S ) (16). A c c o r d i n g l y , w e have under taken a n exami
nat ion of the basic coord ina t ion chemistry a n d catalyt ic propert ies of 
s u c h cat ionic r h o d i u m d i p h o s p h i n e chelate complexes, n o t a b l y of 
[ R h ( D I P H O S ) ( N O R ) ] + ( l ) , w h e r e D I P H O S = l , 2 - b i s ( d i p h e n y l p h o s -

0-8412-0429-2/79/33-173-016$05.00/0 
© 1979 American Chemical Society 
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2. H A L P E R N E T A L . Cationic Rhodium-Phosphine Complexes 17 

p h i n o ) ethane a n d of var ious other cat ionic r h o d i u m - D I P H O S complexes 
d e r i v e d therefrom b y hydrogenat ion . U n e x p e c t e d l y , the chemis try of 
these complexes was f o u n d to dif fer i n several i m p o r t a n t respects, 
i n c l u d i n g those b e a r i n g o n their ac t iv i ty as h y d r o g e n a t i o n catalysts, f r o m 
that of the corresponding complexes c o n t a i n i n g monodentate p h o s p h i n e 
l igands , e.g., [ R h ( P P h 3 ) 2 ( N O R ) ] + ( 1 7 ) . 

Reaction of [Rh(DIPHOS) (NOR) J + with Hydrogen 

I n methanol i c so lut ion, [ R h ( D I P H O S ) ( N O R ) ] + was f o u n d to react 
r a p i d l y w i t h prec ise ly 2.0 m o l of H 2 per R h ( c o n f i r m e d b y spectra l 
t i t ra t ion, e.g., F i g u r e 1) a c c o r d i n g to the s to ichiometry of R e a c t i o n 1, 
quant i ta t ive ly y i e l d i n g norbornane ( c o n f i r m e d b y N M R ) a n d a cat ionic 

0,7 

o — o • o — 

0.1 
0 1 2 3 

ADDED [ H 2 ] 

INITIAL [RH] 

Figure 1. Spectral titration of 2.38 X 10'4M [Rh(DIPHOS)-
(NOR)]¥ with hydrogen in methanol 
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18 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 II 

R h ( I ) complex of compos i t ion (apart f r o m possible solvent coordinat ion) 
[ R h ( D I P H O S ) ] + , (2, A m a x 432 n m ; c m a x 1.49 X 10 3 M 1 c m " 1 ) . N o further 
uptake of h y d r o g e n nor f o r m a t i o n of a h y d r i d e complex was detectable 
(e.g. , b y N M R ) . T h i s result is i n m a r k e d contrast to that repor ted (8,10, 
11) for [ R h ( P P h 3 ) 2 ( N O R ) ] + w h i c h reacts w i t h 3 m o l of H 2 u n d e r the 
same condit ions to f o r m the R h ( I I I ) h y d r i d e complex (3) a c c o r d i n g to 
R e a c t i o n 2. 

[ R h ( D I P H O S ) ( N O R ) ] + + 2 H 2 - » [ R h ( D I P H O S ) ] + + N o r b o r n a n e (1) 

1 2 

[ R h ( P P h 3 ) 2 ( N O R ) ] + + 3 H 2 -> 
[ R h H 2 ( P P h 3 ) 2 (Solvent) 2 ] + + N o r b o r n a n e (2) 

3 

Characterization of [Rh(DIPHOS) ]+ 

[ R h ( D I P H O S ) ] + was isolated as the B F 4 " salt, conta in ing no m e t h 
anol , a n d s h o w n b y single crysta l x-ray di f f rac t ion to have a structure 
cor responding to discrete b i nu c l ear [ R h 2 ( D I P H O S ) 2 ] 2 + ions i n w h i c h 
each r h o d i u m a tom is b o n d e d to t w o phosphorus atoms of a D I P H O S 
l i g a n d a n d , t h r o u g h s y m m e t r i c a l 7r-arene coordinat ion , to a p h e n y l r i n g 
of the D I P H O S l i g a n d of the second r h o d i u m atom (17). E a c h r h o d i u m 
atom thus has an "18-electron valence s h e l l " a n d the 4.28 A R h - R h 
separation lies w e l l outside the range of signif icant m e t a l - m e t a l inter
act ion. There are several precedents for 7r-arene b o n d i n g i n other cat ionic 
r h o d i u m complexes, i n c l u d i n g the s tructural ly character ized c o m p o u n d 
R h [ P ( O M e ) 2 ] 2 B P h 4 (5,9,18,19). 

I n methanol ic solut ion, [ R h 2 ( D I P H O S ) 2 ] [ B F 4 ] 2 apparent ly dissoci
ates into mononuc lear [ R h ( D I P H O S ) ] + ions ( p r e s u m a b l y conta in ing 
coordinated so lvent ) , as demonstrated b y : ( i ) e lec tr ica l conductance 
measurements w h i c h y i e l d e d a slope of — 270 o h m " 1 M " 0 , 5 , cor responding 
to a 1:1 electrolyte (20) for a p l o t of equivalent conductance vs. V c o n c n ; 
( i i ) 3 1 P N M R measurements w h i c h revealed only a single P s igna l 
( d , 2P , 8 80, / R h . P = 203 H z ) ; a n d ( i i i ) measurements o n the e q u i l i b r i a 
for the format ion of various 1:1 alkene a n d arene adducts of [ R h -
( D I P H O S ) ] + (see b e l o w ) . W h e n base ( O M e " or a ster ical ly h i n d e r e d 
amine such as t r i e thy lamine) was a d d e d to a methanol i c so lut ion of 
[ R h ( D I P H O S ) ] + , an i rrevers ib le (i .e. , not reversed b y a d d i t i o n of a c i d ) 
y e l l o w to r e d - b r o w n color change was observed, to y i e l d a n e w species, 
[ R h 3 ( D I P H O S ) 3 ( O M e ) 2 ] + (4 , A m a x 445 n m , c m a x 3.3 X 10 3 M " 1 c m " 1 ; 3 1 P 
N M R , d , 6P, 8 76, / R h . P = 201 H z ) , a c c o r d i n g to R e a c t i o n 3, the s toichi -
ometry of w h i c h was establ ished b y spectral t i t rat ion. T h e structure of 
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2. H A L P E R N E T A L . Cationic Rhodium-Phosphine Complexes 19 

4, as d e d u c e d f r o m p r e l i m i n a r y s ingle crysta l x-ray di f f ract ion data for 
the P F 6 salt, corresponds to a regular t r iangular array of r h o d i u m atoms, 
separated b y b o n d i n g distances of 3.06 A . E a c h bidentate D I P H O S 
l i g a n d is coordinated to one r h o d i u m a t o m ( r R h . P = 2.2 A ) w i t h the 
P - R h - P plane p e r p e n d i c u l a r to the R h 3 p lane . O n e t r i p l y b r i d g i n g O M e ' 
i o n is symmetr i ca l ly located o n each side of the R h 3 p lane ( r R h - o = 2.15 
A ) . T h e [ R h 3 P 6 0 2 ] f r a m e w o r k thus has D 3 7 l symmetry . 

3 [ R h ( D I P H O S ) ] + + 2 0 M e - - > [ R h 3 ( D I P H O S ) 3 ( O M e ) 2 ] + (3) 

4 

Arene and Alkene Adducts of [Rh (DIPHOS) ]+ 

I n m e t h a n o l solut ion, [ R h ( D I P H O S ) ] + f o r m e d 1:1 adducts w i t h a 
var ie ty of unsaturated substrates ( U N S A T ) i n c l u d i n g alkenes a n d arenes, 
a c c o r d i n g to R e a c t i o n 4. R e a c t i o n 4 c o u l d r e a d i l y be m o n i t o r e d , a n d the 
e q u i l i b r i u m c o n s t a n t ^ ( = [ R h ( D I P H O S ) ( U N S A T ) ] V [ R h ( D I P H O S ) ] + -
[ U N S A T ] ) d e t e r m i n e d f r o m the spectral changes a c c o m p a n y i n g the 
a d d i t i o n of successive increments of U N S A T ( 1 7 ) . I n the case of b e n 
zene, the compos i t ion of the a d d u c t was conf i rmed b y isolat ing the salt 
[ R h ( D I P H O S ) ( C 6 H 6 ) ] B F 4 • C 6 H 6 w h i c h dissolved i n C D 2 C 1 2 to y i e l d 
a so lut ion whose * H N M R spectrum conta ined t w o sharp singlets of e q u a l 
intensi ty ( 6 H ) corresponding to free (7.4 8) a n d coordinated (6.36 8) 
C 6 H 6 . V a l u e s of K 4 i n methanol , d e t e r m i n e d for selected substrates, are : 
benzene (18 M " 1 ) ; to luene (97 M " 1 ) ; o-, m - , or p-xylene (ca . 500 M " 1 ) ; 
1-hexene (2 M " 1 ) ; styrene (20 M " 1 ) ; m e t h y l acrylate (3 M " 1 ) . T h e b i n d 
i n g constants of arenes are s ignif icant ly h igher than those of s imple 
alkenes a n d the b i n d i n g of styrene is c lear ly a t t r ibutable p r i m a r i l y to the 
p h e n y l r i n g (also reflected i n the s imilari t ies of the spectra of the benzene 
a n d styrene a d d u c t s ) . 

[ R h ( D L P H O S ) ] + + U N S A T ±± [ R h ( D I P H O S ) ( U N S A T ) ] + (4) 

[Rh (DIPHOS) ]'-Catalyzed Hydrogenation 

[ R h ( D I P H O S ) ] + was f o u n d to be a n effective catalyst for the h y d r o 
genat ion of s imple alkenes as w e l l as var ious alkene derivatives (styrene, 
a c r y l i c a c i d , a m i d o a c r y l i c acids, e tc . ) . K i n e t i c measurements o n the 
hydrogenat ion of 1-hexene ( in w h i c h the h y d r o g e n uptake was moni tored) , 
i n conjunct ion w i t h the e q u i l i b r i u m measurements of the type c i t e d 
earl ier , support the mechanis t i c scheme of React ions 5 a n d 6 w h i c h 
y ie lds the observed rate l a w , E q u a t i o n s 7 a n d 8, w h e r e [ R h ] T o t = [ R h -
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20 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 II 

( D I P H O S ) ] + + [ R h ( D I P H O S ) ( S X C = C / / ) ] + . T h e l inear p l o t of 

( R a t e ) " 1 vs. [1-hexene]" 1 i n F i g u r e 2 is consistent w i t h E q u a t i o n 8. T h e 
values of k6 a n d K 4 for 1-hexene i n methanol , d e r i v e d f r o m the slopes 
a n d intercepts of such plots , are 0.18 a t m " 1 a n d 1.6 M " 1 , respect ively . 
T h e latter v a l u e is i n g o o d agreement w i t h the spectrophotometr ic v a l u e 
(see a b o v e ) . K i n e t i c studies o n other substrates are i n progress. 

[ R h ( D I P H O S ) ] + + C = C ^ 
/ \ 

[ R h ( D I P H O S ) (^C=C//) ]* ( R a p i d e q u i l i b r i u m ) (5) 
/ \ 

\ / h 
[ R h ( D I P H O S ) ( C = C ) ] + + H 2 -> 

/ \ 

[ R h ( D I P H O S ) ]* + H — C — C — H (Rate determining) (6) 
/ \ 

- d [ \ = C / ] M U R h ] T o t [ \ = C / / ] [ H 2 ] 

R a t e ^ - X . _ Z \ ( 7 ) 

1 + K t [ C = C ] 

[ R h ] T o t [ H 2 ] _ 1 _ 1 
[Ra te ] kobs k6 \ / 

k6Kt[ C = C ] 

+ ^ (8) 

( 
/ 

T h e different reactivit ies of [ R h ( D I P H O S ) ( N O R ) r a n d [ R h ( P P h 3 ) 2 -
( N O R ) ] * t o w a r d h y d r o g e n , ref lected i n React ions 1 a n d 2, are i n t r i g u i n g 
as w e l l as b e i n g relevant to the mechanis t i c features of the cata lyt ic 
h y d r o g e n a t i o n reactions of the t w o species. A poss ible explanat ion of 
this difference is that whereas [ R h ( P P h 3 ) 2 ] + c a n f o r m a d i h y d r o g e n a d d u c t 
of Structure 3 i n w h i c h nei ther h y d r o g e n l i g a n d is trans to a p h o s p h i n e 
l i g a n d (8,11), this is not possible ( a s s u m i n g cis d ispos i t ion of the t w o 
h y d r o g e n atoms) i n the case of a che la t ing d i p h o s p h i n e l i g a n d i n w h i c h 
the t w o phosphorus atoms are constra ined to b e i n g i n m u t u a l l y cis 
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2. H A L P E R N E T A L . Cationic Rhodium-Phosphine Complexes 21 

0 2 4 6 8 10 

[ 1-HEXENE] ~\ M"1 

Figure 2. Plot of rate'1 vs. [1-hexene]'1 for the [Rh-
(DIPHOS)]+-catalyzed hydrogenation of 1-hexene in metha

nol at 25°C (4.3 X 10~4U [Rh(DIPHOS)]+; 1 atm H2) 

posit ions. T h i s is expected to contr ibute to the ins tabi l i ty of the h y d r o g e n 
adduct of [ R h ( D I P H O S ) ] + a n d to result i n a cons iderably r e d u c e d 
e q u i l i b r i u m constant for the oxidat ive a d d i t i o n of h y d r o g e n to 2, appar
ently to the point w h e r e the h y d r i d e cannot be detected. T h i s reasoning 
suggests that [ R h ( D I P H O S ) ] + s h o u l d , however , be capable of the fac i le 
oxidat ive a d d i t i o n of one h y d r o g e n l i g a n d , i.e., of H + . I n accord w i t h 
this expectat ion i t was f o u n d that the a d d i t i o n of a n o n c o o r d i n a t i n g a c i d 
such as H B F 4 , H B F 6 , or H C 1 0 4 to a m e t h a n o l or acetonitr i le so lut ion 
of [ R h ( D I P H O S ) ] B F 4 revers ib ly d ischarged the color of the [ R h -
( D I P H O S ) ] + i o n , the spectral changes b e i n g quant i ta t ive ly ident i f iable 
w i t h the reversible e q u i l i b r i u m of R e a c t i o n 9, w i t h K9 (MeOH) = 11 ± 
2 A T 1 . T h e X H N M R spectrum of [ H R h ( D I P H O S ) ] 2 + i n acetonitr i le 
c lear ly revea led the h y d r i d e l i g a n d c o u p l e d to the r h o d i u m atom a n d to 
t w o equivalent phosphorus atoms (8 — 15.7, J R H - H = 12.1 H z , / P . H = 17.2 
H z , also conf i rmed b y 3 1 P N M R ) , i n a c c o r d w i t h Structure 5. 

K9 

[ R h ( D I P H O S ) ] + + H + * ± [ H R h ( D I P H O S ) ] 2 + (9) 
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22 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 I I 

+ 2 + 

It s h o u l d be noted that our m e c h a n i s m for the [ R h ( D I P H O S ) ] + -
ca ta lyzed h y d r o g e n a t i o n of alkenes departs s ignif icant ly f r o m that i n v o k e d 
for the corresponding [ R h ( P P h 3 ) 2 ] + - c a t a l y z e d react ion i n w h i c h a p r i n c i 
p a l p a t h w a y involves the h y d r i d o - c o m p l e x , [ R h H 2 ( P P h 3 ) 2 ( S o l v e n t ) n ] + 

Characterization of Catalyst—Substrate Intermediates 

These studies reveal a n u m b e r of prev i ous ly u n r e c o g n i z e d features 
of the coordinat ion chemistry a n d catalyt ic ac t iv i ty of cat ionic r h o d i u m 
complexes conta in ing che la t ing d i p h o s p h i n e l igands w h i c h differ strik
i n g l y f r o m the chemistry of the corresponding monodentate phosphine 
complexes. T h e chemistry of these complexes i n re la t ive ly p o o r l y coordi 
n a t i n g solvents such as methanol , w h i c h are t y p i c a l l y used for cata lyt ic 
hydrogenat ion , appears to be d o m i n a t e d b y their " l i g a n d def ic iency" as 
reflected i n the format ion of u n u s u a l p o l y n u c l e a r species such as [ R h 2 -
( D I P H O S ) 2 ] 2 + a n d [ R h 3 ( D I P H O S ) 3 ( O M e ) 2 ] \ a n d i n the strong b i n d i n g 
of t y p i c a l l y poor l igands s u c h as arenes (16). I t seems l i k e l y that the 
s t r i k i n g stereoselectivity w h i c h these catalysts exhibi t i n the asymmetr ic 
cata lyt ic hydrogenat ion of p r o c h i r a l olefins such as a m i d o a c r y l i c a n d 
a m i d o c i n n a m i c acids reflects the strong tendency of the f u n c t i o n a l groups 
t y p i c a l l y present i n such substrates ( C 6 H B , C O O R , N H C O R , etc.) to 
"coordinate " to the R h (as has been demonstrated i n the compar i son of 
styrene a n d 1-hexene) a n d thereby to exert a p r o n o u n c e d " o r i e n t i n g " 
inf luence. O u r ident i f i ca t ion of R e a c t i o n 4 opens u p the poss ib i l i ty of the 
direct systematic invest igat ion of the effects of var ious substituents of 
olef inic substrates b o t h o n the e q u i l i b r i u m constants for the b i n d i n g of 
the substrate ( K 4 ) a n d o n the s t ructura l features (potent ia l ly susceptible 
to e l u c i d a t i o n b o t h b y N M R a n d b y x-ray di f f rac t ion) of the resul t ing 
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2. H A L P E R N E T A L . Cationic Rhodium-Phosphine Complexes 23 

[ R h ( D I P H O S ) ( C = C ) ] + adducts w h i c h are k e y intermediates i n the 
/ \ 

catalyt ic hydrogenat ion . S u c h an a d d u c t of [ R h ( D I P H O S ) ] + has been 
isolated i n the case of Z-methyl -a -acetamidocinnamate a n d its structure, 
d e t e r m i n e d b y single crysta l x-ray di f f ract ion analysis, is d e p i c t e d i n 
F i g u r e 3. A notable feature of the structure, conf i rming earlier sugges
tions (2, 21), is the b i n d i n g of the substrate to the r h o d i u m atom t h r o u g h 
the amido-oxygen a tom as w e l l as t h r o u g h the C = C b o n d . T h e de termi 
n a t i o n of the structure of the corresponding c h i r a l a d d u c t of [ R h -
( D I P A M P ) ] + is i n progress. P r e l i m i n a r y results, i n c l u d i n g comparisons 
of various spectral features of the D I P H O S a n d D I P A M P adducts , a n d 
the kinet ics of the corresponding h y d r o g e n a t i o n reactions, suggest that 
the s t ructura l features of the t w o adducts a n d the mechanis t i c features 
of their hydrogenat ion reactions are s imi lar . 

Figure 3. Structure of [Rh(DIPHOS)(Z-methyl-a-acetamidocinnamate)]+ 
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24 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 II 

Experimental 

[Rh(DIPHOS) ( N O R ) ] B F 4 . T h i s was p r e p a r e d b y adaptat ion of 
the procedure used b y Schrock a n d O s b o r n ( JO) to prepare the corre
s p o n d i n g perchlorate salt. 

[ R h 2 ( D I P H O S ) 2 ] [ B F 4 ] 2 . A sample of 0.5 g [ R h ( D I P H O S ) -
( N O R ) ] [ B F 4 ] was disso lved i n 150 m L of m e t h a n o l . H y d r o g e n was 
b u b b l e d t h r o u g h the so lut ion for about 10 m i n . T h e resul t ing orange 
so lut ion was evaporated under r e d u c e d pressure to about 20 m L , a n d 
50 m L of degassed d i e t h y l ether was a d d e d to precipi tate the c r u d e 
p r o d u c t w h i c h was recrys ta l l ized f r o m m e t h a n o l ether, w a s h e d w i t h 
ether, a n d d r i e d i n vacuo ( y i e l d ca. 5 5 % ). S ingle crystals of this c o m 
p o u n d w e r e obta ined a n d subjected to x-ray structure analysis (17). 

[Rh(DIPHOS) ( B E N Z E N E ) ]BF 4 . A sample of 0.3 g of [ R h 2 -
( D I P H O S ) 2 ] B F 4 was d isso lved i n 50 m L w a r m m e t h a n o l a n d the solut ion 
was evaporated b y p u m p i n g to saturat ion (ca . 20-30 m L ) . 100 m L 
benzene was a d d e d a n d the resul t ing solut ion was st irred for about 20 
m i n a n d evaporated to about 50 m L . M e t h a n o l was a d d e d to redissolve 
some o i l y mater ia l w h i c h h a d separated, a n d 40 m L of d i e t h y l ether was 
a d d e d s l o w l y w i t h s t i r r ing . U p o n s tanding for 2 hr , orange crystals of 
the p r o d u c t prec ip i ta ted , w h i c h were f i l tered, w a s h e d w i t h ether, a n d 
d r i e d i n vacuo at 5 0 ° C ( y i e l d ca. 8 0 % ). 

[ R h 3 (DIPHOS) 3 ( O C H 3 ) 2 ] P F 6 . A sample of 0.4 g of [ R h -
( D I P H O S ) ( N O R ) ] P F 6 was disso lved i n 100 m L of degassed m e t h a n o l 
u n d e r n i t rogen i n a Schlenk apparatus. H y d r o g e n was b u b b l e d t h r o u g h 
the so lut ion for several minutes u n t i l the color of the solut ion changed 
f r o m red-orange to y e l l o w . T h e solut ion was filtered a n d 0.126 m L of 
d i c y c l o h e x y l a m i n e was a d d e d to the filtrate. T h e color of the solut ion 
c h a n g e d f r o m y e l l o w to deep r e d - b r o w n , a n d a r e d - b r o w n p r o d u c t began 
to crystal l ize i m m e d i a t e l y . A f t e r s t i r r ing for a f e w minutes to ensure 
complete react ion, the r e d - b r o w n crystals were co l lec ted b y filtration, 
w a s h e d w i t h m e t h a n o l a n d d i e t h y l ether, a n d d r i e d i n vacuo ( y i e l d ca . 
7 9 % ). S ingle crystals were g r o w n f r o m acetone-methanol a n d subjected 
to x-ray structure analysis (17). 

[Rh(DIPHOS) (Z-methyl-a-acetamidocinnamate)]BF 4. A sample 
of 0.2 g of [ R h 2 ( D I P H O S ) 2 ] [ B F 4 ] 2 a n d 0.1 g of Z-methyl -a -acetamido-
c innamate were s t i rred i n ca. 10 m L of w a r m m e t h a n o l u n t i l a clear r e d 
solut ion was obta ined. A f t e r c o o l i n g to r o o m temperature , d i e t h y l ether 
was a d d e d s l o w l y u n t i l the so lut ion t u r n e d s l ight ly c l o u d y , f o l l o w e d b y 
a d d i t i o n of just enough m e t h a n o l to c la r i fy the so lut ion . R e d crystals 
of [ R h ( D I P H O S ) (Z-methyl -a -ace tamidoc innamate) ] [ B F 4 ] w e r e g r o w n 
b y d i f fus ing d i e t h y l ether into the so lut ion over a p e r i o d of ca. 20 h r 
a n d subjected to x-ray structure analysis . 
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2. H A L P E R N E T A L . Cationic Rhodium-Phosphine Complexes 25 

Measurements. U V - v i s i b l e spectra w e r e r e c o r d e d w i t h a C a r y 14 
spectrophotometer . * H N M R spectra w e r e d e t e r m i n e d w i t h a B r u k e r 
H S - 2 7 0 spectrometer a n d 3 1 P N M R spectra w i t h a B r u k e r H F X - 9 0 spec
trometer. T h e kinet ics of hydrogenat ion were de termined b y m e a s u r i n g 
the rate of uptake of h y d r o g e n gas v o l u m e t r i c a l l y at constant pressure. 
D a t a for the single crysta l x-ray structure determinat ions were co l lec ted 
o n a Syntex P 2 i diffractometer. 
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Rhodium-Phosphine Complexes as 
Homogeneous Catalysts. Hydrogenation of 
Aromatic Nitro Compounds1 

PÁL KVINTOVICS, BÁLINT HEIL, and LÁSZLÓ MARKÓ 

Department of Organic Chemistry, University of Chemical Engineering, 
H-8200 Veszprém, Hungary 

Addition of triethyl amine to Rh(PPh3)3Cl or to complexes 
formed from [Rh(1,5-hexadiene)Cl]2 and phosphines under 
hydrogen yields very active catalysts for the hydrogenation 
of aromatic nitro compounds to amines. The dark brown 
homogeneous catalyst solutions show highest activity at 
molar ratios of Rh/PR3/Et3N = 1:1.2:3. Turnovers above 
1 mol H2/mol Rh min are achieved. 

/ ^ V n l y a f e w homogeneous catalysts have been f o u n d to be act ive f o r 
the h y d r o g e n a t i o n of the n i t ro group (2) a n d also w i t h these, o n l y 

l o w react ion rates have been observed i n most cases. Perhaps the best 
homogeneous catalyst descr ibed u n t i l n o w for the h y d r o g e n a t i o n of 
n i t ro c o m p o u n d s is R u C l 2 ( P P h 2 ) 3 b u t even this requires rather drast ic 
condi t ions ( 3 ) . T h e r e is no report about the a p p l i c a t i o n of the most 
w i d e l y used homogeneous h y d r o g e n a t i o n catalyst R h ( P P h 3 ) 3 C l for this 
purpose . 

Results and Discussion 

T h e h y d r o g e n a t i o n of ni t robenzene w i t h R h ( P P h 3 ) 3 C l as catalyst 
was f o u n d to be i m p r a c t i c a b l y s l o w w i t h turnovers b e l o w 0.1 m i n " 1 . T h e 
a d d i t i o n of t r i e t h y l amine , however , cons iderab ly increased the react ion 
rate, i n accordance w i t h our earl ier findings about the favorable effect 

1 This is Part 6 of a series. For Part 5 see Ref. 1. 

0-8412-0429-2/79/33-173-026$05.00/0 
© 1979 American Chemical Society 
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3. K V I N T O V I C S E T A L . Hydrogenation of Homogeneous Catalysts 27 

Table I. Hydrogenation of Nitrobenzene and Its Possible 
Reduction Intermediates with the R h ( P P h 3 ) 3 C l 

+ E t 3 N Catalyst System a 

Substrate Solvent Et3N/Rh ITO(min1)b 

Nitrobenzene benzene 0 1 0.02 
Ni t robenzene b e n z e n e / M e O H 0 1 0.08 

(1:1) 
Ni t robenzene b e n z e n e / M e O H 3 1 0.41 

(1:1) 
Ni t robenzene b e n z e n e / M e O H 30 1 0.48 

(1:1) 
Ni t robenzene b e n z e n e / M e O H 150 1 0.77 

(1:1) 
Nitrosobenzene b e n z e n e / M e O H 3 1 0.02 

(1:1) 
i V - P h e n y l h y d r o x y l b e n z e n e / M e O H 3 1 0.05 

amine (1:1) 
Azobenzene b e n z e n e / M e O H 

n • •n 
3 1 0.57 

H y d r a z o b e n z e n e 
U . i j 

b e n z e n e / M e O H 3 1 0.35 
(1:1) 

° 0.025 mmol R h ( P P h 3 ) 3 C l , 2.5 mmol substrate, 6 m L solvent, 50°C, and 1 bar H 2 . 
6 Initial turnover (mol H2/mol R h min). 

of t r i e t h y l amine o n the ac t iv i ty of r h o d i u m phosphine c o m p l e x catalysts 
( I ) ( T a b l e I ) . 

A n i l i n e was f o u n d b y G L C to be the o n l y react ion p r o d u c t . T h e 
w e l l - k n o w n possible intermediates ni trosobenzene, N - p h e n y l h y d r o x y l -
amine , azobenzene, a n d hydrazobenzene c o u l d a l l be h y d r o g e n a t e d b y 
the same catalyst c o m b i n a t i o n to ani l ine . C o m p a r i n g the rates of h y d r o -
genations ( T a b l e I ) , the only conc lus ion one can reach about the m e c h a 
n i s m of n i t robenzene h y d r o g e n a t i o n is that ni trosobenzene a n d IV-phenyl 
h y d r o x y l a m i n e ( a n d thus p r o b a b l y also azobenzene a n d h y d r a z o b e n z e n e ) 
are not intermediates of the react ion. 

E v e n more act ive was the I n s i t u " catalyst p r e p a r e d f r o m [ R h ( l , 5 -
h e x a d i e n e ) C l ] 2 a n d P P h 3 w i t h a l o w rat io of P / R h = 1.2, a n d the use of 
a p -xy lene/methanol solvent instead of benzene/methanol resul ted i n a 
fur ther increase of ac t iv i ty ( T a b l e I I ) . B o t h effects a l ready have been 
observed (1,4) w h i c h shows that these m a y be characterist ic for s u c h 
r h o d i u m , phosphine , a n d amine catalyst combinat ions . 

T h e homogeneous character of the catalyst was c h e c k e d i n several 
w a y s : no prec ipi ta te or depos i t ion c o u l d be observed v i s u a l l y ; w h e n 
f i l t ra t ing a ca ta ly t i ca l ly act ive solut ion, no res idue r e m a i n e d o n the filter; 
i f no P P h 3 was a d d e d , a v i s u a l l y w e l l observable , grey prec ip i ta te ap
p e a r e d ( p r o b a b l y r h o d i u m meta l ) w h i c h p r o v e d to be m u c h less act ive 
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28 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 I I 

Table II. Hydrogenation of Nitrobenzene with in situ R h -|-

No. Phosphine Amine Rh/P/N 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

P P h 3 

P P h 3 

P P h 3 

P P h 3 

P P h 3 

P P h 3 

P P h 3 

P P h 3 

P P h 3 

P P h 3 

P B u 3 

P h 2 P C H 2 C H 2 P P h 2 

P ( O M e ) 3 

E t 3 N 
E t 3 N 
E t 3 N 
E t 3 N 
E t 3 N 
E t 3 N 
E t 3 N 
E t 3 N 
E t 2 N H 
p y r i d i n e 
p y p e r i d i n e 
E t 3 N 
E t 3 N 
E t q N 

1.2:3 
1.2:3 
1.2:3 
1.2:3 
2.2:3 
3.2:3 
0:3 
1.2:3 
1.2:3 
1.2:3 
1.2:3 
1.2:3 
1.2:3 
1.2:3 

° 0.0125 mmol [Rh(l,5-hexadiene)Cl] 2, 2.5 mmol nitrobenzene, 6 m L solvent, 
50°C, and 1 bar H 2 . 

b Initial turnover (mol H 2 / m o l R h min). 
* Time necessary for the consumption of 3.75 mmol H 2 (50% conversion or turn

over number 150). 

as a h y d r o g e n a t i o n catalyst t h a n the homogeneous system ( c o m p a r e 
experiments 2 a n d 7 of T a b l e II). 

Some a d d i t i o n a l i n f o r m a t i o n o n the nature of the act ive catalyst 
was f u r n i s h e d b y the experiments at different r h o d i u m concentrat ions 
( T a b l e II, N o . 2, 3, a n d 4). A s c a n be seen, the react ion rate s h o w e d a 
s m a l l f rac t iona l order w i t h respect to catalyst concentrat ion w i t h i n the 
range invest igated. T h i s suggests that most of the r h o d i u m is present 
i n the f o r m of a m e t a l cluster c o m p l e x a n d the act ive catalyst is a m o n o 
nuc lear species present i n s m a l l concentrat ion a n d i n e q u i l i b r i u m w i t h 

Table III. Hydrogenation of Some 

Substrate ITO (min1)b UJmin)0 

Nitrobenzene 3.4 60 
1 - N i t r o naphthalene 0.80 450 
o - N i t r o phenol 0.90 250 
p - N i t r o chloro benzene 1.4 230 

m - D i n i t r o benzene 1.5 410 

° 0.0125 mmol [Rh(l,5-hexadiene)Cl] 2, 0.03 mmol P P h 3 , 0.075 mmol E t 3 N , 2.5 
mmol substrate, 3 mL benzene, 4 m L methanol, 50°C, and 1 bar H 2 . 

6 In i t ia l turnover (mol H 2 / m o l R h min). 
0 Time necessary for the consumption of 3.75 mmol H 2 (50% conversion of one 

nitro group or turnover number 150). 
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3. K V I N T O V I C S E T A L . Hydrogenation of Homogeneous Catalysts 29 

Phosphine + Amine Catalysts. Effect of Reaction Parameters 0 

Solvent ITO(min'1)h to.s(min)' 

benzene 1.6 80 
b e n z e n e / M e O H ( l : l ) 3.4 70 
b e n z e n e / M e O H ( l : l ) 3.8" 60 
b e n z e n e / M e O H ( l : l ) 4 . 5 ' 40 
b e n z e n e / M e O H ( l : l ) 0.57 — 
b e n z e n e / M e O H ( l : l ) 0.38 — 
b e n z e n e / M e O H ( l : l ) 0 .35 ' — 
p - x y l e n e / M e O H ( l : l ) 6.7 30 
b e n z e n e / M e O H ( l : l ) 3.1 70 
b e n z e n e / M e O H ( l : l ) 0.70 310 
b e n z e n e / M e O H ( l : l ) 2.7 70 
b e n z e n e / M e O H ( l : l ) 0.16 — 
b e n z e n e / M e O H ( l : l ) 1.5 120 
b e n z e n e / M e O H ( l : l ) 4.1 50 

°Rh/PhNO 2 = l:50. 
e R h / P h N 0 2 = l:33. 
f Rhodium metal precipitated from the solution. 

the po lynuc lear complex. Such a system w o u l d at the same t ime also 
expla in the dark color of the react ion mixture . 

T r i e t h y l amine p e r f o r m e d as the best amine component , a n d P B u 3 

a n d P h 2 P C H 2 C H 2 P P h 2 (d iphos ) were less use fu l than P P h 3 . T r i m e t h y l 
phosphi te gave, however , a rather active cata lyst—an observat ion also 
not w i t h o u t precedent (1). 

T h e dark b r o w n " i n s i t u " catalyst so lut ion was successfully a p p l i e d 
for the hydrogenat ion of other aromatic n i t ro compounds too ( T a b l e 
I I I ) . T h e format ion of ani l ine as the m a i n p r o d u c t f r o m p-chloro ni tro-

Aromatic Nitro Compounds" 

H2 Consumed, Yield 
mol/mol Substrate Product (%)d 

3.0 ani l ine 90 
1.9* 1-amino-naphthalene 52 
1.8* o-amino phenol 55 
2.2° p-chloro anil ine 9 

ani l ine 48 
1.8" ra-nitro ani l ine 57 

m-phenylene diamine 1 

d Based on total amount of substrate. 
* Experiment stopped before complete conversion. 
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30 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 I I 

benzene deserves m e n t i o n i n g : the H C 1 acceptor necessary for h y d r o -
dehalogenat ion (4) is a p p a r e n t l y the aromat ic a m i n e f u r n i s h e d b y the 
r e d u c t i o n of the n i t ro group , thus e n a b l i n g the c o m b i n a t i o n of t w o 
funct ions of the same catalyst . 

Experimental 

F i v e a n d one ha l f m g (0.0125 m m o l ) [ R h ( l , 5 - h e x a d i e n e ) C l ] 2 , 7.9 
m g ( 0 . 0 3 m m o l ) P P h 3 , a n d 10.6 /JL (0.075 m m o l ) E t 3 N w e r e d i sso lved at 
5 0 ° C i n 3.0 m L m e t h a n o l u n d e r H 2 i n a thermostated react ion flask c o n 
nec ted to a thermostated gas burette a n d e q u i p p e d w i t h a magnet i c 
stirrer a n d a s i l icone r u b b e r cap . T h i s catalyst so lut ion was p r e h y d r o -
genated for 30 minutes . F o l l o w i n g this the substrate (2.5 m m o l ) was 
a d d e d w i t h a syringe a n d the react ion was f o l l p w e d b y m e a s u r i n g h y d r o 
gen c o n s u m p t i o n . T h e react ion p r o d u c t was a n a l y z e d b y G L C . 
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Pentamethylcyclopentadienyl-Rhodium and 
-Iridium Complexes as Catalysts for Olefin 
and Arene Hydrogenation 

PETER M. MAITLIS 

Department of Chemistry, The University, Sheffield, S3 7HF, England 

A new series of hydrogenation catalysts based on penta-
methylcyclopentadienyl-rhodium and -iridium complexes are 
described . These are derived from [M(C5Me5)Cl2]2 (1a, M 
= Rh; 1b, M = Ir) which are obtained from hexamethyl 
Dewar benzene in a two-step reaction. These complexes 
homogeneously hydrogenate simple olefins at 1 atm and 
20°C in the presence of base; polar noncoordinating solvents 
give the best rates. Benzene and substituted benzenes are 
also hydrogenated to cyclohexanes by 1a under more vigor
ous conditions. The mechanism of the olefin hydrogenation 
reaction has been investigated and shown to involve mono
-nuclear species such as [M(C5Me5)H2(solv)]. The binuclear 
µ-hydrido complexes [HM2(C5Me5)2Cl3], [H2Ir2(C5Me5)2-
Cl2], and [H3Ir2(C5Me5)2]+ are much poorer olefin hydro
genation catalysts than 1 and the reasons for this are 
discussed. 

T 7 o r a m e t a l complex to be an effective catalyst u n d e r homogeneous 
-•- condit ions i t must be able to survive cycles of changes of b o t h co
o r d i n a t i o n n u m b e r a n d ox idat ion state w i t h o u t f o r m a t i o n of m e t a l 
o c c u r r i n g . T o ensure a reasonable rate of react ion, the complex must have 
easi ly accessible vacant coord ina t ion sites, w h i c h impl ies that at least 
some of the l igands must be r e a d i l y r e m o v e d ; o n the other h a n d , some 
l igands must r e m a i n firmly b o u n d since otherwise, especia l ly u n d e r 
r e d u c i n g condit ions , m e t a l w i l l be f o r m e d . T r i o r g a n o - p h o s p h i n e or -phos
phi te l igands have most c o m m o n l y been used to stabi l ize complexes 

0-8412-0429-2/79/33-173-031$05.00/0 
© 1979 American Chemical Society 
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32 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 II 

(espec ia l ly of group V I I I metals) as homogeneous catalysts. A g o o d 
example of such a c o m p o u n d is the W i l k i n s o n h y d r o g e n a t i o n catalyst, 
[ R h ( P P h 3 ) 3 C l ] (e.g. , see Ref . 1 a n d references t h e r e i n ) . W h i l e such 
catalysts w o r k w e l l i n m a n y cases, they suffer f r o m some disadvantages; 
for example , since these types of l igands are themselves h i g h l y react ive 
( towards electrophiles , acids, a n d o x y g e n ) , any reactions w h e r e i n l igands 
are d i sp laced , such as occur i n catalyt ic cycles, can l e a d to side products 
a n d eventual ly to catalyst deact ivat ion . 

W e have, over the past f e w years, been d e v e l o p i n g a n e w series of 
homogeneous catalysts that do not conta in such p h o s p h i n e or phosphi te 
l igands ( a n d that are i n d e e d deact ivated b y t h e m ) , based o n p e n t a m e t h y l -
c y c l o p e n t a d i e n y l - r h o d i u m a n d - i r i d i u m compounds . T h e parent c o m 
plexes [ M ( C 5 M e 5 ) C l 2 ] 2 ( 1 , M = R h or I r ) are r e a d i l y obta ined f r o m 
h e x a m e t h y l D e w a r benzene a n d the appropr ia te h y d r a t e d m e t a l ch lor ide 
i n a two-step react ion ( 2 ) . 

H 
l a , M = R h 

l b , M = I r 

These c o m p o u n d s are a ir stable, d iamagnet ic ( M ( I I I ) , l o w sp in , dG), 
crystal l ine orange-red ( R h ) or ye l low-orange ( I r ) solids a n d have g o o d 
so lub i l i ty i n more po lar organic solvents. T h e i r most interest ing charac
terist ic is the extreme inertness of the C 5 M e 5 - M b o n d a n d the h i g h 
react iv i ty of the other l igands , w h i c h a l lows t h e m to undergo a var ie ty 
of reactions ( u n d e r a c i d i c a n d basic, r e d u c i n g a n d o x i d i z i n g a n d meta
thesis condi t ions) w h i l e re ta in ing the C 5 M e 5 l i g a n d a n d w i t h o u t r e d u c t i o n 
to m e t a l o c c u r r i n g . E x a m p l e s of such reactions are g i v e n i n Scheme 1. 
W e ascribe the inertness of the C 5 M e 5 - M b o n d to a c o m b i n a t i o n of 
electronic a n d steric effects. T h e methyls are e lectron releasing a n d thus 
c a n be expected to s tabi l ize the + I I I ox idat ion state p a r t i c u l a r l y w e l l ; 
they w i l l also sh ie ld the m e t a l f r o m attack better t h a n hydrogens c a n a n d 
for b o t h reasons, a C 5 M e 5 can be expected to s tabi l ize a c o m p l e x better 
t h a n a C 5 H 5 l i g a n d . T h i s is f o u n d i n pract ice , a n d [ R h ( C 5 H 5 ) C l 2 ] n , as 
w e l l as b e i n g insoluble a n d amorphous , is also v e r y m u c h more react ive 
t h a n l a ; for example , i t easi ly gives m e t a l o n exposure to H 2 . 
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34 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 I I 

Hydrogen-Transfer Reactions and Metal Hydrides 

T h e first i n d i c a t i o n that the compounds ( 1 ) w e r e able to promote 
hydrogen-transfer reactions came f r o m our observat ion that, i n alcohols 
i n the presence of base, they reacted w i t h dienes to g ive e n y l ( a l l y l i c ) 
complexes ( 3 ) , e.g., 

[ M ( C 5 M e 5 ) C l 2 ] 2 + 2 C H 2 = C H C H = C H 2 + 2 C 2 H 5 O H + b a s e - * 

Since this react ion effectively i n v o l v e d the a d d i t i o n of " H - M ( C 5 M e 5 ) -
C r to = , w e then sought to prepare such h y d r i d e complexes. 
A n u m b e r of s u c h hydr ides h a v e n o w been obta ined (4,5); fo r r h o d i u m 
they i n c l u d e the f o l l o w i n g : 

M e + 2 C H 3 C H O + 2[base H ] C 1 

\ 
C I 

( X = C H 3 C 0 2 or C F 3 C 0 2 ) 

2a 

w h i l e a more extensive series is k n o w n for i r i d i u m , e.g., 

2b 3 
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4. M A I T L I S Olefin and Arene Hydrogenation 35 

[ C 5 M e 5 I r ^ T r ^ ^ I r C 5 M e 5 ] + [ C 5 M e 5 I r ^ — , v ^^IrCM^y 

( X = Y — OCOCH3 or O C O C F 3 

4 X = H ; Y = OCOCH3 or O C O C F 3 ) 

A var ie ty of methods can be used to prepare these h y d r i d e s ; they 
c a n be f o r m e d b y the act ion of H 2 / b a s e o n the chlor ides ( l ) or b y 
react ion w i t h B H 4 " or K O H / 2 - p r o p a n o l ( 4 ) . I t can b e noted that the 
f o r m a t i o n of the hydr ides f r o m molecu lar H 2 o v e r a l l involves a hetero-
l y t i c ac t ivat ion a n d that the role of the base is to c o m b i n e w i t h the a c i d 

[ M C 5 M e 5 C l 2 ] 2 + H 2 - [ H ( M C 5 M e 5 ) 2 C l 3 ] + H C 1 

f o r m e d to prevent the back react ion. T h e acetates activate h y d r o g e n v e r y 
m u c h more easily a n d do not require the presence of base since the 
weaker acetic a c i d f o r m e d . 

« [ M C 5 M e 5 ( O A c ) 2 ] n + H 2 - [ H ( M C 5 M e 5 ) 2 ( O A c ) 2 ] + H ( O A c ) 2 -

These complexes are air stable as solids a n d have a l l been charac
ter ized spectroscopical ly ; four have also h a d their structures d e t e r m i n e d 
b y x-ray di f f rac t ion (6,7,8,9,10). A characterist ic of these b inuc lear 
complexes is that the h y d r i d e a lways occupies a b r i d g i n g pos i t ion be tween 
the t w o metals atoms. 

Journal of the American Chemical Society 

Figure 1. A general view of [H{Rh(v5-
C5Me5)}2Cl3] (2a) with methyl hydro-

gens omitted (6) 
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36 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 I I 

Stoichiometric Reactions of Hydrides 

T h e hydr ides ( 2 ) are moderate ly react ive towards 1,3-diolefins a n d 
the f o l l o w i n g s to ichiometr ic react ion occurs read i ly i n C H 2 C 1 2 at + 2 0 ° C : 

[ H ( M C 5 M e 5 ) 2 C l 3 ] + diene -> C 5 M e 5 M (enyl) C I + i [ C B M e B M C l 2 ] 2 

K i n e t i c studies i n d i c a t e d that the react ion was first order i n the h y d r i d e 
b u t zero order i n the diene; further , a var ie ty of dienes w e r e f o u n d to 
react at the same rate (11,12). T h e absence of a n isotope effect for 
reactions w i t h [ D ( M C 5 M e 5 ) 2 C l 3 ] , c o u p l e d w i t h the observat ion that the 
di-/*-hydride ( 3 ) d i d not react w i t h dienes i n C H 2 C 1 2 at 2 0 ° C ( 5 ) , a n d 
the k inet i c data , i n d i c a t e d the f o l l o w i n g po in ts : ( i ) the ra te -determining 
step is a reorganizat ion of the complex ( 2 ) to create a vacant site at w h i c h 
react ion can occur ; a n d ( i i ) this reorganizat ion does not invo lve cleavage 
of either a M - H - M br idge or i o n i z a t i o n of C I ' to create the vacant site, 
otherwise the [ H 2 ( I r C 5 M e 5 ) 2 C l 2 ] w o u l d be expected to react at a s imi lar 
rate to [ H ^ r C g M e s ^ C y . 

T h e simplest m e c h a n i s m that can be p u t f o r w a r d w h i c h covers these 
points is one w h e r e the ra te -determining s low step is the o p e n i n g of a 
ch lor ide b r i d g e b o n d . C o o r d i n a t i o n of a diene at the vacant site thus 
created a n d the subsequent H- t rans fer react ion to give the e n y l complex 
are then expected to be very fast. 

c i c i c l 

C 5 M e 5 M ^ ^ M C 5 M e 5 ^ C 5 M e 5 M ^ M C 5 M e 5 

C 1 c i Cl (solv) 

( A ) 

jj^diene (fast) 

fast 

M M C 5 M e 5 C l 2 ] 2 + C 5 M e 5 M ( e n y l ) C l 

W e are therefore faced b y the i n t r i g u i n g result that i t is apparent ly 
easier to break a two-electron, two-center M - C l b r i d g e than a M - H - M 
b r i d g e that contains a two-electron, three-center b o n d . I n d e e d the transi
t i o n state ( A ) contains t w o large { M ( C 5 M e 5 ) C l X } entities jo ined o n l y b y 
one M - H - M b o n d , a n d c lear ly such bonds must be re in forced b y M - M 
b o n d i n g . T h i s p o i n t is also w e l l i l lus trated b y the very short I r - I r distance 
of 2.455 A f o u n d i n the tri-/x-hydrido complex [ H 3 ( I r C 5 M e 5 ) 2 ] + (10) 
w h i c h has been l i k e n e d to a " t r i p l y protonated Ir==Ir t r ip le b o n d . " 
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4. M A I T L I S Olefin and Arene Hydrogenation 37 

Olefin Hydrogenation Catalysts 

B o t h the r h o d i u m a n d i r i d i u m complexes are act ive catalysts for 
homogeneous hydrogenat ion of olefins i n p o l a r n o n c o o r d i n a t i n g solvents 
(e.g. , 2 -propanol ) i n the presence of base at 1 a tm H 2 a n d 2 0 ° C ( 1 3 ) . 
G o o d c o o r d i n a t i n g solvents a n d l igands ( R 3 P , ( R O ) 3 P , R 2 S , etc.) deact i 
vate the catalysts. It was o r i g i n a l l y expected that the most react ive 
c o m p o u n d s w o u l d be the h y d r i d o complexes, b u t this was f o u n d not to 
b e the case. U n d e r the same condit ions [for the h y d r o g e n a t i o n of 
cyclohexene to cyc lohexane: cyclohexene (2 m L ) , 2 -propanol (18 m L ) , 
catalyst (0.05 m m o l ) , H 2 (1 a tm a n d 2 4 ° C ) , a n d E t 3 N (0.22 m m o l for 
the i r i d i u m a n d 4.5 m m o l for the r h o d i u m cata lys ts ) ] , the reac t iv i ty 
measured b y take-up of H 2 ( m L m i n " 1 ) w a s : [ I r C 5 M e 5 C l 2 ] 2 (27.3) > 
[ H ( I r C 5 M e 5 ) 2 C l 3 ] (15.3) > [ H 2 ( I r C 5 M e 5 ) 2 C l 2 ] (13.2) > > [ H 3 ( I r C 5 -
M e 5 ) 2 ] + ( 0 ) ; a n d [ R h C 5 M e 5 C l 2 ] 2 (9.8) > [ H ( R h C 5 M e 5 ) 2 C l 3 ] (5 .1) . B y 
compar i son , the rate of hydrogenat ion u s i n g [ R h ( P P h 3 ) 3 C l ] as catalyst 
( i n 2 -propanol b u t no base) was 4.3 m L m i n " 1 . 

A n interpretat ion of these at-first surpr i s ing results is that the ch lor ide 
complexes ( l ) undergo b r i d g e sp l i t t ing to monomers more easily t h a n 
do the /x-hydrido complexes (2, 3, or 4 ) , a n d that i t is a mononuc lear 
system that is ca ta lyt ica l ly most active. T h i s is consistent w i t h our sug
gestion concern ing the ra te -determining step i n the s toichiometr ic react ion 
of 2 w i t h dienes a n d reinforces the idea that such b r i d g i n g M - H - M bonds 
are strong a n d that the more there are, the more inert the c o m p l e x 
becomes. T h i s suggestion is c o m p l e m e n t e d b y the x-ray data w h i c h show 
that the m e t a l - m e t a l distances decrease f r o m 3.719 A ( la ) or 3.769 A ( lb) 
(7,8) i n the di-ju-chloro complexes to 2.90 A (6,7,8) i n the mono-/x-
hydrido-/x-chloro complexes (2a a n d 2b) a n d to 2.455 A (10) i n [ H 3 ( I r C 5 -
M e 5 ) 2 ] + . Since the C 5 M e 5 l i g a n d shields the react ion sites moderate ly 
w e l l (see b e l o w ) , the closer the t w o metals are p u l l e d together, the more 
sh ie lded a n d hence more deact ivated w i l l the metals become. 

T h e kinetics of cyclohexane nydrogenat ion ca ta lyzed b y 1, 2, a n d 3 
have been d e t e r m i n e d (13) a n d have been s h o w n to f o l l o w the general 
f o r m : 

d [ H 2 ] _ k [ c a t a l y s t ] a [ p ( H 2 ) ] b [ o l e f i n ] 
dt ~~ 1 + [olefin] 

w h e r e a — 0.5 for [ ( M C 5 M e 5 ) 2 C l 4 ] a n d [ H 2 ( I r C 5 M e 5 ) 2 C l 2 ] , a = 1 for 
[ H ( M C 5 M e 5 ) 2 C l 3 ] ; a n d b — 1 for [ H ( M C 5 M e 5 ) 2 C l 3 ] a n d [ H 2 ( I r C 5 -
M e 5 ) 2 C l 2 ] , b = 2 for [ ( M C 5 M e 5 ) 2 C l 4 ] . 

T h e results i m p l y that C o m p l e x e s 1 a n d 3 undergo cleavage a n d react 
as mononuc lear complexes w h i l e the mono-ju-hydrides (2) react as b i n u c l e a r 
complexes, at least d u r i n g the i n i t i a l stages of the reactions w h e n meas
urements were made . 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

97
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
97

9-
01

73
.c

h0
04



38 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 I I 

F o r the reactions of 1 a n d 3, the f o l l o w i n g react ion scheme can 
therefore be proposed ( w h e r e m = M C 5 M e 5 a n d (s) = solvent or 
vacant s i te ) . 

I n i t i a t i o n : 

[ r a 2 C l 4 ] 

m C l 2 ( s ) + H 2 

H m C l ( s ) + H 2 

[ H 2 ( I r C 5 M e 5 ) 2 C l 2 ] 

P r o p a g a t i o n : 

slow 

H 2 m ( s ) + olef in ^± H 2 m (olefin) 

fast 

H 2 r a (olefin) —» m(s)n + a lkane 

m(s)n + H 2 ^± H 2 m ( s ) 

or m (s) n + H C 1 ^± H m C l (s) 

T h i s scheme indicates that w h i l e the i n i t i a t i o n steps i n v o l v e hetero-
l y t i c c leavage of H 2 , d u r i n g the ac tual h y d r o g e n a t i o n a n d p r o p a g a t i o n 
steps the major reactions i n v o l v e a reduct ive e l i m i n a t i o n [ H 2 r a m ( o l e f i n ) 
—> m1(s)n + alkane] a n d a subsequent ( h o m o l y t i c ) ox idat ive a d d i t i o n of 
H 2 to one m e t a l a tom. T h e latter is, of course, the more u s u a l process 
w h i c h has been establ ished for [ R h ( P P h 3 ) 3 C l ] ca ta lyzed h y d r o g e n a 
t i o n (14,15,16). 

O n e c h a i n terminat ion react ion is also clear. I t is f o u n d that the 
i r i d i u m catalysts are s l o w l y conver ted into the ca ta ly t i ca l ly inact ive 
[ H 3 ( I r C 5 M e 5 ) 2 ] + , (4), a process w h i c h is assisted b y more strongly basic 
condit ions . T h e complex (4 ) can then be regarded as f o r m e d b y reactions 
such as: 

H 2 ( I r C 5 M e 5 ) (s) + H ( I r C 5 M e 5 ) C l ( s ) [ H 3 ( I r C 5 M e 5 ) 2 ] + 

T h e f o r m a t i o n of this tri-/*-hydrido complex also p a r t l y explains w h y 
the i r i d i u m complexes show m a x i m u m act iv i ty w i t h ca. 4 - 5 e q u i v of base 
( E t 3 N ) per meta l a tom, after w h i c h the ac t iv i ty fal ls . I n contrast, the 
r h o d i u m complexes show a steady increase i n ac t iv i ty w i t h increase i n 
base concentrat ion u n t i l a p la teau is reached at a rat io of ca. 1 0 e q u i v 
of base; this p r e s u m a b l y reflects the ins tabi l i ty of [ H 3 ( R h C 5 M e 5 ) 2 ] + s ince 
attempts to prepare i t have f a i l e d . 

^± 2?nCl 2 ( s ) 

^ H m C l ( s ) + H C 1 

^± H 2 m ( s ) + H C 1 

^± 2 H ( I r C 5 M e 5 ) C l ( s ) 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

97
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
97

9-
01

73
.c

h0
04



4. M A i T L i s Olefin and Arene Hydrogenation 39 

T h e p a t h f o l l o w e d b y the h y d r o g e n a t i o n reactions c a t a l y z e d b y the 
mono-/i.-hydrides (2a a n d 2b) is not so clear, b u t the k i n e t i c data s trongly 
suggest that the b i n u c l e a r g r o u p i n g is re ta ined, at least d u r i n g the early 
stages of react ion. A possible first step is the f o r m a t i o n of a rearranged 
complex , such as ( A ) , p r o p o s e d for the s toichiometr ic reac t ion w i t h 
dienes. 

A var ie ty of monoolefins can be h y d r o g e n a t e d b y these catalysts; 
at 2 0 ° C a n d 1 a t m H 2 , re lat ive rates for catalysis b y [ H ( R h C 5 M e 5 ) 2 C l 3 ] 
are f o u n d to b e : 

(9.1) (7.1) (5.1) 

(3.5) (2.8) (2.6) (1.4) 

F u n c t i o n a l groups tend to deact ivate the catalysts b u t r e d u c t i o n c a n 
be ach ieved b y w o r k i n g at 100 a t m H 2 a n d 2 0 ° C ; u n d e r these condit ions , 
diolefins (e.g. , v iny lcyc lohexene , 1,5-hexadiene) are r e d u c e d to paraffins 
(e thylcyc lohexane , hexane) , a n d unsaturated ketones or esters ( m e s i t y l 
ox ide , v i n y l acetate) are r e d u c e d (to m e t h y l ( i s o b u t y l ) k e t o n e or e t h y l 
acetate) . 

A s i n d i c a t e d above, the i r i d i u m complexes are, i n general , m o r e 
act ive catalysts t h a n their r h o d i u m analogs; however , i somer iza t ion of 
terminal - to - in terna l olefins occurs r a p i d l y , a n d relat ive rates are therefore 
rather meaningless . T h e mono-/x-hydrido i r i d i u m complex (2b) i n d e e d 
w i l l i somerize olefins even i n the absence of h y d r o g e n . 

Arene Hydrogenation 

W h i l e the homogeneous h y d r o g e n a t i o n of olefins c a t a l y z e d b y g r o u p 
V I I I m e t a l complexes is t o d a y a rather c o m m o n p l a c e react ion a n d the 
C 5 M e 5 - M complexes offer m a i n l y rather h igher rates b y compar i son w i t h 
the W i l k i n s o n catalyst, v e r y f e w homogeneous catalysts so far repor ted 
are act ive for the h y d r o g e n a t i o n of arenes. 
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40 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 II 

T h e best of these appear to be the ones d e v e l o p e d b y Muet ter t ies 
a n d his group (17,18), such as [ C o ( ^ 3 - C 3 H 5 ) { P ( O M e ) 3 } 3 ] , w h i c h 
shows very h i g h stereospecificity for al l-cis hydrogenat ion . U n f o r t u n a t e l y , 
i t suffers f r o m the disadvantages of l o w turnover numbers a n d short l i fe 
( t y p i c a l l y fewer than 20 moles of arene are h y d r o g e n a t e d per m o l e of 
catalyst) a n d is not easy to prepare . 

W e find that the p e n t a m e t h y l c y c l o p e n t a d i e n y l - r h o d i u m c o m p o u n d s , 
a n d p a r t i c u l a r l y the chlor ide ( l a ) , are use fu l catalysts for arene h y d r o 
genat ion at 5 0 ° C a n d 50 a tm H 2 (19). A g a i n , base ( E t 3 N ) is a necessary 
co-catalyst a n d the reactions proceed w e l l i n 2 -propanol as solvent, w h e r e 
turnover numbers i n excess of 200 per r h o d i u m can easily be obta ined for 
benzene-to-cyclohexane hydrogenat ion . T h e reactions also p r o c e e d i n 
benzene, w h e r e turnover numbers i n excess of 800 per r h o d i u m are f o u n d , 
a n d even i n the presence of water . N o m e t a l is f o r m e d u n d e r these 
condit ions . 

A l k y l b e n z e n e s are also hydrogenated to a lky Icy clohexanes, the re la
t ive rates decreasing w i t h increas ing subst i tut ion at the r i n g ; for example , 
benzene (100) ~ toluene (94) > o-xylene (70) > ethylbenzene (58) 
> mesi tylene (35) > s-butylbenzene (25) > > durene, hexamethylben-
zene ( 0 ) . These reactions are also stereoselective a n d , for example , g ive 
p r e d o m i n a n t l y the c is -dimethylcyclohexanes f r o m xylenes (e.g., o-xylene: 
cis/trans, 6.2; m-xylene : cis/trans, 3.8; a n d p-xylene : cis/trans, 2 ) . 

O u r p r e l i m i n a r y studies show that the catalyst system can tolerate 
at least some funct ional i t ies o n the arene; thus, w h i l e substrates c o n t a i n i n g 
unprotec ted - O H or C 0 2 H groups are hydrogenated only to a s m a l l 
degree or not at a l l , aryl-ethers (an i so le ) , -esters ( m e t h y l b e n z o a t e ) , 
-ketones (acetophenone, b e n z o p h e n o n e ) , a n d N , N - d i m e t h y l a n i l i n e are a l l 
hydrogenated . I n general , no products corresponding to states of inter
mediate r e d u c t i o n (cyclohexenes or cyclohexadienes) are detected. 

It is also noteworthy that the i r i d i u m complex ( l b ) is a very m u c h 
poorer catalyst than the r h o d i u m analog. T h i s point a n d the fact that the 
more h i g h l y a lkyl -subst i tuted benzenes are only hydrogenated to a s m a l l 
degree, even b y [ R h C 5 M e 5 C l 2 ] 2 , can be expla ined b y the observations 
that : ( i ) i r i d i u m forms more stable complexes of the type [ M ( C 5 M e 5 ) -
( a r e n e ) ] 2 + than r h o d i u m does; a n d ( i i ) w i t h i n a series of a lkylbenzenes , 
the more h i g h l y subst i tuted ones f o r m the more stable arene complexes 
for b o t h R h a n d Ir (20,21). P r e s u m a b l y the more stable complexes are 
r e d u c e d less easily. 

W h i l e the m e c h a n i s m of the arene hydrogenat ion has not yet been 
e luc idated , i t is interest ing to speculate that a p a t h rather analogous to 
that suggested for olefin h y d r o g e n a t i o n m a y be operat ive. I n this case, 
the most act ive species is aga in p r o b a b l y [ H 2 ( R h C 5 M e 5 ) (s)] w h i c h c a n 
then coordinate (rj2-) arene at the vacant site; d s - h y d r o g e n transfer ( v i a 
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4. M A I T L I S Olefin and Arene Hydrogenation 41 

?7 3-cyclohexeriyl a n d ^ - c y c l o h e x a d i e n e species) can t h e n take p lace , 
f o l l o w e d b y further ac t ivat ion ( h o m o l y t i c ) of H 2 a n d fur ther d s - h y d r o g e n 
transfer reactions. T h e p r e d o m i n a n c e of the cis isomers i n the xylene 
hydrogenat ion products suggests that the arene largely remains c o o r d i 
na ted to the m e t a l u n t i l it is finally expel led as the cyclohexane, b u t the 
presence of trans isomers i m p l i e s that some exchange does occur d u r i n g 
hydrogenat ion . 

If this v i e w is correct then the quest ion arises, w h y is the W i l k i n s o n 
catalyst [ R h ( P P h 3 ) 3 C l ] also not act ive for this react ion? A p a r t i a l answer 
can be f o u n d i n the size of the cone angle of the R h C 5 M e 5 un i t , w h i c h is 
est imated at 185° , w h i l e that of the g r o u p i n g f a c - { ( P h 3 P ) 2 C l } R h ( w h i c h is 
the m i n i m u m size of the p r o b a b l e act ive species i n the W i l k i n s o n catalyst) 
is about 2 3 0 ° . T h i s suggests that the act ive site i n the C 5 M e 5 R h catalyst 
m a y be more " o p e n " than the corresponding site i n the W i l k i n s o n catalyst 
a n d that the greater r o o m o n C 5 M e 5 R h a l lows easier coordinat ion of the 
arene. S u c h an argument w o u l d also expla in the l o w e r degree of d i s c r i m i 
nat ion observed f o r the hydrogenat ion of subst i tuted olefins ca ta lyzed b y 
the C 5 M e 5 R h a n d - Ir complexes; for example , [ R h ( P P h 3 ) 3 C l ] catalyzes 
the h y d r o g e n a t i o n of cyclohexene about 50 times as fast as 1-methyl-
cyclohexene whereas the corresponding factors are about three ( for la) 
a n d seven ( for l b ) . 
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Catalytic Homogeneous Hydrogenations Using 
Micellar and Phase Transfer Reaction 
Conditions 

DANIEL L . REGER and M. M. HABIB 

University of South Carolina, Columbia, SC 29208 

Product distributions can be altered by the addition of 
neutral micelle-forming surfactants to the K3[Co(CN)5H]-
catalyzed hydrogenation of 2-methyl-1,3-butadiene, 1,3-
pentadiene, and 2,3-dimethyl-1,3-butadiene. Although rate 
accelerations are modest, the micelles significantly prevent 
decomposition of the catalyst and solubilize the organic sub
strates in the aqueous medium. Phase transfer reaction 
conditions have proved to be even more successful for these 
metal-catalyzed reactions. The reactions are inexpensive, 
easy to set up, generally regioselective and, because of sub
stantial rate accelerations and stabilization of the catalyst, 
large amounts of substrate are rapidly converted to product. 

' " p h e r e is a considerable research effort a i m e d at d e v e l o p i n g n e w 
homogeneous catalysts d e r i v e d f r o m transi t ion metals (1,2). A l 

t h o u g h m a n y very useful systems of this type are b e i n g deve loped , the 
i m p a c t of n e w catalysts i n synthetic organic chemistry has been somewhat 
l i m i t e d because m a n y of these compounds are either re la t ive ly di f f icul t 
to prepare (3,4) or use expensive starting materials ( 5 ) . A n alternative 
a p p r o a c h for d e v e l o p i n g n e w catalyt ic systems useful i n organic synthesis 
is to use k n o w n catalysts that are inexpensive a n d are easy to prepare 
u n d e r u n u s u a l exper imenta l condit ions . T o this end, w e have been invest i 
gat ing the hydrogenat ion of water - insoluble substrates, u s i n g the water -
soluble catalyst K 3 [ C o ( C N ) 5 H ] (6). T h i s catalyst is easily p r e p a r e d b y 
s i m p l y m i x i n g K C N a n d C o C l 2 i n a h y d r o g e n atmosphere. I n h y d r o 
genat ion reactions, i t general ly on ly hydrogenates conjugated C - C d o u b l e 

0-8412-0429-2/79/33-173-043$05.00/0 
© 1979 American Chemical Society 
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44 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 II 

bonds . T h u s , dienes are hydrogenated to monoenes. A l t h o u g h s tudied 
extensively (6,7,8), this catalyst has not general ly been use fu l for organic 
reactions. T h e reactions are general ly not regioselective. F o r example , 
2 -methyl - l , 3 -butadiene ( i soprene) is hydrogenated to a l l three possible 
monoenes as s h o w n be low. 

Some contro l over the products can be ga ined b y v a r y i n g the cyanide- to-
cobal t ratio ( 7 ) . O t h e r problems are that the catalyst is i n h i b i t e d b y 
excess substrate a n d that the l i fe t ime of the catalyst is l i m i t e d , especial ly 
i f a s to ichiometr ic amount of K C N is a d d e d . 

T h i s s u m m a r y covers results o n the use of the K 3 [ C o ( C N ) 5 H ] cata
lyst to hydrogenate dienes u n d e r t w o sets of u n u s u a l react ion condi t ions . 
T h e first is to car ry out the reactions i n the presence of f a i r l y h i g h 
concentrations of neutra l m i c e l l e - f o r m i n g surfactants. T h e second is to 
carry out the reactions under phase-transfer react ion condit ions . 

Reactions in Micellar Solution 

T h e kinet ics a n d mechanisms of m a n y organic a n d inorganic reactions 
are general ly a l tered b y the presence of micel les ( 9 ) . F o r example , a 
rate accelerat ion i n the inorganic react ion of H g + 2 - i n d u c e d a q u a t i o n of 
[ C o ( N H 3 ) 5 C l ] + 2 of factors u p to 140,000 has been observed (10). I t was 
expected that s imi lar effects w o u l d be observed if t ransi t ion m e t a l 
ca ta lyzed hydrogenat ions were car r ied out i n the presence of micel les . 

T h e condit ions that w e r e chosen (a f u l l account of this phase of this 
research has been p u b l i s h e d i n Ref . 11) for the hydrogenat ion reactions, 
u s i n g the K 3 [ C o ( C N ) 5 H ] catalyst (4.4 m m o l ) were 40 m L of water , 1 
a tm H 2 , repeated smal l (0.1 m L ) injections of substrate, constant i o n i c 
strength, a n d react ion times never > 24 hr . T h e catalyst is more stable 
u n d e r a h y d r o g e n atmosphere, a n d the problems descr ibed b y others that 
w e r e caused b y a g i n g reactions (12) were not encountered. 

Tables I, I I , a n d I I I show the effect of the neutra l surfactant B r i j 35 
( C 1 2 H 2 5 ( O C H 2 C H 2 ) 2 3 0 H , concentrat ion = 5.0 X 10" 2 M) o n the h y d r o 
genat ion of three dienes at var ious C N : C o ratios (11). Ra te accelerations 
measured b y h y d r o g e n uptake w e r e moderate , less t h a n t w o f o l d . F o r 
isoprene (Table I), the micel les favor the p r o d u c t i o n of 2-methyl-2-butene, 
m a k i n g the react ion v i r t u a l l y regiospecif ic . F o r 2 ,3 -d imethy l - l , 3 -buta -
diene ( T a b l e I I ) , the micel les favor p r o d u c t i o n of 2 ,3 -d imethyl - l -butene . 
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5. R E G E R A N D H A B I B Micellar, Phase Transfer Rxn Conditions 45 

Table I. Product Distribution of K 3 [Co ( C N ) 5 H ] - C a t a l y z e d 
Hydrogenation of 2-Methyl-1,3-butadiene 

CN:Co Ratio Surfactant Product Percentages 

4.3 — 3 7 90 
4.3 B r i j 35 1 2 97 
5.2 — 3 9 88 
5.2 B r i j 35 2 5 93 
6.0 — 43 22 35 
6.0 B r i j 35 29 19 52 

T h i s mater ia l can b e p r o d u c e d 1 0 0 % selectively at a C N : C o rat io of seven. 
T h e presence of micel les o n the hydrogenat ion of 1,3-pentadiene ( T a b l e 
I I I ) causes more 2-pentene to be p r o d u c e d b u t complicates the react ion 
somewhat because a larger amount of ds-2-pentene is f o r m e d . 

I n a d d i t i o n to these changes i n p r o d u c t dis tr ibut ions , the micel les 
affect the react ion i n other ways . A s m e n t i o n e d earlier, the catalyst is 
not v e r y stable, especial ly at C N : C o ratios < 6. T h u s , the reactions 
s h o w n i n the tables at a C N : C o ratio of 4.3 a n d 5.2 are not synthet ica l ly 
feasible i n aqueous solut ion because the catalyst decomposes i n a f e w 
hours u n d e r these condit ions . O n the other h a n d , the surfactant substan
t i a l l y inhib i ts this decompos i t ion of the catalyst. T h u s , for example, the 
react ion s h o w n i n T a b l e I at a C N : C o rat io of 4.3 i n the presence of B r i j 
35, w h i c h is qui te regioselective, can be car r ied out convenient ly o n a 
synthet ic scale. I n a d d i t i o n to p r e v e n t i n g decompos i t ion of the catalyst, 

Table II. Product Distribution of K 3 [Co ( C N ) 5 H ] - C a t a l y z e d 
Hydrogenation of 2,3-Dimethyl-1,3-butadiene 

CN:Co Ratio Surfactant Product Percentages 

// \ /= 

4.3 38 62 
4.3 B r i j 35 44 56 
5.2 — 68 32 
5.2 B r i j 35 91 9 
7.0 — 88 12 
7.0 B r i j 35 100 — 
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Table III. Product Distribution of K 3 [ Co ( C N ) 5 H ] - C a t a l y z e d 
Hydrogenation of 1,3-Pentadiene 

CN:Co Ratio Surfactant Product Percentages 

4.3 — 2 98 — 
4.3 B r i j 35 — 95 5 
6.0 

B r i j 35 
12 80 8 

6.0 B r i j 35 4 70 26 

the micel les so lubi l ize the substrate a n d reduce i n h i b i t i o n on the catalyst. 
T h u s , as s h o w n i n T a b l e I V , larger injections of substrates are possible 
i n the presence of micel les , m a k i n g these hydrogenat ions feasible o n a 
synthet ic scale. Isolated y ie lds of 7 4 % have been obta ined . 

Table IV. Hydrogenations Using Excess Substrate 

2-Methyl-
butadiene 
Additiona 

(mL) Surfactant Product Percentages 
Starting 
Material 

0.6 
0.6 
1.2 
2.0 
2.0 

B r i j 35 
B r i j 35 

B r i j 35 

w // 

3 7 72 
2 4 94 
2 5 93 
2 6 68 
2 4 90 

18 

24 
4 

2,8-Dimethyl-
butadiene 
Addition^ 

(mL) 

2.0 — 85 7 
2.0 B r i j 35 96 4 

°CN:Co ratio of 4.3. 
* C N : C o ratio of 7.0. 
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5. R E G E R A N D H A B I B Micellar, Phase Transfer Rxn Conditions 47 

Phase Transfer Reaction Conditions 

Because of the success exper ienced i n organic synthesis b y u s i n g 
phase transfer react ion condit ions (13), i t was expected that this w o u l d 
be an excellent m e t h o d for h y d r o g e n a t i n g organic soluble dienes b y u s i n g 
the water soluble catalyst K 3 [ C o ( C N ) 5 H ] . Others recent ly have c a r r i e d 
out homogeneous catalysis processes u n d e r phase-transfer react ion c o n d i 
tions (14,15,16). 

I n a t y p i c a l react ion, C o C l 2 • 6 H 2 0 (0.52 g, 2.2 m m o l ) , N a O H (0.05 
g, 1.25 m m o l ) , ( C H 3 ) 4 N C 1 (0.24 g, 2.2 m m o l ) , a n d 20 m L of degassed 
water w e r e p l a c e d i n a 100 m L three-neck flask fitted w i t h a pressure-
e q u a l i z i n g d r o p p i n g funne l , a n air t ight septum, a n d a gas in le t tube 
l e a d i n g to b o t h a v a c u u m source a n d a h y d r o g e n source contro l led b y a 
gas buret . A mixture of K C N (0.74 g, 11.44 m m o l ) a n d K C 1 (0.36 g, 4.8 
m m o l ) dissolved i n 20 m L of degassed water was a d d e d to the d r o p p i n g 
f u n n e l . T h e system was repeatedly evacuated a n d ref i l led w i t h h y d r o g e n . 
M a i n t a i n i n g the h y d r o g e n atmosphere, the cyanide so lut ion was a d d e d 
r a p i d l y to the st irred cobaltous solut ion. A f t e r a l l o w i n g 15 minutes for 
the catalyst to comple te ly f o r m , 20 m L of degassed benzene was a d d e d 
f o l l o w e d b y 2 m L (1.36 g, 20.0 m m o l ) of isoprene. T h e react ion was 
m o n i t o r e d b y h y d r o g e n uptake . A s s h o w n b y gas chromatography, the 
substrate was complete ly h y d r o g e n a t e d i n four hours, y i e l d i n g 2 -methyl -
2-butene contaminated b y 2 % of 2 -methy l - l -butene . N o start ing m a t e r i a l 
r e m a i n e d . W i t h b e n z y l t r i e t h y l a m m o n i u m chlor ide as the phase transfer 
reagent, the react ion was comple te ly regioselective, y i e l d i n g 2-methyl-2-
butene. I n an experiment carr ied out u s i n g 5 m L of substrate, an iso lated 
y i e l d of 8 7 % was obta ined. W i t h the amounts of reagents l i s ted above, 
6 m L of isoprene c o u l d be comple te ly converted to products i n 15 hr . 
T r i p l i n g the amount of catalyst t r i p l e d the rate of h y d r o g e n a t i o n a n d 
a l l o w e d 15 m L of substrate to be hydrogenated i n 13 hr u s i n g the amounts 
of the other components of the system as l i s ted above. If the react ion 
o u t l i n e d above was carr ied out w i t h o u t the a d d i t i o n of a phase transfer 
reagent, the react ion needed 48 hr to go to comple t ion , at w h i c h t ime the 
catalyst h a d decomposed. I n the presence of a phase transfer reagent, the 
catalyst is stable for weeks. 

U n d e r s imi lar condit ions, 1,3-pentadiene is hydrogenated exclusively 
to frans-2-pentene. A l t h o u g h only one p r o d u c t is obta ined , d e u t e r i u m 
l a b e l i n g studies indicate that the react ion is not specific. T h e hydrogena
t i o n of l , 3 - p e n t a d i e n e - l , l - d 2 can y i e l d two £rans-2-pentene products , one 
ar i s ing f r o m o v e r a l l 1-4 a d d i t i o n a n d one ar i s ing f r o m 1-2 a d d i t i o n of 
h y d r o g e n to the external d o u b l e b o n d as s h o w n b e l o w . 
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48 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 I I 

1-2 a d d i t i o n 

1-4 a d d i t i o n 

5 5 % 

4 5 % 

T h e percentages s h o w n were d e t e r m i n e d b y a n a l y z i n g the 2 H N M R of 
the frans-2-pentene p r o d u c e d i n this hydrogenat ion . T h e substrate 2,3-
d i m e t h y l - l , 3 - b u t a d i e n e is hydrogenated u n d e r these condit ions to a 
m i x t u r e c o n t a i n i n g 8 0 % 2,3-dimethyl-2-butene a n d 2 0 % 2 , 3 - d i m e t h y l - l -
butene. N o t e that because the h y d r o g e n a t i o n c a r r i e d out i n m i c e l l a r 
so lut ion yie lds exclusively 2 , 3 - d i m e t h y l - l - b u t e n e ( T a b l e I I ) , either of the 
possible hydrogenat ion products can be obta ined b y p r o p e r choice of 
react ion condit ions . 

Conclusion 

T h e t w o types of u n u s u a l react ion condi t ions , m i c e l l a r solutions a n d 
phase transfer reactions, have p r o v e d use fu l for the [ C o ( C N ) 5 H ] "^cata
l y z e d h y d r o g e n a t i o n of dienes into monoenes. T h e micel les i n h i b i t 
d e c o m p o s i t i o n of the catalyst a n d so lubi l ize the organic substrates, m a k i n g 
the reactions possible o n a synthetic scale. E v e n more u s e f u l for synthetic 
scale reactions are the phase-transfer condit ions . I n this case, large rate 
accelerations are obta ined as w e l l as substant ial increases i n the l i fe t ime 
of the catalyst, a l l o w i n g large amounts of substrate to be hydrogenated . 
F u r t h e r studies are i n progress u s i n g the phase transfer react ion condi t ions 
to hydrogenate other dienes as w e l l as C - C d o u b l e bonds conjugated 
to other funct iona l i ty . 
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6 

Asymmetric Hydrosilylation 

H. B. KAGAN, J. F. PEYRONEL, and T. YAMAGISHI1 

Laboratoire de Synthèse Asymétrique, (Associé au CNRS LA n° 040255-02), 
Université Paris-Sud, 91405-Orsay, France 

A catalyst for asymmetric hydrosilylation of ketones was 
prepared from [Rh(COD)Cl]2 and DIOP. The hydrosilyla
tion of acetophenone yields 1-phenylethanol after hydrolysis. 
The optical yield strongly depends on the nature of the 
silane RR'SiH2 that was used. Several types of ketones 
were asymmetrically reduced into chiral alcohols, the highest 
asymmetric induction being observed from some α-chloro 
ketones or α-ketoesters. It was remarkable that prochiral 
benzophenones such as p-OMeC6H4COC6H5 could be re
duced with up to 26% e.e. Mechanism of asymmetric 
hydrosilylation was discussed in relation with some spin 
trap experiments. Studies were made on supported rho-
dium-DIOP catalysts. Some rhodium leaching from support 
was demonstrated by a three-phase test. 

H p h e stereocontrol led synthesis of a g i v e n enant iomer is a k e y operat ion 
- 1 " i n m a n y processes. V e r y often, one enant iomer rather t h a n the racemic 

m i x t u r e is needed because of its propert ies . I n fragrances, f o o d addi t ives , 
or p h a r m a c e u t i c a l drugs, m a n y such cases can be f o u n d . F o r example , 
a -aminoacids w h i c h enter as components of po lypept ides or drugs are 
a lways used w i t h a specific absolute conf igurat ion. T h e impor tance of 
c h i r a l substances is unders tandable i f i t is r e a l i z e d that l i v i n g systems 
are essentially c h i r a l themselves a n d able to differentiate enant iomeric 
substrates at act ive sites of enzymes or at b i o l o g i c a l receptors. O n e classi
c a l p r e p a r a t i o n of a n enant iomer ( D ) is to resolve a racemic mix ture 
( D , L ). T h i s is a t ime- a n d energy-consuming process because the u n d e -
s i red enant iomer ( L ) must be separated b y c h e m i c a l a n d p h y s i c a l opera
tions a n d r a c e m i z e d i f poss ible for r e c y c l i n g . I t is necessary to use 
s to ichiometr ic amounts of a c h i r a l a u x i l i a r y c o m p o u n d Z * ( F i g u r e 1) 

1 Current address: Department of Industrial Chemistry, Tokyo Metropolitan Uni
versity, Fukazawa, Setagayaku, Tokyo, 158 Japan. 

0-8412-0429-2/79/33-173-050$05.00/0 
© 1979 American Chemical Society 
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6. K A G A N E T A L . Asymmetric Hydrosilylation 51 

to o b t a i n the reso lut ion t h r o u g h f o r m a t i o n a n d separat ion of diastereo-
m e r i c products . E a c h diastereomer is t h e n destroyed a n d the des i red 
enant iomer ( D ) is recovered. T h e c h i r a l economy is obvious i f Z * c a n 
be a c h i r a l reagent c o n t r o l l i n g the direct f o r m a t i o n of D ; the process is 
n o w a n asymmetr ic synthesis. A fur ther i m p r o v e m e n t occurs w h e n Z * 
represents a c h i r a l catalyst because a s m a l l a m o u n t of Z * s h o u l d be 
able to contro l d irec t p r o d u c t i o n of a large a m o u n t of the des i red enan
t iomer . F i g u r e 1 is a schematic c o m p a r i s o n of reso lut ion a n d asymmetr ic 
synthesis i n the case w h e r e the react ion g i v i n g rise to a racemic m i x t u r e 
( D + L ) is t rans formed into a n asymmetr ic cata lyt ic process l e a d i n g to D . 

A s y m m e t r i c catalysis as a synthetic t o o l is re la t ive ly n e w ( i f enzy
m a t i c reactions are not c o n s i d e r e d ) ; its development b e g a n 10 years ago, 
m a i n l y because of the advances i n coordinat ion chemistry . A s y m m e t r i c 
h y d r o g e n a t i o n started b y m o d i f y i n g the W i l k i n s o n catalyst ( J ) . T h e 
early results (2,8,4) were encourag ing e n o u g h to in i t ia te a v e r y large 
a m o u n t of research (5,6). A s y m m e t r i c C - C b o n d f o r m a t i o n i n olef in 
c o - d i m e r i z a t i o n was observed for the first t i m e b y W i l k e a n d his co
workers (7). A s y m m e t r i c h y d r o f o r m y l a t i o n (8 ) as w e l l as several n e w 
asymmetr i c a l k y l a t i o n reactions a p p e a r e d i n the last five years (9,10). 
A s y m m e t r i c epoxidations w e r e descr ibed i n 1977 (11,12). 

Z ( C h i r a l a u x i l i a r y compound) Z 

1 eq 

1 eq. A (Proch i ra l ) 

+ 
Reagent 

. { D , L } ^ 

R a c e m i z a t i o n 

0.5 e q J 0 

0.5 eq. L 

R E S O L U T I O N 

Z ( C h i r a l C a t a l y s t ) 

A S Y M M E T R I C S Y N T H E S I S 

l e q . 0 

Figure 1. Asymmetric synthesis vs. resolution, an "energy saving" process 
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52 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 

I n p r i n c i p l e , any ca ta lyzed react ion w h e r e the l igands of the complex 
are easily m o d i f i e d c o u l d be invest igated for asymmetr ic catalysis. T o 
date, enantioselectivit ies h igher than 9 5 % have b e e n at ta ined i n a f e w 
cases (13,14), g i v i n g hope that fur ther studies s h o u l d define a var ie ty 
of specific c h i r a l catalysts for the p r o d u c t i o n of various c h i r a l compounds . 

T h e creat ion of a n asymmetr ic center b y C - H b o n d f o r m a t i o n is a 
v e r y c o m m o n process w h i c h can i n v o l v e several types of reactions. 
H y d r o g e n a t i o n of p r o c h i r a l olefins is of ten used w i t h the r h o d i u m 
catalysts of the W i l k i n s o n type ( 5 ) . These catalysts w e r e s h o w n to be 
inac t ive for ketone or i m i n e r e d u c t i o n except i n some cases (15). I t was 
t h e n interest ing to develop a n alternate m e t h o d for asymmetr ic synthesis 
of c h i r a l alcohols or amines. Since i t was f o u n d that R h C l ( P P h 3 ) 3 was 
able to cata lyze si lane addi t ions to ketones (16,17) or imines (18), 
prepara t ion of c h i r a l alcohols or amines b y asymmetr ic h y d r o s i l y l a t i o n 
c o u l d be envisaged ( F i g u r e 2 ) . T h e 1 ,4-addit ion of silanes to conjugated 

R1 

C = C 
H 

R1 

R 2 - V - C H 2 R 3 

H 

R1 

C = o 
R1 

2 ^ * 
R - C - O H 

=SiH 
R1 

R 2 - C - O S i = 
H 

H 2O/H* 

R1 

C = N - R = SiH R 2 - V - N : 
H2O/H* 

s Si = 

R; 
R2—jCf—NHR3 

H 

C=CH-C-R3 =SiH 
R1 R1 

R O C * - C H = : C - R 3 t l i O A l l R ^ - ^ - C H X R 3 

H OSi = H 

Figure 2. Examples of creation of an asymmetric center by C-H bond forma-
tion 
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6. K A G A N E T A L . Asymmetric Hydrosilylation 53 

esters or ketones (19) is another poss ib i l i ty for asymmetr ic h y d r o s i l y l a 
t i o n a n d creat ion of a n asymmetr ic center i n the /? pos i t ion relat ive to a 
c a r b o n y l group. 

W e chose to s tudy asymmetr ic h y d r o s i l y l a t i o n for the prepara t ion 
of alcohols (20) a n d amines (18) because the system permits s t ructura l 
modif icat ions of b o t h the c h i r a l l igands a n d the si lane. T h e poss ib i l i ty 
arose of a g o o d m a t c h i n g w i t h the substrate, l e a d i n g to h i g h stereoselec
t i v i t y i n the f o r m a t i o n of the c h i r a l p r o d u c t . W e w i l l o n l y consider here 
the asymmetr ic synthesis of a lcohols . 

Synthesis of Chiral Ligands 

Phosphines are the u s u a l l igands of r h o d i u m catalysts for h y d r o 
s i ly la t ion . A classif ication of c h i r a l phosphines a c c o r d i n g to their struc
ture is presented i n T a b l e I. 

V e r y early w e e x a m i n e d the synthesis a n d behavior of phosphines 
R * - P P h 2 easily p r e p a r e d f r o m n a t u r a l products (21). W e then i n t r o d u c e d , 
i n 1971 (4), the use of c h i r a l che la t ing d iphosphines (phosphines of 

Table I . A Structural Classification of Chiral Phosphines a'b 

T y p e I : 

T y p e I I I : 

R i 

R 2 ~ ^ P 

R s 

P P h 2 

R 
P P h , 

T y p e I I : R — P P h 2 

T y p e I V : ( C H 2 ) n * 

* ^ R i 

^ R 2 

* ^ . R i 

* R 2 

R i 
*/ 

* P 
T y p e V : R \ * T y p e V I : p * " X R 2 

R 

R 2
 V v R 4 

• This classification gives only the main types of chiral mono- and diphosphines. 
Many other structures are also possible, allowing, in principle, the synthesis of a 
large number of new ligands. R* and P* symbolize chiral groups. 

* For reviews on chiral phosphines prepared for homogeneous asymmetric cataly
sis, see Ret. 5, 6, and 26. 
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54 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 I I 

T y p e I I I ) . Since g o o d results i n asymmetr ic h y d r o g e n a t i o n were o b t a i n e d 
(22) w i t h D I O P 1, i t was then used i n asymmetr ic h y d r o s i l y l a t i o n (20). 
Results w i t h D I O P a n d some other d iphosphines w i l l b e presented here. 

Influence of the Structure of Silanes upon Optical Yield 

T h e s tandard procedure that was a d o p t e d for asymmetr ic h y d r o 
s i l y l a t i o n of ketones was the f o l l o w i n g . A solut ion of 1 m m o l of ketone 
a n d 1.1 m m o l of silane i n 3 m L benzene i n presence of R h C l ( D I O P ) 
( 0 . 2 % w i t h respect to the ketone) was s t i r red u n d e r n i t rogen for a f e w 
hours. T h e catalyst was p r e f o r m e d b y m i x i n g [ R h ( C O D ) C l ] 2 a n d 
D I O P i n benzene a n d s t i r r ing 15 m i n u n d e r n i t rogen . A l l of these 
operations w e r e p e r f o r m e d at 2 0 ° C . 

T h e complex [ R h ( C O D ) ( D I O P ) ] + C 1 0 4 " w h i c h can be iso lated gives 
no better results than the neutra l catalyst p r e p a r e d i n s i tu . A f t e r react ion 
the solvent was evaporated a n d the res idue h y d r o l y z e d u n d e r a c i d i c 
condi t ions . T h e p r o d u c t was recovered b y dis t i l l a t ion or chromatography . 
I n general , y ie lds were excellent ( 9 0 - 1 0 0 % ) . 

D i h y d r o s i l a n e s R R ' S i H 2 w e r e selected i n almost a l l of our w o r k 
because of their g o o d react iv i ty . I n T a b l e I I some representative d i h y 
drosilanes a n d their efficiencies i n the h y d r o s i l y l a t i o n of acetophenone 
are i n d i c a t e d . T h e r e are variat ions i n o p t i c a l y ie lds a c c o r d i n g to the 
structure of d ihydros i lanes . Steric considerations do not seem to b e able 
to give a s imple explanat ion. F o r example , P h ( c y c l o h e x y l ) S i H 2 is m o r e 
efficient t h a n P h 2 S i H 2 , b u t ( c y c l o h e x y l ) 2 S i H 2 is a p o o r reagent. S i m i l a r l y , 
( a - n a p h t h y l ) P h S i H 2 is better than P h 2 S i H 2 b u t not different f r o m (a-
n a p h t h y l ) 2 S i H 2 . 

U s e of a c h i r a l c o m p l e x i n h y d r o s i l y l a t i o n of a ketone c a n p r o v i d e a 
route to c h i r a l silanes. T h i s m e t h o d w i t h R h C l ( D I O P ) as catalyst was 
invest igated b y C o r r i u et a l . (26,31). A p r o c h i r a l s i lane such as ( a - N p ) -
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6. K A G A N E T A L . Asymmetric Hydrosilylation 55 

Table II. Hydrosilylation of P h - C O - C H 3 by R R ' S i H 2 

Catalyzed by R h C l ( - ) D I O P (23,24) 

PhCHOHCHs 
Silane" 

Absolute Optical Absolute Optical 
R R' Configuration Yield (%) 

C y c l o h e x y l c y c l o h e x y l S V 
P h m e s i t y l R 6* 
P h C H 3 R 13 
P h P h R 24 
m - M e - P h m - M e - P h R 30 
a - N a p h t h y l c y c l o h e x y l R 32 
P h o - M e - P h R 35 
P h c y c l o h e x y l R 49 
a - N a p h t h y l a - n a p h t h y l R 50 
P h a - n a p h t h y l R 52 

° See "Influence of the Structure of Silanes upon Optical Y i e l d " for experimental 
details. 

b The enol silylether of acetophenone is simultaneously formed in approximately 
equal amounts as the silylether of 1-phenylethanol. 

P h S i H 2 , after react ion o n a s y m m e t r i c a l ketone, is t rans formed into (a -
H 

N p ) P h S i - ( O R ) , i n w h i c h the s i l i con a t o m is the o n l y source of c h i r a l i t y . 
O p t i c a l y ie lds i n the range of 5 0 % were observed. 

Relation between Optical Yield and Structure of the Substrates 

O f t e n acetophenone is the p r o c h i r a l ketone w h i c h is first tested 
w h e n a n e w asymmetr ic r e d u c i n g agent has to be evaluated. T h i s was 
done i n asymmetr ic h y d r o s i l y l a t i o n b y us (20) a n d others (26). F o r 
tunately , cata lyt ic h y d r o s i l y l a t i o n is not l i m i t e d to this case. I n T a b l e I I I , 
some representative results w i t h a - n a p h t h y l p h e n y l si lane ( a - N p P h S i H 2 ) 
are s u m m a r i z e d . Subst i tut ion o n the m e t h y l group of acetophenone 
strongly influences the stereospecificity. W h e n there is a free O H group , 
i t is first s i ly la ted , f o l l o w e d b y an in terna l h y d r o s i l y l a t i o n l e a d i n g to a 
c y c l i c s i l y l diether. H y d r o l y s i s gives the p h e n y l g l y c o l ( F i g u r e 3 ) . 
C o n t r a r y to expectat ion, this in t ramolecular process decreases the enan-
t iospeci f ic i ty . 

a - C h l o r o or b r o m o ketones w e r e smoothly h y d r o s i l y l a t e d w i t h g o o d 
o p t i c a l y ie lds ( w i t h respect to the unsubst i tuted k e t o n e ) . Bas i c h y d r o l 
ysis of the halogeno s i l y l ether gave d i rec t ly a c h i r a l epoxide . a-Ketoesters 
gave a-hydroxyesters of h i g h o p t i c a l p u r i t y w h e n R h C l ( D I O P ) was u s e d 
as catalyst. O j i m a (27) o b t a i n e d p r o p y l lactate w i t h 8 5 % e.e. b y reduc
i n g p r o p y l p y r u v a t e i n presence of R h C l ( D I O P ) a n d also observed h i g h 
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56 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 II 

H 2 0 / H + 

P h _ C O — C H 3 + « N p P h S i H 2 - ^ P h — C H — C H 8 * ~ P h — C H — C H 8 

. P h O H 
O S i H ^ 

«Np 3 

" H 2 H 2 0 / H + 

^ P h — C = C H 2
 2 » P h — C O — C H 3 

O S i H ^ P h 

a N p 

- H 2 . P h 
P h — C O — C H 2 O H + « N p P h S i H 2 • P h — C O — C H 2 O S i H <^ " 

a N p 

P h — C H — C H 2
 H 2 ° / H * » P h — C H — C H 2 O H 

O H 0 0 

P h / ^ a N p 

Figure 3. Hydrosilylation of acetophenone and PhCOCH2OH 

asymmetr i c induct ions i n h y d r o s i l y l a t i o n of y-ketoesters, p r e s u m a b l y 
because of a l a b i l e interact ion of the ester gro up w i t h the r h o d i u m a tom. 

W e have invest igated (23,24) the potent ia l of asymmetr ic h y d r o 
s i ly la t ion of various ketones. M e t h y l a l k y l ketones ( for example , 2-octa-
none) gave about 4 4 % e.e. i f p h e n y l c y c l o h e x y l s i lane was the h y d r o -
s i l y l a t i n g reagent ( T a b l e I I I ) . 

A n interest ing case is the r e d u c t i o n of p r o c h i r a l benzophenones w i t h 
one parasubst i tuted p h e n y l r i n g . I t is surpr i s ing that o p t i c a l y ie lds as 
great as 2 6 % c o u l d be at tained, a l l o w i n g the prepara t ion of c h i r a l benz-
hydro ls (23,24) . A n y of the p r o p o s e d schemes of asymmetr ic i n d u c t i o n 
w i t h the r h o d i u m - D I O P catalyst (27, 28) can h a r d l y exp la in s u c h results. 
O b v i o u s l y v e r y subtle interactions b e t w e e n the ketone a n d the complex 
are i n v o l v e d . M a y b e charge transfer interact ions b e t w e e n aromat ic 
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6. K A G A N E T A L . Asymmetric Hydrosilylation 57 

Table III. Asymmetric Hydrosilylation by a-NpPhSiH2 of Some 
Representative Ketones Catalyzed by RhCl(— )DIOP 

Ketone" 

P h COCH3 
P h C 0 C H 2 0 H 
P h - C O - C H , O C C - P h 
P h C O C H 2 C l 
n C g H u C O C O a n P r 
n C e H i g C O C H a " 
p O M e - P h - C O - P h 

Alcohol 

P h CHOHCH3 
P h C H O H C H 2 O H 
P h C H O H C H 2 O C O - P h 
P h C H O H C H 2 C l 
n C 5 H u C H O H C 0 2 n P r 
n C c H 1 3 C H O H C H 3 

p O M e - P h - C H O H - P h 

Optical" 
Absolute Yield 

Config. (%) 

R 53 
S 7 
S 34 
s 63 
R 66" 
R 44 
S 2 6 ' 

0 [Silane]/[ketone] = 1.1% ; [Rh]/[ketone] = 0.2% ; 30 hr in benzene at 20°C, 
Yields in product are 90-95%. 

b Calculated by reference to maximum specific rotation of the alcohol. 
0 Measured on n - C s H u C H O H C H ^ O H after the reaction product was treated 

with L A H . 
d Phenylcyclohexylsilane is used instead of a-NpPhSiKk. 
e Calculated by reference to maximum specific rotation . 

groups c o u l d mediate compet i t ive t ransi t ion states, as was observed i n 
the asymmetr ic r e d u c t i o n of p r o c h i r a l benzophenones b y c h i r a l G r i g n a r d 
reagents (29). 

Mechanism of Asymmetric Hydrosilylation 

T h e basic features of the m e c h a n i s m are k n o w n ( F i g u r e 4 ) . It is 
q u i t e p r o b a b l e that the react ion starts b y an oxidat ive a d d i t i o n of S i - H 
b o n d to a R h ( I ) complex . S u c h reactions are k n o w n a n d adducts have 
been isolated (SO). W h a t is less k n o w n are the details of the subsequent 
steps. T h e ketone is necessarily coordinated to the complex before the 
successive transfers of the h y d r o g e n a n d s i l i con groups. T h e chronology 
of the transfers was discussed b y O j i m a (26,31). A s the first step, he 
suggested the f o r m a t i o n of an a-s i lyloxy a l k y l - r h o d i u m species ( p a t h ( a ) 
of F i g u r e 4 ) , f o l l o w e d b y a reduct ive e l i m i n a t i o n of the p r o d u c t . T h i s 
hypothesis was m a i n l y based o n a deta i led analysis of the steric course 
of r e d u c t i o n of var ious ketones. A n o t h e r p r o b l e m is to dec ide w h a t is 
the o r i g i n of asymmetr ic i n d u c t i o n . Some models of asymmetr i c i n d u c t i o n 
w e r e p r o p o s e d w h e n D I O P was the c h i r a l l i g a n d (27,28). I n these 
models , the var ious interact ions b e t w e e n the p r o c h i r a l ketone a n d the 
groups that are par t of the c o m p l e x w e r e cons idered. These models 
r e m a i n ver y h y p o t h e t i c a l because nei ther the a c t u a l structure of the 
var ious complexs i n v o l v e d i n the cata lyt ic cyc le nor the relat ive rates of 
the reactions are k n o w n . X - r a y data o n some D I O P complexes (32) or 
other c h i r a l d iphosphines are n o w avai lab le a n d s h o u l d be h e l p f u l i n 
d e c i d i n g the c o n f o r m a t i o n of the c h i r a l l i g a n d . 
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58 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 I I 

Nouveau Journal de Chimie 

Figure 4. Tentative mechanisms for hydrosilylation of ketones 

I n h y d r o s i l y l a t i o n i t is possible that part of the react ion goes t h r o u g h 
a r a d i c a l m e c h a n i s m . T h i s was postula ted to exp la in some results i n 
h y d r o s i l y l a t i o n of conjugated esters ( 1 9 ) . If this m e c h a n i s m is i n v o l v e d 
i n h y d r o s i l y l a t i o n of ketones, i t s h o u l d decrease the o p t i c a l y i e l d . R e c e n t l y 
(33) w e invest igated the h y d r o s i l y l a t i o n of acetophenone b y p h e n y l 
a - n a p h t h y l si lane ca ta lyzed b y R h C l ( — ) D I O P i n presence of s p i n traps 
( t w o equivalents w i t h respect to the c o m p l e x ) . I n the absence of s p i n 
traps, there are no E S R signals; w h e n a sp in t rap such as ni trosodurene 
is used, a n ice s ignal is observed ( F i g u r e 5) that w e assigned (23) to 
the n i t r o x i d e f o r m e d i n signif icant amount ( 1 % of tota l r h o d i u m ) b y 
f o r m a l a d d i t i o n of C H 3 - C ( P h ) - O S i H P h ( a - N p ) to the s p i n trap. If the 
same experiment is p e r f o r m e d i n the absence of acetophenone, another 

o' 
s igna l is observed that w e assigned to A r N - S i H P h ( a - N p ) w h e r e A r = 
2 ,3 ,5 ,6-tetramethylphenyl . Since no signif icant a m o u n t of p i n a c o l was 
observed i n h y d r o s i l y l a t i o n of acetophenone, w e do not be l ieve that 
C H 3 - C ( P h ) O S i H P h ( a - N p ) represents a react ion intermediate . W e p r o 
pose that the f o r m a t i o n of the corresponding a d d i t i o n p r o d u c t o n n i t ro 
sodurene is re la ted to the presence of s p i n t rap w h i c h s h o u l d i n d u c e the 
d e c o m p o s i t i o n of the a l k y l r h o d i u m c o m p l e x i n p a t h ( a ) ( F i g u r e 4 ) . 
T h i s interpretat ion is s u p p o r t e d b y analogous observations (34,35), 
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60 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 I I 

especia l ly o n a l k y l p a l l a d i u m complexes. T h e r e is t h e n a qui te d i rec t 
proof that p a t h ( a ) is of i m p o r t a n c e i n h y d r o s i l y l a t i o n as p r e v i o u s l y 
assumed (31). O f course i t gives no i n f o r m a t i o n about the c o n t r i b u t i o n 
of p a t h ( b ) t h r o u g h f o r m a t i o n of a n a l k o x y r h o d i u m complex . 

Supported Chiral Catalysts 

M a n y attempts w e r e m a d e to prepare s u p p o r t e d catalysts d e r i v e d 
f r o m soluble t rans i t ion m e t a l complexes i n order to have a recyc lab le 
catalyst (36,37,38,39,40). T h i s t e c h n i q u e s h o u l d prove to b e u s e f u l 
i f i t a p p r e c i a b l y increases the l i f e t ime of the catalyt ic site ( c o m p a r e d 
w i t h the homogeneous ca ta lys t ) . T h e r e are no def in i t ive data for m a n y 
of the p u b l i s h e d systems; h o w e v e r there are indicat ions that there is 
some leach ing of the m e t a l f r o m the support to the solut ion. I n the 
spec ia l case of cata lyt ic h y d r o s i l y l a t i o n , some loss of r h o d i u m f r o m the 
support (41) has been observed. W e w a n t to descr ibe an example of a 
three-phase m e t h o d for s t u d y i n g the possible appearance of m i n u t e 
amounts of soluble , phosphine- free r h o d i u m complexes d u r i n g hetero
geneous catalysis. A l l experiments i n v o l v e d the r h o d i u m - c a t a l y z e d trans
f o r m a t i o n of acetophenone into the s i l y l ether 2 b y react ion w i t h «-
n a p h t h y l p h e n y l s i l a n e ( a - N p P h S i H 2 ) . H y d r o l y s i s of 2 gave 1 -phenyl -
e thanol 3. A side react ion i n the presence of the catalyst is the f o r m a t i o n 
of the s i l y l enolether of acetophenone 4 , w h i c h is t h e n h y d r o l y z e d into 
acetophenone ( F i g u r e 3 ) . I n discuss ing our results i n T a b l e I I w e w i l l 
first consider the convers ion percentage of acetophenone a n d the selec-

Table IV. Hydrosilylation of P h - C O - C H 3 by 

Supported 
Catalyst 

( D / \ / D I O P R h C l 
( © / \ / P P h 2 ) 2 R h C l 

( ® > \ / D I O P R h C l 
( ® / \ / P P h 2 ) 2 R h C l 
( ® / \ / P P h 2 ) 2 R h C l 

( g / X / D I O P R h C l 
® / \ / D I O P R h C l 
® / \ / D I O P R h C l 
®/\/mOV R h C l 

Soluble Rh 
Precursora 

( R h C O D C l ) 2 

( R h C O D C l ) 2 

( R h C O D C l ) 2 

( R h C O D C l ) 2 

( R h C O D C l ) 2 

[ R h ( C 2 H 4 ) 2 C l ] 2 

[ R h ( C 2 H 4 ) 2 C l ] 2 

[ R h ( C 2 H 4 ) 2 C l ] 2 

Second 
Resin* 

® / \ / D I O P 
® / \ / P P h 2 

® / \ / P P h 2 

® / \ / P P h 2 

° [Silane]/[acetophenone] = 2; [acetophenone]/[Rh] = 50. 
6 Phosphinated resin in equivalent quantity t o ( P ) / \ / D I O P R h C l / \ / or (p) 

P P h 2 ) 2 R h C l . W 
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6. K A G A N E T A L . Asymmetric Hydrosilylation 61 

t i v i t y percentage ( y i e l d i n 1-phenylethanol w i t h respect to c o n s u m e d 
acetophenone) . 

T h e i n i t i a l experiments i n v o l v e d contro l reactions w i t h the soluble 
i n s i tu c h i r a l catalyst R h C l ( D I O P ) (22), w i t h the c h i r a l s u p p o r t e d 
catalysts ® / \ / D I O P R h C l that w e prev ious ly descr ibed (20) a n d 
w i t h the classical (36) a ch i ra l po lys tyrenic catalyst ( ® / \ / P P h 2 ) 2 R h C l . 
I n b o t h cases, ® / \ / r e p r e s e n t s the polystyrene res in ( 2 % cross l i n k e d ) . 
T h e results are reported i n T a b l e I I I a n d they are i n agreement w i t h 
previous w o r k (20, 22). I n a second set of experiments w e p r e p a r e d , as 
usual , the s u p p o r t e d catalysts ® / \ / D I O P R h C l a n d ( ® / \ / P P h 2 ) 2 -
R h C l . W e u s e d each one i n the presence of a h e q u a l amount of the 
p h o s p h i n a t e d resins, ® / \ / P P h 2 a n d ® / \ / D I O P , respect ively . 
C l e a r l y the o p t i c a l p u r i t y of the synthesized 1-phenylethanol d e p e n d e d 
o n the presence of a metal- free res in ( T a b l e I V ) . F o r example , the 
a c h i r a l catalyst ( ® / \ / P P h 2 ) 2 R h C l y i e l d e d racemic 1-phenylethanol , 
b u t i n presence of ® / \ / D I O P , ( S ) - l - p h e n y l e t h a n o l w i t h 1 2 % e.e. 
was recovered. T h e most obvious interpretat ion of these data w o u l d 
i n v o l v e a transfer of r h o d i u m f r o m one res in to the other. T h i s s i tuat ion 
is t y p i c a l of the three-phase test w h i c h was successful ly u s e d (42,43) 
to demonstrate transient existence of unstable species. Quant i ta t ive 
i n f o r m a t i o n cannot easily be d e r i v e d f r o m o u r experiments since the t w o 
heterogeneous catalysts have different reactivit ies, as demonstrated b y 
u s i n g a n e q u i m o l a r mixture of t h e m to cata lyze the h y d r o s i l y l a t i o n of 
acetophenone. T h e ( S ) - l - p h e n y l e t h a n o l was recovered w i t h 6 % e.e. 
I n a d d i t i o n , soluble complexes m a y d i s p l a y some cata lyt ic ac t iv i ty w h i c h 

Supported Catalysts in Presence of Phosphinated Resin 

Reaction 
Time 
(hr) 

Acetophenone 
Conversion 

(%) 

Selectivity in 
PhCHOHCHs 

(%) 

Optical 
Yield" 
(%) 

48 99 91 49 
48 99 87 0 

24 99 79 6 

48 92 94 12 
260 93 92 34 

40 88 97 53 
80 93 95 50 
50 65 69 17' 

c Optical yield was calculated with respect to the value for optically pure 1-phenyl 
ethanol. [ a ] D

2 3 = -52.5° (c = 22M C H 2 C 1 2 ) (47). The recovered alcohol has 
always the (S) configuration. 

d In presence of added COD([COD]/[Rh] = 10). 
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62 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 I I 

Q \ - C H 2 P { C 6 H 5 } 2 = (P}^s^-P P h , 

^1 H 

is dif f icult to evaluate. It was also of interest to k n o w more about the 
soluble transient complex w h i c h carr ied the r h o d i u m f r o m one res in 
b e a d to another. T h e avai lable data indicates ,that i t must be a p h o s p h i n e -
free complex . T h e t w o s u p p o r t e d catalysts w e r e p r e p a r e d b y d e c o m p o s i n g 
a soluble complex such as [ R h C l C O D ] 2 ( C O D = 1,5-cyclooctadiene) or 
[ R h C l ( C 2 H 4 ) 2 ] 2 , u s i n g the p h o s p h i n a t e d resins ( P ) / \ / D I O P or 

® / \ / P P h 2 . T h e r e is some quest ion w h e t h e r C O D or ethylene c o u l d 
stay as l i g a n d i n the heterogeneous r h o d i u m complex . I f this w e r e 
the case, a n interact ion b e t w e e n several sites o n the p o l y m e r c o u l d 
p a r t l y regenerate the s tart ing soluble r h o d i u m complexes. A n o t h e r possi
b i l i t y is that ketone, silane, or the react ion products are i n v o l v e d i n the 
f o r m a t i o n of the soluble r h o d i u m complex . It is interest ing to p o i n t out 
that the nature of the precursor complex used for the prepara t ion of the 
s u p p o r t e d catalyst also plays an impor tant role. If ( P ^ / X / D I O P is 
s t i r red w i t h a so lut ion of [ R h ( C 2 H 4 ) 2 C l ] 2 , the c h i r a l catalyst w h i c h is 
f o r m e d is insensit ive to the presence of ® / \ / P P h 2 ( T a b l e I V , entries 
6, 7 ) . W h e n C O D is a d d e d to the so lut ion (entry 8 ) , r h o d i u m transfer 
occurs g i v i n g a strong decrease i n the o p t i c a l y i e l d . T h e presence of 
C O D i n the system seems necessary to promote the f o r m a t i o n or to 
s tabi l ize b y coord inat ion the soluble species. 

T o k n o w more about the species i n v o l v e d a n d to demonstrate its 
existence, a transfer experiment was dev ised u s i n g t w o i d e n t i c a l samples 
of p h o s p h i n a t e d polystyrene. ( E ) / \ / P P h 2 suspended i n benzene was 
separated f r o m p r e f o r m e d ( ( P ) / \ / P P h 2 ) 2 R h C l b y a n y l o n sack h a v i n g 
a poros i ty of 250/x. A f t e r s t i r r ing for a l o n g t ime, the t w o resins w e r e 
recovered a n d a n a l y z e d for their r h o d i u m content. T h e r e was no transfer 
of r h o d i u m be tween t h e m . T h e same result o c c u r e d w h e n acetophenone 
was a d d e d to the benzene m e d i u m . H o w e v e r , r h o d i u m was detected o n 
( P ) / / \ /

/ P P h 2 w h e n a -naphthylphenyls i lane was a d d e d . A c c o r d i n g l y w e 
must t h e n formulate the soluble complex w h i c h carries r h o d i u m as a 
c o m p l e x i n v o l v i n g s i l i c o n ; for example , ( R h C l ( o : - N p P h S i H ) 2 ) 2 . I t c o u l d , 
too, i n v o l v e one C O D molecu le as i n R h C l C O D ( a - N p P h S i H ) 2 . S i l y l -
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6. K A G A N E T A L . Asymmetric Hydrosilylation 63 

s t a b i l i z e d r h o d i u m complexes w i t h s imi lar structures have been i so la ted 
(44, 45) after react ion w i t h silanes. Because of the s m a l l concentrat ion of 
the so luble complex , w e have not been able to isolate a n d character ize i t . 

O u r results demonstrate that d u r i n g the course of a heterogeneous 
h y d r o s i l y l a t i o n , r h o d i u m can m o v e o n the support ( i f f ree p h o s p h i n o 
groups are s t i l l avai lable o n the s u p p o r t ) . I t is very p r o b a b l e that par t 
of the react ion c o u l d occur w i t h soluble species. I n the case of a s y m 
metr i c catalysis, they are a c h i r a l a n d w i l l l o w e r the o p t i c a l y i e l d . I t also 
is not clear at present i f i n homogeneous h y d r o s i l y l a t i o n s imi lar phe
n o m e n a do occur , w h i c h w o u l d increase the n u m b e r of ca ta lyt ica l ly 
actives species. 

Conclusion 

A s y m m e t r i c h y d r o s i l y l a t i o n is b e c o m i n g a use fu l too l for the synthesis 
of c h i r a l compounds . It also is an interest ing m e t h o d w h i c h complements 
asymmetr ic hydrogenat ion a n d is capable of to lerat ing m a n y f u n c t i o n a l 
groups. A complete r e v i e w of a l l aspects of asymmetr ic h y d r o s i l y l a t i o n 
u p to 1976 has recent ly appeared (26). It was w r i t t e n b y O j i m a , Y a m a -
moto, a n d K u m a d a , w h o are impor tant contr ibutors i n this field. O n e 
attract ive aspect of h y d r o s i l y l a t i o n is the poss ib i l i ty of m o d i f y i n g b o t h 
the silane a n d the c h i r a l l i g a n d , thereby increas ing the chances of finding 
the most efficient cata lyt ic system as far as stereoselectivity is concerned. 
I n some cases w e have demonstrated the sensit ivity of the o p t i c a l y i e l d 
w i t h respect to the structure of the d ihydros i lane w h i c h is chosen (23, 
24). W e have t r ied a large n u m b e r of modif icat ions o n D I O P itself or 
w e have used other types of l igands . U n t i l n o w w e c o u l d not find c h i r a l 
l igands superior to D I O P . M o r e mechanis t ic studies are n e e d e d to 
devise p r o p e r l igands w h i c h w i l l y i e l d the best s tereochemical c o n t r o l 
i n h y d r o s i l y l a t i o n . 

Experimental 

R h o d i u m microanalyses w e r e p e r f o r m e d b y Service C e n t r a l de 
Microana lyses d u C N R S . O p t i c a l rotations w e r e measured o n a P e r k i n -
E l m e r 141 automat ic polar imeter . N M R spectra were p e r f o r m e d u s i n g a 
P e r k i n - E l m e r R 32 90 M H z spectrometer a n d G L C analyses w i t h a 
C a r l o — E r b a F r a c t o v a p G I c h r o m a t o g r a p h e q u i p p e d w i t h a f lame i o n i z a 
t i o n detector. 

Chemicals and Solvents. T h e inso luble c h i r a l phosphines used i n 
the h y d r o s i l y l a t i o n of acetophenone were p r e p a r e d u s i n g the p r o c e d u r e 
d e s c r i b e d i n (20) ( M e r r i f i e l d res in : 200-400 mesh, 2 % d i v i n y l b e n z e n e ) . 
T h e c h i r a l p h o s p h i n e is a ( + ) D I O P ana log w i t h a phosphorus content 
of 0.9 m e q u i v / g . T h e inso luble p h o s p h i n e @ / / \ / / P P h 2 w h i c h was u s e d 
i n the r h o d i u m transfer experiments was p r e p a r e d a c c o r d i n g to the l i tera -
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64 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 I I 

ture ( 3 6 ) . T e n grams of polystyrene beads ( B i o - B e a d s S M - 2 , 2 0 - 4 0 
m e s h ) suspended i n c h l o r o f o r m was reacted w i t h 20 m L of C H 3 O C H 2 C l 
i n the presence of S n C l 4 for 12 h r at r o o m temperature . T h e res in was 
filtered, w a s h e d w i t h a c h l o r o f o r m - m e t h a n o l mix ture (2 :3 , 4 : 1 , 9 :1) a n d 
finally w i t h c h l o r o f o r m , a n d d r i e d at 9 0 ° C i n vacuo for 10 hr . T h e c h l o r i n e 
content i n the res in was 1.7 m e q u i v / g . C h l o r o m e t h y l a t e d resin (9 g ) was 
treated w i t h excess L i P ( C 6 H 5 ) 2 i n T H F for 40 h r at r o o m temperature 
u n d e r n i t rogen. T h e resin was filtered, w a s h e d ( T H F , e thanol , benzene, 
h e x a n e ) , a n d d r i e d as usual . T h e phosphorus content was 1.54 m e q u i v / g . 

T h e ketones were d i s t i l l e d before use. a - N a p h t h y l p h e n y l s i l a n e was 
p r e p a r e d a c c o r d i n g to the l i terature ( 4 6 ) . Benzene was p u r i f i e d b y first 
pass ing i t t h r o u g h a basic a l u m i n a c o l u m n f o l l o w e d b y d is t i l l a t ion over 
s o d i u m h y d r i d e . It was stored u n d e r n i t rogen . 

Hydrosilylation in Homogeneous Media. D e t a i l s of these exper i 
ments can be f o u n d i n "Inf luence of the Structure of Silanes u p o n O p t i c a l 
Y i e l d , " a n d i n Ref . 20, 23, a n d 24 a n d results i n Tables I I a n d I I I . 

Hydrosilylation by Supported Rhodium Catalyst. T h e s u p p o r t e d 
catalyst was p r e p a r e d d i rec t ly i n a react ion flask s toppered w i t h a s e r u m 
cap, a l l o w i n g a d d i t i o n b y in ject ion w i t h syringes. T h e p h o s p h i n a t e d 
res in of 180 m g (200-400 m e s h ) was s t i rred at r o o m temperature f o r 
20 h r i n a so lut ion c o n t a i n i n g [ R h ( C O D ) C l ] 2 or [ R h ( C 2 H 4 ) 2 C l ] 2 ( R h / P 
= 1) i n 4 m L benzene. T h e res in was filtered, t h o r o u g h l y w a s h e d b y 
benzene (5 m L X 10) to comple te ly e l iminate the r h o d i u m c o m p l e x 
adsorbed on the resin surface, a n d d r i e d . A l l manipula t ions w e r e c a r r i e d 
out u n d e r n i t rogen. T h e n another sample of the p h o s p h i n a t e d res in (180 
m g ) was a d d e d s w i f t l y , a n d the flask was m a i n t a i n e d u n d e r a n i t rogen 
atmosphere. A mixture of acetophenone a n d a-naphthylphenyls i lane i n 
benzene was s y r i n g e d into the flask, a n d the react ion proceeded m a i n 
t a i n i n g the n i t rogen atmosphere. A f t e r a suitable t i m e the reac t ion 
m i x t u r e was treated as usual . T h e convers ion a n d select ivi ty of the 
react ion were d e t e r m i n e d b y V P C ( C a r b o w a x 2 0 M , 3 m , 1 8 0 ° C ) a n d 
b y N M R . These results are g i v e n i n T a b l e I V . 

Rhodium Transfer Experiments. T h e s u p p o r t e d catalyst was pre
p a r e d i n a manner s imi lar to that descr ibed (20) u s i n g 600 m g of the 
p h o s p h i n a t e d resin (20-40 mesh) a n d e q u i m o l a r amounts of [ R h C O D C l ] 2 

or [ R h ( C 2 H 4 ) 2 C l ] 2 i n benzene u n d e r n i t rogen. T o the flask, the second 
res in sample (600 m g ) i n a n y l o n sack w i t h a poros i ty of 250 /* was 
a d d e d swi f t ly , a n d the flask was again p u r g e d w i t h n i t rogen. T h e resins 
suspended i n benzene were s t i r red for var ious t imes i n the presence or 
absence of addi t ives (acetophenone and/or a - n a p h t h y l p h e n y l s i l a n e ) . T h e 
t w o resins were then separated a n d a n a l y z e d for their r h o d i u m content. 
U p to 1 0 % of the r h o d i u m present i n i t i a l l y c o u l d be transferred f r o m 
one res in to the other. C o n t r o l experiments demonstrated that the n y l o n 
sack d i d not i n h i b i t the m i g r a t i o n of the soluble complexes. 
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7 

Activation of C-H Bonds by Bidentate 
Phosphorus Ligand Complexes of Iron 

S. D. ITTEL, C. A. TOLMAN, A. D. ENGLISH, and J. P. JESSON 

E. I. du Pont de Nemours and Co., Inc., Central Research and Development 
Dept., Experimental Station, Wilmington, DE 19898 

Iron complexes containing bidentate alkyl and aryl phos
phorus ligands cleave a variety of C-H bonds under mild 
conditions. Hydrido acetylide complexes were prepared by 
oxidative addition of primary acetylenes in the Fe(DPPE)2 

and the Fe(DMPE)2 systems [DPPE = bis(diphenylphos-
phino)ethane, DMPE = bis(dimethylphosphino)ethane]. 
The Fe(DMPE)2 system also cleaves C-H bonds of activated 
methyl groups, aromatic compounds, and certain other sp2 

hybridized molecules. The C-H cleavage reactions are re
versible, resulting in equilibrium mixtures of isomeric prod
ucts in many cases. Studies of substituted benzenes show 
that while product stability is favored by electron with
drawing substituents, steric effects play a predominant role 
in the determination of product distribution. 

/ ^ n e of the basic goals of i n d u s t r i a l catalysis is the ac t ivat ion of C - H 
bonds i n a var ie ty of transformations. I n heterogeneous catalysis, 

this react ion is w e l l established (1,2,8) b u t often suffers f r o m i n d i s c r i m 
inate b o n d act ivat ion . M o r e recently i t has become clear that C - H 
act ivat ion can be accompl i shed b y homogeneous cata lyt ic systems i n 
v o l v i n g t ransi t ion m e t a l complexes (4,5,6). T h e H - D exchange react ion 
has been ca ta lyzed b y a var iety of h i g h ox idat ion state c y c l o p e n t a d i e n y l 
p o l y h y d r i d e complexes (7,8,9,10) a n d electrophiles s u c h as P d 2 + a n d 
P t 2 * (2,11,12). These s imple exchange reactions p o i n t the w a y t o w a r d 
more f r u i t f u l synthetic appl icat ions . 

T h e exchange reactions b y p o l y h y d r i d e s a n d low-va lent species are 
general ly agreed ( JO) to i n v o l v e ox idat ive a d d i t i o n of the C - H b o n d to 

0-8412-0429-2/79/33-173-067$05.00/0 
© 1979 American Chemical Society 
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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 II 

f o r m C - M a n d M - H bonds, exchange of D for H , a n d finally, reduct ive 
e l i m i n a t i o n y i e l d i n g the exchanged p r o d u c t . T h e intermediate a r y l 
h y d r i d o species general ly w e r e not detected b u t w e r e postula ted o n the 
precedent of i rrevers ible a d d i t i o n of a r y l C - H bonds to the h i g h l y react ive 
transient intermediates M ( C 5 H 5 ) 2 , M = m o l y b d e n u m (13) a n d tungsten 
(14), or R u ( D M P E ) 2 (15,16) [ D M P E — b i s ( d i m e t h y l p h o s p h i n o ) -
ethane] . 

A s part of our c o n t i n u i n g s tudy i n v o l v i n g the chemistry of low-va lent 
t ransi t ion meta l complexes b e a r i n g phosphorus l igands (17), w e w e r e 
i n t r i g u e d b y a l i terature report of the zero-valent , four-coordinate c o m 
plex F e ( D M P E ) 2 (18). I t h a d already been s h o w n that zero-valent 
complexes of i r o n are more electron r i c h than their s i m i l a r l y l iga ted n i c k e l 
analogs; [ F e ( P ( O M e ) 3 ) 5 is protonated b y the w e a k a c i d m e t h a n o l (19) 
b u t strong acids are r e q u i r e d to protonate N i ( P ( O M e ) 3 ) 4 ] (20). It 
appeared that a coordinat ive ly unsaturated, e lec tron-r ich species such as 
F e ( D M P E ) 2 s h o u l d have a w e a l t h of interest ing chemistry . T h e h i g h 
l ights of that chemistry (21,22,23,24) a n d the chemistry of c losely 
re la ted species (25) are reported here. 

Reduction of Fe(DMPE)2Cl2 

T h e r e d u c t i o n (22) of F e ( D M P E ) 2 C l 2 was carr ied out i n T H F 
u s i n g t w o equivalents of s o d i u m naphtha lenide . T h e expected p r o d u c t , 
F e ( D M P E ) 2 , was not obta ined for reasons w h i c h w i l l soon become ap
parent . Instead, t w o other products w e r e obta ined . T h e first was 
F e ( D M P E ) 2 H ( C i 0 H 7 ) , analogous to p r e v i o u s l y repor ted r u t h e n i u m a n d 
o s m i u m (15,16) compounds , except that i t exists i n solut ion as an e q u i 
l i b r i u m mixture of cis a n d trans isomers. T h e second p r o d u c t was a 
zero-valent complex , b u t instead of b e i n g four coordinate i t is five c o o r d i 
nate, h a v i n g the structure s h o w n i n 2 a n d d i s p l a y i n g an A B 4

 3 1 P { 1 H } 

cis-1 trans-l 
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7. I T T E L E T A L . Bidentate Phosphorus Ligand Complexes 69 

2 

N M R spectrum. T h e o r i g i n of this second complex is r e a d i l y ascertained 
b y reac t ing one equivalent of D M P E w i t h t w o equivalents of 1. T h e reac
t ion , w h i c h takes place i n about one hour is convenient ly f o l l o w e d b y 
3 1 P { 1 H ) N M R . Resonances at tr ibutable to 1 d isappear f r o m the spec t rum 
as resonances at tr ibutable to 3 appear. F i n a l l y , 1 a n d 3 are complete ly 
consumed, g i v i n g 2. 

T h e format ion of 3 a n d 2 b y react ion of D M P E w i t h 1 explains the 
source of 2 i n the p r e l i m i n a r y reduc t ion . M o r e s ignif icant ly , i t d e m o n 
strates that 1 can reduc t ive ly e l iminate a C - H b o n d to give free n a p h t h a 
lene a n d the undetec ted intermediate species " F e ( D M P E ) 2 . " T h i s reac
t i o n is the first step for almost a l l of the f o l l o w i n g chemistry . T h e ruthe
n i u m a n d o s m i u m analogs of 1 have been i n the l i terature for m a n y 
years (15,16) but because they are m u c h less prone to e l iminate 
naphthalene, they have s h o w n l i t t le of the chemistry descr ibed b e l o w for 
the i r o n complexes. 

Formation of Five-Coordinate, Zero-Valent Species 

These reactions are outs ide the scope of C - H act ivat ion b u t are 
m e n t i o n e d here because they i l lustrate some of the propert ies of the 
F e ( D M P E ) 2 system. T h e " F e ( D M P E ) 2 " generated f r o m 1 reacts w i t h 
C O to f o r m F e ( D M P E ) 2 C O (22). T h e c a r b o n y l s tretching f r e q u e n c y of 
F e ( D M P E ) 2 C O is observed at 1812 c m ' 1 , except ional ly l o w for a n o n -
b r i d g i n g c a r b o n y l , i n d i c a t i n g a very h i g h e lectron densi ty o n the meta l . 

A 4 B C spin system 

3 
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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 I I 

6 

Phosphorus l igands also f o r m F e ( D M P E ) 2 L complexes (22), l i m i t e d 
o n l y b y steric interactions. L i g a n d s r a n g i n g i n cone angle (26) f r o m 
P ( O M e ) 3 (6 = 1 0 7 ° ) to P ( 0 - o - t o l y l ) 3 (0 — 1 4 1 ° ) f o r m the five-coordi
nate complex , but P P h 3 (0 = 1 4 5 ° ) does not coordinate t h r o u g h phos
phorus ; rather, i t behaves as a subst i tuted benzene ( v i d a i n f r a ) . 

Phosphorus l igands a n d C O also react w i t h a var ie ty of F e ( D P P E ) 2 

(25) complexes [ D P P E = bis ( d i p h e n y l p h o s p h i n o ) ethane] such as F e -
( D P P E ) 2 ( C 2 H 4 ) ( 4 ) a n d F e ( D P P E ) 2 H 2 ( 5 ) to f o r m F e ( D P P E ) 2 L 
complexes, b u t the fastest reac t ion is observed w i t h the ortho-metalated 
species, 6. Steric l imitat ions are m u c h more severe i n the F e ( D P P E ) 2 

systems; the largest phosphorus l i g a n d coordinated was P ( O M e ) 2 P h , 
h a v i n g a cone angle of 1 1 6 ° . 

A var ie ty of unsaturated molecules react w i t h 1 to f o r m TT complexes 
(22). E t h y l e n e forms the simplest complex of this t y p e : 

T h e 1 H N M R resonances of the ethylene are shi f ted u p f i e l d to 0.59 p p m 
b e l o w M e 4 S i . T h i s shift , one of the largest ever repor ted (27), is 
another i n d i c a t i o n of the h i g h electron densi ty o n the i r o n . T h e ethylene 
c o m p l e x a n d complexes of other unac t iva ted olefins s u c h as p r o p y l e n e 
a n d butadiene ( w h i c h is rj2) undergo a f lux iona l process o n the N M R 
t i m e scale w h i c h equi l ibrates the four D M P E phosphorus n u c l e i . C o m 
plexes of ac t ivated olefins s u c h as acry loni t r i l e are s tereochemical ly r i g i d 
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7. I T T E L E T A L . Bidentate Phosphorus Ligand Complexes 

as a result of stronger b o n d i n g to the olef in (28,29). T h e TT complexes 
of d isubst i tuted acetylenes show m a r k e d shifts i n v 0=c; d iphenylace ty lene 
shows a C = C stretching f requency at 1720 c m " 1 , 502 c m " 1 l o w e r t h a n the 
free acetylene. A z o b e n z e n e also forms a TT complex , a d d i n g one more 
m e t a l to those observed to f o r m TT complexes w i t h diazenes (SO,SI). 

A n t h r a c e n e forms an u n u s u a l rj4 complex i n w h i c h one of the D M P E 
molecules is monodentate (22); 

1,3-cyclohexadiene forms an analogous complex i n contrast to the rj2, 

complex f o r m e d w i t h butadiene . A p p a r e n t l y the i n a b i l i t y of the c y c l i c 
species to adopt a t ransoid geometry favors the more c o m m o n -q4 c o o r d i 
nat ion enough to overcome the chelate effect of the D M P E . 

Activation of s p 3 C—H Bonds 

E a r l y i n our invest igat ion of 1, acetonitr i le was used as a solvent for 
N M R studies. Surpr i s ing ly , this solvent reacted w i t h 1 to f o r m a trans-
h y d r i d o c y a n o m e t h y l complex of the t y p e : 

L a t e r , m a n y c o m p o u n d s h a v i n g act ivated m e t h y l groups w e r e f o u n d to 
undergo s imi lar reactions; e t h y l acetate, d i m e t h y l sul foxide , e thylcyano-
acetate, a n d malononi t r i l e are just a f e w of the c o m p o u n d s s tudied (23). 
A c e t o n e forms a s imi lar complex but i f a def ic iency of acetone is used , 
the d i m e r i c species forms. S i m i l a r observations were m a d e i n the re la ted 
systems [ I r ( P M e 3 ) 4 ] + a n d [ I r ( D M P E ) 2 ] + b y H e r s k o v i t z (32,33). 
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72 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 I I 

T h e react ion of 1 w i t h cyc lopentadiene (23) y ie lds a c o m p l e x i n 
w h i c h the ^ - c y c l o p e n t a d i e n y l grou p is nonf lux iona l (34). I n contrast, 
the react ion of 4 w i t h cyc lopentadiene y ie lds (25) the k n o w n (35) 
c o m p o u n d : 

A f t e r ox idat ive a d d i t i o n of the C - H b o n d , steric c r o w d i n g is r e l i e v e d 
b y dissociat ion of one D P P E a n d subsequent i ^ - c y c l o p e n t a d i e n y l co
o r d i n a t i o n . 

T h e react ion of c o m p o u n d s h a v i n g ac t ivated m e t h y l groups w i t h 4 , 
5, or 6 fai ls to y i e l d h y d r i d o a l k y l complexes. R e a c t i o n of 4 w i t h /?-di-
ketones (36) p r e s u m a b l y proceeds t h r o u g h a n intermediate s imi lar to 
the c y c l o p e n t a d i e n y l complex , b u t the final o v e r a l l reac t ion i s : 
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7. I T T E L E T A L . Bidentate Phosphorus Ligand Complexes 73 

R 
H 2 

R 

2 F e ( D P P E ) 2 C 2 H 4 + 2 

II II 
•> 2 C 2 H 4 + D P P E + 

4 
0 0 

P h 2 P x | ^ 0 + 
P h 2 P 

P h 2 P 
R R 

R 
(1) 

K i n e t i c measurements indicate that loss of naphthalene f r o m 1 to 
y i e l d " F e ( D M P E ) 2 " is the r a t e - l i m i t i n g step for the f o r m a t i o n of these 
D M P E complexes. T h e reactions to g ive five-coordinate, zero-valent 
species a n d the reactions to g ive n e w h y d r i d o a l k y l species a l l take p lace 
o n a p p r o x i m a t e l y the same t ime scale. I n a d d i t i o n , the t rans -hydr ido 
a l k y l complexes represent o n l y the t h e r m o d y n a m i c products of the C - H 
cleavage reactions. W h e n the react ion is f o l l o w e d b y 3 1 P a n d * H N M R , 
a cis intermediate is observed. A s a n example , the reac t ion of 1 w i t h 
acetonitr i le f o l l o w e d as a f u n c t i o n of t ime b y 100 M H z h y d r i d e N M R 
spectra is s h o w n i n F i g u r e 1. A n i n i t i a l pat tern at — 12.5 p p m at t r ibutable 
to the cis isomer appears i n i t i a l l y a n d t h e n disappears as the trans i somer 
at —23.2 p p m appears. H y d r i d e resonances f r o m the cis- a n d trans-
h y d r i d o a r y l species are absent because the spectra w e r e r u n i n C e D 6 

( v i d e i n f r a ) ; b u t i t is also p r o b a b l e that the r e d u c t i v e e l i m i n a t i o n of 
arene takes p lace t h r o u g h the cis isomers. These observations a n d analo
gous results i n other systems strongly suggest, t h o u g h do not necessitate, 
a concerted three-center intermediate for the ox idat ive a d d i t i o n . 
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74 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 I I 

100MHz 'HNMR SPECTRA IN REACTION OF DFe(CfiD^)(dmpe)P 

WITH CrhCN 

t = 313 MIN 

t =1350 MIN 

-10 -15 - 2 0 
CHEMICAL SHIFT (PPM) 

- 2 5 

Figure 1. Hydride NMR spectra (100 MHz) of the reaction of aceto
nitrile with Fe(DMPE)2D(C6D5) (1 dissolved in C6D6) taken as a func

tion of time 
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7. I T T E L E T A L . Bidentate Phosphorus Ligand Complexes 75 

Activation of sp C—H Bonds 

E a r l i e r w e n o t e d that d isubst i tuted acetylenes react w i t h 1 to g ive 
7r-bonded complexes. A c e t y l e n e a n d monosubst i tuted acetylenes react 
to g ive t rans -hydr ido acetyl ide complexes (23). T h e D P P E complexes, 
3 , 4 , a n d 5, also react w i t h acetylenes to g ive t rans -hydr ido acetyl ide 
complexes (25,37). Iso-electronic h y d r i d o cyanide complexes are ob
ta ined u p o n react ion w i t h h y d r o g e n cyanide . T h e react ion of H C N w i t h 
F e ( D M P E ) 2 H ( C 1 0 H 7 ) is the first react ion reported here (23) that 
proceeds b y a m e c h a n i s m different f r o m those a l ready discussed. T h e 
react ion, w h i c h is over essentially u p o n m i x i n g , seems to i n v o l v e electro-
p h i l i c attack p r i o r to loss of naphthalene. 

Activation of Aromatic C—H Bonds (24) 

D i s s o l u t i o n of 1 i n b e n z e n e - d 6 forms a n e q u i l i b r i u m mixture of f o u r 
species g iven b y : 

K 
cis-1 + C 6 D 6 ^ ± m - F e ( D M P E ) 2 D ( C 6 D 5 ) + C i 0 H 8 

\\ \\ (2) 
trans-1 trans-Fe ( D M P E ) 2 D ( C 6 D 5 ) 

T h e 3 1 P { 1 H } N M R singlet of trans-l decreases i n intensity, the A B C D 
s p i n system at tr ibutable to cis-1 appears to loose resolut ion, a n d a 1:1:1 
t r ip le t a t tr ibutable to the trans deuter ide appears. T h e apparent loss of 
resolut ion of the cis isomers is at tr ibutable to superposi t ion of the n o r m a l 
A B C D sp in system a n d to another one h a v i n g an a d d i t i o n a l 1 :1:1 sp l i t t ing 
f r o m the d e u t e r i u m c o u p l i n g . T h e observed intensities indicate a n e q u i 
l i b r i u m constant for R e a c t i o n 2 of 0.08; F e ( D M P E ) 2 has an affinity for 
naphthalene more than one order of m a g n i t u d e greater than that for 
benzene. 

T h e react ion of toluene w i t h 1 c o u l d conce ivab ly l e a d to four d i f 
ferent trans-isomeric products b y attack at the ortho, meta , para , or a l p h a 
posit ions. T h e carbanion chemistry of toluene w o u l d p r e d i c t attack at 
the m e t h y l group but , as i n other t ransi t ion m e t a l arene ac t ivat ion studies 
(8,9,10), this is not f o u n d . T h e 3 1 P N M R spec t rum of the toluene 
adducts displays t w o singlets a t t r ibutable to t rans- to lyl adducts i n a n 
intensi ty ratio of 1:1.6 i n a d d i t i o n to resonances of c i s - to ly l adducts . 
Select ive mono-deuterat ion experiments show that the w e a k e r d o w n f i e l d 
resonance is at tr ibutable to the p a r a isomer w h i l e the stronger one is 
at t r ibutable to the meta isomer; no ortho isomer is observed. If one 
corrects for statist ical effects, the preference for p a r a , meta , a n d ortho 
isomers is 1:0.8:0. W e attr ibute this d i s t r i b u t i o n of isomers p r i m a r i l y to 
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76 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 I I 

steric effects, a v i e w w h i c h is suppor ted b y the observat ion that 1 dissolves 
i n p-xylene a n d mesitylene w i t h no react ion; a l l of the aromatic C - H 
bonds are ortho to a m e t h y l group. These results are also consistent w i t h 
the observat ion of on ly the 2 - n a p h t h y l isomer of 1; a 1 -naphthyl isomer 
w o u l d be ortho subst i tuted a n d therefore sterical ly h i n d e r e d . 

Subst i tut ion of t r i f luoromethyl for the m e t h y l of toluene enhances 
the select ivi ty for the p a r a pos i t ion over meta , a n d aga in no ortho is 
observed. C o m p e t i t i v e studies show that a t r i f luoromethyl group activates 
benzene b y almost four orders of m a g n i t u d e , a n d m e t h y l deactivates i t b y 
almost one order of magni tude . T h i s is a m a r k e d change f r o m p r i o r C - H 
ac t ivat ion studies i n w h i c h there was less t h a n one order of m a g n i t u d e 
change between the most ac t iva t ing a n d deac t iva t ing substituents ( 8 , 9 , 
J O ) , b u t i t s h o u l d be noted that the earl ier studies w e r e k ine t i c d i s t r i b u -

-15 -20 
CHEMICAL SHIFT (PPM) 

Figure 2. Hydride NMR spectra (100 MHz) of the (a) benzonitrile and (b) 
para-tolunitrile adducts to Fe(DMPE)2 
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7. I T T E L E T A L . Bidentate Phosphorus Ligand Complexes 77 

tions w h i l e w e are measur ing t h e r m o d y n a m i c dis tr ibut ions . F l u o r i n e 
subst i tut ion surpr i s ing ly y ie lds on ly one p r o d u c t , the trans-ortho adduct . 
T h i s observat ion is a result of the l i m i t e d steric effect of a f luoro subst i tu-
ent c o m b i n e d w i t h its p o w e r of act ivat ion. E l e c t r o n w i t h d r a w a l t y p i c a l l y 
activates the entire r i n g w i t h ortho > p a r a > meta . 

A s a fur ther example of these effects, benzoni t r i l e w i t h its s trongly 
ac t iva t ing cyano group, shows the greatest select ivity for p a r a over meta 
for trans isomers. T h e s i tuat ion is c o m p l i c a t e d b y the observat ion of t w o 
n o r m a l a n d one somewhat a b n o r m a l cis isomers ( F i g u r e 2 ) . T h e n o r m a l 
isomers are at t r ibutable to meta a n d p a r a species; the u n u s u a l one is 
ortho. W h e n the react ion is car r i ed out w i t h p- to luni t r i l e , o n l y the 
cis-ortho isomer is observed. A space- f i l l ing m o l e c u l a r m o d e l of cis-ortho-
benzoni t r i l e can be constructed, b u t i t is not possible to b u i l d a m o d e l of 
the trans-ortho isomer. 

Activation of Non-Aromatic s p 2 C — H Bonds 

B e n z a l d e h y d e reacts w i t h 1 to g ive : 

T h i s complex does not extrude C O nor does F e ( D M P E ) 2 H ( C 6 H 5 ) insert 
C O to y i e l d the above. P r o p i o n a l d e h y d e reacts w i t h 1 to give a re la ted 
a c y l h y d r i d e , b u t F e ( D M P E ) 2 C O is also f o r m e d . S u c h complexes have 
been proposed as intermediates i n the decarbonyla t ion of a ldehydes b y 
R h C l ( P P h 3 ) 3 (38) b u t never before observed. 

A s w e have a l ready p o i n t e d out , s imple olefins f o r m 7r-bonded c o m 
plexes w i t h " F e ( D M P E ) 2 . " S t imula ted b y recent w o r k w i t h r u t h e n i u m 
( 3 9 ) , w e f o u n d that react ion of e t h y l methacrylate w i t h 1 forms the v i n y l 
h y d r i d e c o m p l e x : 
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78 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 I I 

a l t h o u g h i t was not demonstrated conc lus ive ly that the m e t h y l gro up 
is cis to the meta l . A n attempt to prepare the analogous complex w i t h 
methacry loni t r i l e unexpectedly gave a 7r-olefin complex . 

Other Reactions of Interest 

W e have a l ready p o i n t e d out that 1 reacts w i t h e t h y l acetate at a 
m e t h y l C - H b o n d a n d w i t h e t h y l benzoate at the meta a n d p a r a posit ions. 
I t was therefore surpr i s ing that s imi lar reactions w i t h the c o r r e s p o n d i n g 
m e t h y l esters gave products resu l t ing f r o m cleavage of the oxygen m e t h y l 
bonds . I n a d d i t i o n to M e C = O a n d P h C = O , the substi tuent R can b e 
P h a n d M e ( M e O ) P == O . T h e only apparent explanat ion for this differ
ence i n behavior be tween m e t h y l a n d e t h y l is steric; the m e t h y l cone 
angle ( 9 0 ° ) is smal ler than that of a n e t h y l ( 1 0 2 ° ) ( 2 6 ) . 

M e 

T r i m e t h y l s i l a n e reacts w i t h 1 to give a m i x t u r e of the cis- a n d trans-
h y d r i d o t r i m e t h y l s i l y l complexes. T h i s react ion is of p a r t i c u l a r interest 
because t r imethyls i lane represents the o n l y case i n w h i c h w e can be 
cer ta in that there is no f o r m of p r e c o o r d i n a t i o n before attack to g ive the 
h y d r i d o species. I n a l l other cases—arenes, acetylenes, ac t ivated m e t h y l 
groups, a n d others—there is some conceivable m o d e of coord ina t ion p r i o r 
to the attack o n the C - H b o n d 

Kinetics and Thermodynamics of C—H Activation 

T h e discussion i n the p r e c e e d i n g sections deal t w i t h systems at 
e q u i l i b r i u m , b u t just as i n the earl ier example i n v o l v i n g acetonitr i le , i t is 
possible to moni tor the progress of these reactions b y a c o m b i n a t i o n of 
spectroscopic techniques . A n interest ing example is the react ion of 1 
w i t h acetophenone. O n e of a series of h y d r i d e N M R spectra taken as a 
f u n c t i o n of t ime is s h o w n i n F i g u r e 3. T h e first products observed w e r e 
the meta- a n d p a r a - a r y l h y d r i d e adducts . L a t e r the c i s -methy l a d d u c t 
d e v e l o p e d , a n d finally, the t rans -methyl a d d u c t ( b a r e l y v i s ib le i n the 
figure) deve loped as the system a p p r o a c h e d e q u i l i b r i u m . 
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7. I T T E L E T A L . Bidentate Phosphorus Ligand Complexes 79 

100 MHz ]H NMR SPFCTRiJM IN REACTION OF DFe(C<£k)(dmpe)2 WITH CSHRCOCH* 

-5 I10 H5 ^20 ^25 -W 
CHEMICAL SHIFT (PPM) 

Figure 3. Hydride NMR spectrum (100 MHz) of the reaction of acetophe
none with Fe(DMPE)2D(C6D5) (1 dissolved in C6D6) before equilibrium 

These results p o i n t out the f o l l o w i n g general observations. ( 1 ) 
A r o m a t i c C - H cleavage is faster than sp3 C H cleavage, b u t (2) sp3 C - H 
b o n d cleavage results i n somewhat more stable products . (3 ) I someriza
t i o n between cis, trans, a n d pos i t iona l isomers is re la t ive ly fast for aro
mat i c adducts w h i l e sp3 cis-trans i somer iza t ion is re la t ive ly s low. (4 ) 
R e a c t i v i t y t o w a r d C - H cleavage is great ly enhanced b y e lec t ron-wi th
d r a w i n g substituents o n aromat ic molecules ; a n d (5 ) the pos i t iona l pref
erence increases i n the order meta < p a r a < ortho w h e n steric effects 
do not dictate otherwise. 
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Homogeneous Catalysis of the Water Gas 
Shift Reaction by Metal Carbonyls 

PETER C. FORD1, CHARLES UNGERMANN, VINCENT LANDIS, 
and SERGIO A. MOYA—Department of Chemistry, University of California, 
Santa Barbara, CA 93106 

ROBERT C. RINKER—Department of Chemical Engineering, 
University of California, Santa Barbara, CA 93106 

RICHARD M. LAINE—SRI International, Menlo Park, CA 94025 

Summarized are our recent studies of the homogeneous 
catalysis of the water gas shift reaction. Characterization 
of the previously reported catalyst based on Ru3(CO)12 in 
alkaline, aqueous ethoxyethanol solution indicates that the 
principal ruthenium components are tetraruthenium car
bonyl hydride anions. A mechanism is proposed involving 
the attack of OH- or H2O on coordinated CO to give, after 
loss of C O2, a dihydride metal species MH2. Reductive 
elimination of hydrogen and coordination of another CO 
regenerates the original metal carbonyl MCO. A number of 
other metal carbonyls proved to form active catalysts under 
analogous conditions. Active catalysts are also formed from 
H4Ru4(CO)12 in acidic aqueous diglyme solution and from 
H4Ru4(CO)12 or H4Ru4(CO)12/Fe(CO)5 mixtures in organic 
amine solutions. 

A n impor tant route for the p r o d u c t i o n of h y d r o g e n f r o m water is the 
water gas shift react ion ( R e a c t i o n 1 ) . Since water gas ( a m i x t u r e 

of C 0 2 , C O , H 2 0 , a n d H 2 ) can be o b t a i n e d f r o m the reac t ion of steam 
w i t h hot coke, i t w i l l p l a y a n impor tant role i n methods of i m p r o v i n g 

H 2 0 ( g ) + C O ( g ) ^ C 0 2 ( g ) + H 2 ( g ) (1) 

1 Address correspondence to this author at the Department of Chemistry, Univer
sity of California, Santa Barbara, C A 93106. 

0-8412-0429-2/79/33-173-081$05.00/0 
© 1979 American Chemical Society 
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82 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 I I 

the usefulness of c o a l as a p r i m a r y f u e l source i n this country . Schemes 
for the gasif icat ion a n d l i q u i f i c a t i o n of coa l (i .e. , the p r o d u c t i o n of re la 
t i v e l y l i g h t h y d r o c a r b o n s ) requi re copious , r e a d i l y ava i lab le h y d r o g e n 
i n a d d i t i o n to that a l ready p r o d u c e d . T h e enormous quanti t ies of i n d u s 
t r i a l h y d r o g e n n o w u s e d (1976 p r o d u c t i o n i n the U n i t e d States was 
~ 1 0 1 1 s tandard c u b i c meters {1,2)) are d e r i v e d large ly b y the steam 
r e f o r m i n g or p a r t i a l o x i d a t i o n of hydrocarbons . T h u s , even w i t h o u t n e w , 
hydrogen-dependent methods for the synthesis of hydrocarbons , a major 
s a v i n g of this v a l u a b l e resource w o u l d be one benefit f r o m the better use 
of other methods for the p r o d u c t i o n of h y d r o g e n , e.g., the w a t e r - g a s 
shift react ion. 

C o m m e r c i a l methods for c a r r y i n g out the shif t reac t ion i n v o l v e 
heterogeneous m e t a l oxide catalysts at e levated temperatures (3,4). 
A c c o r d i n g to the t h e r m o d y n a m i c s of R e a c t i o n 1, AG° = —6.81 k c a l / m o l 
( - 4 . 7 6 ) , AH° = - 9 . 8 3 k c a l / m o l (0 .68) , a n d AS° = - 1 0 . 1 e u (18.3) 
[figures i n parentheses are for H 2 0 ( 1 ) rather t h a n H 2 0 ( g ) ] , greater p r o 
d u c t i o n efficiency s h o u l d be r e a l i z e d b y c a r r y i n g out this exothermic 
revers ible process at l o w e r temperatures. 

C o n s i d e r a b l e precedent exists for the use of H 2 0 / C O mixtures as 
the source of h y d r o g e n i n the homogeneous reduct ions of var ious organic 
c o m p o u n d s . T h e h y d r o - h y d r o x y m e t h y l a t i o n of olefins (5,6) is one s u c h 
example ( R e a c t i o n 2) w h e r e the equiva lent of one C O a n d t w o h y d r o 
gens are a d d e d to the olefin i n a process w h i c h consumes three moles of 

C O / H 2 0 
R C H = C H 2 > R C H 2 C H 2 C H 2 0 H + R C H — C H 3 (2) 

F e ( C O ) 5 / N R 3 | 
C H 2 O H 

C O a n d t w o of H 2 0 a n d produces t w o moles of C 0 2 . H o m o g e n e o u s 
catalysis of this react ion can be a c c o m p l i s h e d w i t h a n i r o n c a r b o n y l i n 
con junct ion w i t h a B r o n s t e d a c i d or base. T h u s i t appears that condi t ions 
m i g h t be f o u n d w h e r e the shif t react ion itself can be effected h o m o 
geneously u s i n g m e t a l complex catalysts. T o this end , w e have b e e n 
e x a m i n i n g the ac t iv i ty of var ious homogeneous catalysts for the shi f t 
react ion, a n d our invest igations of m e t a l c a r b o n y l cluster complexes are 
s u m m a r i z e d here. 

Catalysis by Ruthenium Carbonyl in Alkaline Solution 

I n a p r e l i m i n a r y s tudy (7) w e repor ted that catalysis of the shif t 
reac t ion is a c c o m p l i s h e d b y a homogeneous so lut ion p r e p a r e d f r o m 
R u 3 ( C O ) i 2 . F o r the i n i t i a l experiments , the catalysis so lut ion t y p i c a l l y 
c o n t a i n e d the f o l l o w i n g components i n 15 m L of p u r i f i e d e thoxyethanol 
solvent : R u 3 ( C O ) 1 2 (0.126 g, 2 X 10" 4 m o l ) , K O H (0.5 g, 0.01 m o l ) , a n d 
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8. F O R D E T A L . Water Gas Shift Reaction 83 

H 2 0 ( l . O g , 0 . 0 6 m o l ) . A t 1 0 0 ° C u n d e r about 1 a t m C O (occas ional ly 
r e c h a r g e d ) , this so lut ion p r o d u c e d about 3 X 10" 2 m o l of H 2 a n d a p p r o x i 
mate ly a n equiva lent amount of C 0 2 over a p e r i o d of 30 days. N o t a b l y , 
this quant i ty represents a rat io of 150 moles of H 2 per mole of R u 3 ( C O ) i 2 

a d d e d or three moles of H 2 per mole of K O H a d d e d . T h u s the system is 
ca ta lyt ic b o t h i n r u t h e n i u m a n d i n base. 

W h e n this react ion was c a r r i e d out i n a so lut ion p r e p a r e d f r o m the 
deuterated solvent C H 3 C H 2 O C H 2 C H 2 O D plus D 2 0 , D 2 ( > 9 0 % ) was 
the h y d r o g e n p r o d u c t as measured b y mass spectrometry ( s m a l l amounts 
of H D a n d H 2 f o u n d c o u l d be a t t r ibuted to the isotopic i m p u r i t y of the 
solvent m i x t u r e ) . T h u s , the source of the d i h y d r o g e n p r o d u c t is water 
or water-exchangeable hydrogens i n the so lut ion ( 7 ) . T h e homogenei ty 
of the react ion so lut ion is i n d i c a t e d b y its c lar i ty w h e n examined w i t h a 
s trong l ight a n d b y the fact that a n act ive catalyst so lut ion d i s p l a y e d the 
same rate of h y d r o g e n p r o d u c t i o n at 1 1 0 ° C before a n d after f i l t ra t ion 
t h r o u g h a F l u o r o p o r e filter ( F H L P , 0.5 /x pore size) u n d e r a n inert atmos
phere . A d d i t i o n a l qual i ta t ive support for homogenei ty of the act ive 
components derives f r o m the fact that the catalyst solutions show re la
t i v e l y h i g h r e p r o d u c i b i l i t y of ac t iv i ty w h e n p r e p a r e d a n u m b e r of d i f 
ferent t imes b y different i n d i v i d u a l s i n our laboratories . 

E x a m i n a t i o n of the act ive r u t h e n i u m c a r b o n y l catalyst so lut ion b y 
I R a n d N M R spectroscopy a n d b y i o n exchange chromatography indica te 
that the solut ion contains at least three i o n i c r u t h e n i u m components , t w o 
of w h i c h are major. I n a d d i t i o n , traces of a species w i t h a n I R s p e c t r u m 
consistent w i t h that of R u 3 ( C O ) i 2 is seen. T h e major i o n i c species are 
the t r i h y d r i d o te t raruthen ium d o d e c a c a r b o n y l anion, H 3 R u 4 ( C O ) i 2 ~ ( > 
5 0 % ) a n d a component ( X " ) h a v i n g spectral propert ies different f r o m 
those of k n o w n r u t h e n i u m c a r b o n y l species. I R a n d * H N M R spectra 
indica te the E t 4 N + salt of X to be c a r b o n y l h y d r i d e ( i? c o = 2072w, 2012s, 
1987s, 1950s, br , 1732w i n T H F ; h y d r i d e resonance at 22.53 r i n ^ - a c e 
t o n e ) . T h e c h e m i c a l behavior of this m a t e r i a l suggests that X " m a y be 
H R u 4 ( C O ) i 3 " . A l t h o u g h pur i f i ca t ion problems have prevented o u r 
o b t a i n i n g a g o o d e lemental analysis of the E t 4 N + salt of X " , the fact that 
the major species f o r m e d b y the H 2 S 0 4 neutra l iza t ion of X " is H 2 R u 4 -
( C O ) i 3 is consistent w i t h this assignment. 

W h e n the act ive catalyst so lut ion is n e u t r a l i z e d w i t h H 2 S 0 4 before 
i so la t ing the components , three k n o w n r u t h e n i u m species are f o u n d i n 
the react ion m i x t u r e : R u 3 ( C O ) 1 2 ( 2 0 - 3 0 % ), H 2 R u 4 ( C O ) i 3 ( 1 0 % ), a n d 
H 4 R u 4 ( C O ) i 2 ( ~ 6 0 % ) . T h e f o r m a t i o n of these species is cer ta in ly 
not unexpected u n d e r the reac t ion condi t ions g iven the observations b y 
L e w i s et a l . (8 ) that the reactions of R u 3 ( C O ) i 2 w i t h water leads to 
H 4 R u 4 ( C O ) i 2 a n d H 2 R u 4 ( C O ) 1 3 a n d b y K a e s z a n d co-workers (9 ) that 
the former species can be deprotonated b y base to g ive H 3 R u 4 ( C O ) i 2 ~. 
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I n this context, i t is p a r t i c u l a r l y interest ing to note that catalysis runs 
u n d e r the same condit ions , b u t u s i n g H 4 R u 4 ( C O ) i 2 as the i n i t i a l source, 
h a v e ac t iv i ty ind is t inguishab le f r o m that of runs s tar t ing w i t h R u 3 ( C O ) i 2 . 
I n a d d i t i o n , the spectral propert ies of the act ive solutions f r o m these t w o 
sources are indis t inguishable . L a s t l y i t is also notable that c o m p a r a b l e 
a c t i v i t y is seen w i t h solutions p r e p a r e d w i t h r u t h e n i u m t r i c h l o r i d e 
( R u C l 3 • n H 2 0 ) as the i n i t i a l r u t h e n i u m source. 

C l o s e r examinat ion of the react ion so lut ion reveals that the nature of 
the base species changes m a r k e d l y i n the ear ly stages of the catalysis 
runs . C a r b o n m o n o x i d e is k n o w n to react w i t h aqueous a l k a l i h y d r o x i d e 
to f o r m the analogous a l k a l i formate (10,11). T h i s react ion occurs u n d e r 
the i n i t i a l so lut ion condi t ions of the catalyst runs descr ibed here a n d is 
re la t ive ly fast c o m p a r e d w i t h the shift react ion (12). N o t a b l y , the pres
ence of the r u t h e n i u m catalyst has l i t t le i f any effect o n the rate of formate 
f o r m a t i o n . T h u s , for the t y p i c a l catalysis runs at 1 0 0 ° C , t i t r imetr i c 
studies indica te that w i t h i n a p e r i o d of hours v i r t u a l l y a l l the K O H first 
a d d e d has been c o n s u m e d a n d that > 9 0 % of the base equivalents are 
present i n the guise of potass ium formate . T h e r e m a i n i n g base e q u i v a 
lents are large ly a mix ture of potass ium bicarbonate a n d potass ium car
bonate . I n this context, i t is notable that R u 3 ( C O ) i 2 a n d H 4 R u 4 ( C O ) i 2 

solutions p r e p a r e d u s i n g K 2 C 0 3 p lus K H C 0 3 as the i n i t i a l bases g ive 
c o m p a r a b l e cata lyt ic ac t iv i ty to those p r e p a r e d u s i n g K O H ( T a b l e I ) . 

"Possible Mechanisms for Catalysis 

A t this p o i n t i t can be of va lue to speculate o n the mechanisms 
w h i c h m i g h t be c a t a l y z i n g the shift react ion. O n e m e c h a n i s m is d e s c r i b e d 
i n Scheme 1. I n this scheme i n i t i a l ac t iva t ion of c a r b o n m o n o x i d e involves 
n u c l e o p h i l i c attack of O H " or H 2 0 on M - C O to f o r m the h y d r o x y c a r b o n y l 
c o m p l e x M - C 0 2 H \ A m p l e precedent exists for this react ion. F o r ex
a m p l e , several m e t a l c a r b o n y l complexes have been repor ted to u n d e r g o 
oxygen exchange w i t h l s O - l a b e l e d water i n so lut ion (13,14), a n d the 
revers ible f o r m a t i o n of h y d r o x y c a r b o n y l species has been pos tu la ted i n 
l o g i c a l mechanisms for this exchange. S u c h species have i n d e e d b e e n 
isolated, e.g., R e a c t i o n 3 ( 1 5 ) . 

H 2 0 
I r C l 2 ( P h P M e 2 ) 2 ( C 0 ) 2

+ — I r C l 2 ( P h P M e 2 ) 2 ( C O ) ( - C 0 2 H ) (3) 
dry HC1 

T h e decarboxyla t ion of the h y d r o x y c a r b o n y l species H M - C 0 2 H 
s h o u l d be fac i le a n d has been p r o p o s e d for other conversions of c o o r d i 
n a t e d c a r b o n y l to h y d r i d e , e.g., R e a c t i o n 4 (16). Subsequent r e d u c t i v e 
e l i m i n a t i o n of d i h y d r o g e n f r o m M H 2 has precedence for a n u m b e r of 
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8. F O R D E T A L . Water Gas Shift Reaction 

Scheme 1 

85 

M — C O 

i { 

O H " (or H 2 0 ) O H 

/ 

CO J 

- • M — C = 0 (+H +) 

• H 2 0 

C OH-

' O H 

/ 
H M — C = 0 

C O , 

" M " f 
M H 2 

H 2 

transit ( E t 3 P ) ( C O ) C l + + O H " - » P t ( E t 3 P ) 2 C 1 H + C 0 2 (4) 

mononuc lear a n d p o l y n u c l e a r systems (17). T h i s last step forms the 
c o o r d i n a t i v e l y unsaturated species " M " w h i c h undergoes r a p i d react ion 
w i t h free C O to r e f o r m M - C O . ( A s imi lar c y c l i c scheme has also been 
p r o p o s e d recent ly b y E i s e n b e r g (18)). A m o d i f i c a t i o n of this scheme 
w o u l d be to have C O assist i n the d e h y d r o g e n a t i o n step i n some manner , 
perhaps b y c o o r d i n a t i o n w i t h M H 2 p r i o r to loss of h y d r o g e n . 

T h e c o m p o s i t i o n of the r u t h e n i u m catalyst so lut ion is consistent 
w i t h the steps p r o p o s e d i n Scheme 1, i f w e v i sua l ize M - C O as H R u 4 -
( C O ) 1 3 - (or H 2 R u 4 ( C O ) 1 3 ) a n d M H 2 as H 3 R u 4 ( C O ) 1 2 - (or H 4 R u 4 -
( C O ) i 2 ) . C o n s i d e r a b l y more i n f o r m a t i o n (kinet ics , etc.) needs a c c u m u 
l a t i o n to support or d isprove this m e c h a n i s m , b u t at present i t serves as 
a reasonable w o r k i n g hypothesis . W i t h r e g a r d to the details of Scheme 1, 
i t is notable that n u c l e o p h i l i c attack o n c o o r d i n a t e d carbonyls is of ten 
qui te fac i le (13-16,19,20). I n a d d i t i o n , w e have f o u n d the reac
t i o n of R u 3 ( C O ) i 2 w i t h base i n aqueous a l cohol i c so lut ion to occur at 
l o w e r temperature a n d more r a p i d l y t h a n the shift reac t ion catalysis . 
T h u s i t appears that C O act ivat ion is not rate l i m i t i n g b u t another step, 
perhaps the reduct ive e l i m i n a t i o n of h y d r o g e n , is . 
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86 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 I I 

Scheme 2 

C O + O H " (or H 2 0 ) -> H C 0 2 " (or H C O O H ) (5) 

catalyst 
H C 0 2 ~ (or H C O O H ) + H 2 0 -> H 2 + C 0 2 + O H " (or H 2 0 ) (6) 

A n o t h e r poss ible m e c h a n i s m for the shift react ion w o u l d be one 
i n v o l v i n g formate or f o r m i c a c i d as a n intermediate (Scheme 2 ) . T h e 
fac i le react ion of C O w i t h s trong base a n d the resu l t ing presence of 
formate i n the react ion so lut ion i n i t i a l l y p r e p a r e d w i t h K O H m a k e c o m 
p e l l i n g the considerat ion of this mechanism. O t h e r p l a t i n u m m e t a l cata
lysts have been repor ted for R e a c t i o n 6 ( 2 1 ) . H o w e v e r , w e a n d others 
have demonstrated catalysis of the shift react ion i n a c i d i c so lut ion ( v i d e 
i n f r a ) . I n a d d i t i o n , w e have f o u n d that a d d i n g signif icant concentrat ions 
of s o d i u m formate to a n act ive r u t h e n i u m catalyst so lut ion h a d l i t t le 
effect o n the rate of H 2 a n d C O o p r o d u c t i o n . These observations argue 
against the impor tance of Scheme 2 for this system. ( O u r earl ier report 
(7 ) that H C O o " is r a p i d l y d e c o m p o s e d to H 2 p lus C O o b y the r u t h e n i u m 
catalyst i n a lka l ine so lut ion is apparent ly incorrect . I n that s tudy, for
mate was a d d e d as f o r m i c a c i d i n quanti t ies sufficient to a c i d i f y the 
so lut ion to give condi t ions u n d e r w h i c h the system does decompose 
formate . W e are eva luat ing the react ion i n a c i d so lut ion fur ther . ) 

Other Catalysts in Alkaline Alcoholic Solution 

W e also have s t u d i e d other m e t a l c a r b o n y l complexes i n a l k a l i n e 
ethoxyethanol to survey the general i ty of the shif t -react ion catalysis. 
U n d e r condi t ions (0.9 a t m C O , 1 0 0 ° C ) comparab le w i t h those u s e d for 
the r u t h e n i u m catalyst descr ibed above, i r o n , r h o d i u m , o s m i u m , a n d 
i r i d i u m carbonyls a l l p r o v e d act ive b u t r h e n i u m c a r b o n y l d i d not. F o r 
systems s tart ing w i t h the l i s ted complexes, the n o r m a l i z e d cata lyt ic 
activit ies (see T a b l e I; n o r m a l i z e d ac t iv i ty is based on the n u m b e r of 

Table I . Activities of Various Catalysts for the 
Water—Gas Shift Reaction 

Initial Complex Initial Solution Activity0 

A . A l k a l i n e solutions (low p r e s s u r e ) 6 

H 2 F e R u 3 ( C O ) 1 3 c 10.3 
I r 4 ( C O ) i 2 c 5.3 
H 4 R u 4 ( C O ) 1 2 c 2.5 

d 3.3 
e 2.5 
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8. F O R D E T A L . Water Gas Shift Reaction 87 

Table I . Continued 

Initial Complex Initial Solution Activitya 

R u 3 ( C O ) 1 2 c 2.3 
d 2.6 
e ^ I 
/ 3 2 

F e ( C O ) 5 d ~1 
R h 6 ( C O ) 1 6 c 3 .4 ' 
R u G C ( C O ) 1 7 c 1.5 
H 3 R e 3 ( C O ) i 2 c - 0 . 1 5 
R e 2 ( C O ) 1 0 c < 0 . 1 
R u 3 ( C O ) 1 2 / F e ( C O ) 5 h 7Ah 

B . A l k a l i n e solutions (high pressure) 
R h 0 ( C O ) i 0 i 110 
R u 3 ( C O ) 1 2 i 53 
R u 3 ( C O ) 1 2 / F e 3 ( C O ) 1 2

i i 55 
F e , ( C O ) i * i 52 f c 

I r 4 ( C O ) i 2 i 10-20 
O s 3 ( C O ) 1 2 i 10-17 
( I r ( C O ) 3 C l ) 2 i 10 
R e 2 ( C O ) i 0 i ~ 1 

C . A c i d i c solutions (low p r e s s u r e ) 6 

R u 3 ( C O ) 1 2 I ~ 2 . 2 m 

H 4 R u 4 ( C O ) i o n 0.9 
I ~ 1 8 m 

o 32 
R u G C ( C O ) 1 7 I ~ 9 W 

F e ( C O ) 5 o - 0 

° Moles of H 2 produced per mole of catalyst per 24-hr period. 
hPco = 0.9 atm, T = 100°C except where noted. 
c 0.04 mmol complex, 2 mmol K O H , 0.02 mol H 2 0 , 3 mL ethoxyethanol. 
d 0.06 mmol complex, 3 mmol K O H , 0.03 mol H 2 0 , 4.5 mL ethoxyethanol. 
e 0.06 mmol complex, 0.015 mmol K H C 0 3 , 0.025 mol H 2 0 , 5 mL ethoxyethanol. 
1 0.06 mmol complex, 0.15 mmol K 2 C 0 3 , 0.15 mmol K H C 0 3 , 0.025 mol H 2 0 , 5 mL 

ethoxyethanol. 
9 Solution may have been heterogeneous. 
h0.039 mmol R u 3 ( C O ) i 2 , 0.064 mmol F e ( C O ) 5 , 2 mmol K O H , 0.02 mol H 2 0 , 3.4 

m L ethoxyethanol. Based on total moles of Fe(CO)s plus R u 3 ( C 0 ) i 2 . Normalized 
activity equals 4.2 mol H 2/day/gram atom of metal (Fe + Ru) . 

* 0.1 mmol metal complex, 0.3 mmol K O H , 1.0 mL H 2 0 , and 6.0 mL C H 3 O H , Pc<> 
= 75 atm, ! T = 1350C. 

1 Fe : Ru molar ratio = 3:1. 
k Significant loss in activity when system is recharged and run a second day. 
1 0.042 mmol complex, 0.18 mmol H 2 S 0 4 , 20 mmol H 2 0 , 3 mL ethoxyethanol. 

m Catalyst dies after several days owing to sublimation of R u 3 ( C O ) i 2 out of the 
solution. 

n 90°C. 
0 0.042 mmol complex, 1.8 mmol H 2 S 0 4 , 20 mmol H 2 0 , 3 m L diglyme. 
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88 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 I I 

moles of h y d r o g e n p r o d u c e d per gram-atom of m e t a l i n i t i a l l y a d d e d to 
the system) f o l l o w e d the order : H 2 F e R u 3 ( C O ) i 3 > I r 4 ( C O ) i 2 > H 4 R u 4 -
( C O ) 1 2 - R u 3 ( C O ) 1 2 - F e ( C O ) 5 > R h G ( C O ) 1 G > R u 6 C ( C O ) 1 7 > > 
H 3 R e 3 ( C O ) i 2 > R e 2 ( C O ) i 0 . A somewhat different order was seen for 
the catalysts s tudied u n d e r condi t ions w h e r e C O pressure a n d tempera
ture were m u c h h igher a n d m e t h a n o l was the p r i n c i p a l solvent ( T a b l e I ) . 
H o w e v e r , i t s h o u l d be noted that the latter data are largely f r o m s ingle 
d a y runs i n pressur ized b o m b s i n contrast to the cont inuous ly m o n i t o r e d , 
p e r i o d i c a l l y flushed runs i n the l o w pressure glass vessels. I t is p a r t i c u 
l a r l y notable that u n d e r the h igher pressure a n d temperature condi t ions 
the catalyst solutions based o n R u 3 ( C O ) i 2 a n d R h G ( C O ) 1 G are q u i t e 
act ive for the h y d r o f o r m y l a t i o n a n d h y d r o h y d r o x y m e t h y l a t i o n , respec
t ive ly , of olefins b y C O plus H 2 0 (22). 

A p a r t i c u l a r l y inters t ing observat ion is the h i g h ac t iv i ty seen f o r 
H 2 F e R u 3 ( C O ) i 3 . Since this is cons iderab ly h igher t h a n that seen f o r 
either r u t h e n i u m c a r b o n y l or i r o n c a r b o n y l alone, these metals apparent ly 
act i n a synergist ic manner . S i m i l a r enhancements of ac t iv i ty are n o t e d 
w h e n the i r o n a n d r u t h e n i u m are a d d e d together i n the forms F e ( C O ) 5 

a n d R u 3 ( C O ) i 2 respect ively ( T a b l e I ) . O p t i m a l cata lyt ic ac t iv i ty (nor 
m a l i z e d ) was observed w h e n the F e ( C O ) 5 : R u 3 ( C O ) i 2 rat io is about 2 :1 
( a F e : R u ratio of 2 : 3 ) . T h e J H N M R a n d I R spectra of these i r o n / 
r u t h e n i u m react ion solutions i n d i c a t e d the presence of a n u m b e r of spe
cies. A m o n g these, F e ( C O ) 5 a n d H 3 R u 4 ( C O ) i 2

_ c o u l d b e ident i f i ed . 
N e u t r a l i z a t i o n of the react ion solut ion w i t h su l fur i c a c i d f o l l o w e d b y 
s i l i ca ge l chromatography l e d to the ident i f icat ion of H 4 R u 4 ( C O ) i 2 a n d 
H 2 F e R u 3 ( C O ) i 3 as the major cluster species as w e l l as m i n o r amounts of 
the t r iangular carbonyls R u 3 ( C O ) i 2 , R u 2 F e ( C O ) i 2 , R u F e 2 ( C O ) i 2 , a n d 
poss ib ly F e 3 ( C O ) 1 2 . 

O u r observations a n d those of others have l e d us to v i e w these so lu
tions i n the f o l l o w i n g manner . F i r s t , i t appears that u n d e r the react ion 
condit ions (a lka l ine solut ion at 1 0 0 ° C u n d e r an atmosphere conta in ing 
b o t h H 2 a n d C O ) interconvers ion b e t w e e n the cluster species is re la
t i v e l y fac i le . T h u s , w i t h i n hours or perhaps less, a so lut ion p r e p a r e d b y 
m i x i n g F e ( C O ) 5 a n d R u 3 ( C O ) i 2 i n a 1:1 m o l a r rat io m a y not be d is 
t inguishable f r o m one p r e p a r e d f r o m H 2 F e R u 3 ( C O ) i 3 . C l u s t e r species, 
speci f ica l ly h y d r i d o c a r b o n y l anions, are the p r o m i n e n t reservoirs of the 
metals i n the solut ion, b u t our mechanis t ic studies are too u n d e v e l o p e d 
to establ ish whether the clusters are the p r o b a b l e catalysts. H o w e v e r , i f 
w e f o l l o w the course of the earl ier mechanis t ic specula t ion based o n 
Scheme 1, then H 4 F e R u 3 ( C O ) i 2 a n d H 2 F e R u 3 ( C O ) i 3 or the ir deproto-
na ted analogs m a y be M H 2 a n d M - C O respect ively i n the m i x e d m e t a l 
catalysts. K a e s z (23) has repor ted the synthesis of H 4 F e R u 3 ( C O ) i 2 , b u t 
this species is re la t ive ly unstable i n so lut ion , d e c o m p o s i n g to give the 
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8. F O R D E T A L . Water Gas Shift Reaction 89 

more stable H 2 F e R u 3 ( C O ) i 3 a m o n g other species. T h i s observat ion 
tempts one to suggest that the synergist ic effect of the t w o m e t a l catalysts 
m i g h t be a t t r ibuted to the ins tab i l i ty of the p r o p o s e d M H 2 in termediate 
t o w a r d reduct ive e l i m i n a t i o n ( R e a c t i o n 7) ( 8 ) . 

M H 2 - » M + H 2 (7) 

Catalysis in Acidic Solution 

O u r i n i t i a l forays into the shif t -react ion catalysis (7 ) focussed o n 
a lka l ine condi t ions o w i n g to the pre judice that i n i t i a l ac t iva t ion of coor
d i n a t e d C O w o u l d be p a r t i c u l a r l y fac i le v i a h y d r o x i d e attack o n C O 
( R e a c t i o n 8 ) . H o w e v e r , water itself m a y be act ive ( R e a c t i o n 9 ) . T o 

M - C O + O H " * ± M - C 0 2 H " (8) 

M - C O + H 2 0 *± H M - C 0 2 H (9) 

evaluate this poss ib i l i ty , w e also have s t u d i e d the r u t h e n i u m clusters i n 
a c i d i c so lut ion. N o t a b l y E i s e n b e r g (18) has recent ly repor ted a shift-
react ion catalyst based o n the R h ( I ) complex ( R h ( C O ) 2 C l ) 2 i n a n 
aqueous acetic a c i d / H C l / N a l m e d i u m , c o n f i r m i n g the v i a b i l i t y of s u c h 
a n a p p r o a c h . 

W h e n the react ion was r u n u s i n g 0.1N H 2 S 0 4 i n aqueous ethoxy
ethanol as the solvent a n d H 4 R u 4 ( C O ) i 2 as the i n i t i a l meta l l i c species, 
the ac t iv i ty first seen was a factor of six h igher t h a n that f o u n d i n the 
a lka l ine so lut ion ( T a b l e I ) . H o w e v e r , after several days the ac t iv i ty 
decreased m a r k e d l y , o w i n g to the s u b l i m a t i o n of the r u t h e n i u m f r o m the 
solut ion into the cooler neck of the all-glass react ion vessel. T h e orange 
s o l i d c o l l e c t i n g at this loca t ion was ident i f i ed as R u 3 ( C O ) i 2 b y its I R 
spec t rum b u t m a y have conta ined traces of H 2 R u 4 ( C O ) 1 3 . W h e n at
tempts were m a d e to effect the catalysis w i t h R u 3 ( C O ) i 2 i tself i n the 
same a c i d i c m e d i u m , l i t t le react ion was seen o w i n g to the re la t ive ly 
r a p i d s u b l i m a t i o n of this mater ia l f r o m the solut ion . S i m i l a r l y the c a r b i d e 
cluster R u 6 C ( C O ) i 7 d i s p l a y e d i n i t i a l ac t iv i ty m u c h h igher i n a c i d i c t h a n 
i n a lka l ine so lut ion b u t aga in was unstable t o w a r d s u b l i m a t i o n of R u 3 -
( C O ) 1 2 . 

D e s p i t e the ins tab i l i ty of these r u t h e n i u m c a r b o n y l solutions i n a c i d , 
the h i g h i n i t i a l ac t iv i ty encouraged the search for other solvents i n w h i c h 
R u 3 ( C O ) i 2 m a y prove more soluble . D i g l y m e meets this cr i ter ion, a n d 
p r e l i m i n a r y data indica te that H 4 R u 4 ( C O ) i 2 i n I N H 2 S 0 4 aqueous d i 
g l y m e is r o u g h l y one order of m a g n i t u d e more active as a shif t -react ion 
catalyst t h a n i n a lka l ine e thoxyethanol ( T a b l e I ) . 
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90 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 I I 

V a r i o u s rat ionale can be offered for the enhanced cata lyt ic ac t iv i ty 
i n a c i d . T h e k e y steps i n Scheme 1 are l i k e l y to be the ac t iva t ion of C O 
b y n u c l e o p h i l i c attack o n M - C O a n d the reduct ive e l i m i n a t i o n of H 2 

f r o m M H 2 . I f M - C O is either H R u 4 ( C O ) i 3 " or H 2 R u 4 ( C O ) 1 3 , the latter 
species ( w h i c h is f a v o r e d b y l o w e r i n g the p H ) s h o u l d be the m o r e 
susceptible one to n u c l e o p h i l i c attack. I n a c i d i c so lut ion the more reac
t ive n u c l e o p h i l e O H " is at a n inconsequent ia l concentrat ion, b u t i t is 
w o r t h w h i l e to remember that the concentra t ion of H 2 0 ( 6 M i n these 
exper iments) is a lways m u c h larger t h a n ( O H " ) regardless of the p H . 
W i t h r e g a r d to the reduct ive e l i m i n a t i o n of h y d r o g e n ( R e a c t i o n 7 ) , i t is 
ent i re ly possible that a neutra l species (e.g. , H 4 R u 4 ( C O ) i 2 ) can be more 
react ive t h a n its deprotonated a n a l o g (e.g. , H 3 R u 4 ( C O ) i 2 " ) . These are 
mechanis t i c aspects of these systems i n n e e d of greater explora t ion a n d 
u n d e r s tudy i n our laboratory . 

Catalysis in Amine Solution 

T h e r e is considerable precedent for the reactions of organic amines 
w i t h m e t a l carbonyls , i n par t i cu lar w i t h i r o n carbonyls . N o t o n l y do 
amines react d i r e c t l y w i t h F e ( C O ) 5 to f o r m var ious products i n c l u d i n g 
h y d r o g e n (6,19), b u t they are components of the i r o n c a r b o n y l c o n t a i n i n g 
catalysts for the h y d r o f o r m y l a t i o n of olefins w i t h C O a n d H 2 0 (5,6,24). 
T h u s , catalysis of the shift react ion u n d e r analogous condi t ions is not 
unexpected, especia l ly i n the context of the ac t iv i ty d i s p l a y e d b y the 
m e t a l carbonyls i n a lka l ine solutions (above , (7)). I n d e e d , I m y a n i t o v 
et a l . (25), i n a s tudy of the h y d r o g e n a t i o n a n d h y d r o c a r b o x y l a t i o n of 
dienes w i t h C O a n d H 2 0 c a t a l y z e d b y C o 2 ( C O ) 8 a n d b y R h 6 ( C O ) i 6 

plus organic amines, n o t e d the f o r m a t i o n of h y d r o g e n a n d C 0 2 . I n the 
absence of olefins, R h 6 ( C O ) i 6 p lus p y r i d i n e apparent ly c a t a l y z e d the 
shift react ion u n d e r h i g h pressure (250 a t m of C O ) a n d elevated t e m 
perature ( 2 1 0 ° C ) ; however , r e d u c t i o n of the p y r i d i n e to p i p e r i d i n e is a 
serious side react ion. V a r i o u s amines i n c l u d i n g p y r i d i n e also have been 
repor ted as components i n the p u r p o r t e d homogeneous catalysis of the 
shif t react ion b y systems conta in ing group V I I I m e t a l salts ( 2 6 ) , a n d v e r y 
recent ly there has been a report (27) of b o t h the h y d r o f o r m y l a t i o n of 
olefins a n d the water gas shift react ion ca ta lyzed b y several m e t a l car
bonyls p lus t r i m e t h y l amine i n pressur ized autoclaves. 

O u r studies have focussed large ly o n the catalysis of the shif t react ion 
b y r u t h e n i u m c a r b o n y l a n d b y the r u t h e n i u m c a r b o n y l / i r o n c a r b o n y l 
mixtures i n the presence of organic amines u n d e r l o w pressures of C O . 
Representat ive studies are i n d i c a t e d i n T a b l e I I w h e r e i t is notable that 
r u t h e n i u m alone is a cons iderab ly better catalyst t h a n is i r o n alone. 
A m o n g the r u t h e n i u m systems, p y r i d i n e solutions are somewhat m o r e 
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8. F O R D E T A L . Water Gas Shift Reaction 91 

T a b l e I I . C a t a l y s i s i n A m i n e Solut ions ( L o w Pressure) ° 

Complex Amine Solvent Activity1* 

H 4 R u 4 ( C O ) i 2 p y r i d i n e c 13 
(0.04 m m o l ) 

H 4 R u 4 ( C O ) i 2 p iper id ine d 8 
(0.02 m m o l ) 

F e ( C O ) 5 p iper id ine d 0 .9 e 

(0.16 m m o l ) 
H 4 R u 4 ( C O ) 1 2 : F e ( C O ) 5 p iper id ine d 1 0 ' 

(0.02 m m o l :0.08 mmol ) 
a Peo = 0.9 atm, T = 100°C, initial solutions contained 0.022 mol H 2 0 . 
b Activity is number of moles of H2 produced per day per mole of the initial com

plex added ( H 4 R u 4 ( C O ) i 2 plus F e ( C O ) 5 ) . 
e Pyridine (3 m L ) . 
d Piperidine (1.5 mL):ethoxyethanol (2.8 m L ) . 
* Low CO2 :H2 ratios. 
1 Normalized activity is 12 mol H2/day/g-atcm of metal added (Ru + Fe). 

act ive t h a n p i p e r i d i n e solutions. H o w e v e r , the most act ive systems a m o n g 
these are d e r i v e d f r o m i r o n / r u t h e n i u m mixtures , w h i c h are m u c h more 
act ive t h a n catalysts p r e p a r e d u n d e r s i m i l a r condi t ions f r o m the i n d i 
v i d u a l m e t a l carbonyls . ( I f the n o r m a l i z e d cata lyt ic act ivit ies are c o m 
p a r e d for p i p e r i d i n e solutions, the F e ( C O ) 5 / H 4 R u 4 ( C O ) i 2 system is a 
factor of six more act ive t h a n that of H 4 R u 4 ( C O ) i 2 a n d a factor of 13 
more act ive t h a n that based o n F e ( C O ) 5 a l o n e ) . 

T h e enhanced ac t iv i ty of the r u t h e n i u m a n d the r u t h e n i u m / i r o n 
catalysts i n the amine solutions over those i n a l k a l i base solutions m a y 
be the result of several perturbat ions . C e r t a i n l y , the solvent effects alone 
c a n p l a y a role i n this case g i v e n that the amine concentrations are suffi
c ient to change m a r k e d l y the propert ies of the m e d i u m . T h u s so lvat ion 
effects o n a ra te -determining step or k e y e q u i l i b r i u m i n a cyc le s u c h as 
Scheme 1 w o u l d have major consequences o n the cata lyt ic ac t iv i ty . I f 
C O ac t iva t ion i n steps such as React ions 8 or 9 can be affected instead 
b y other nucleophi les ( for example , React ions 10, 11, 12) , t h e n the h i g h 
concentrations of the amines, h i g h e r even t h a n [ H 2 0 ] u n d e r these c o n 
di t ions , p lus the re lat ive n u c l e o p h i l i c i t y of these species m a y accelerate 
the C O ac t iva t ion step. 

M - C O + B «=> M - C — O (10) 

B + 

M - C — O + H 2 0 * ± H M - C — O (11) 
I I 

B + B + 
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92 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 I I 

H M - C — 0 + H 2 0 * ± H M C 0 2 H + H + + B (12) 

B + 

or «± M H 2 + B + — C 0 a " -> B + C 0 2 

Concluding Remarks 

I n this chapter w e have demonstra ted that m e t a l c a r b o n y l complexes 
c a n be act ive catalysts for the w a t e r - g a s shif t reac t ion u n d e r a var ie ty of 
condit ions . F o r example, H 4 R u 4 ( C O ) i 2 forms act ive catalysts i n either 
a c i d i c or basic so lut ion a n d for the latter the base c a n be a n a l k a l i 
h y d r o x i d e or carbonate or a n organic amine . Some differences b e t w e e n 
different m e t a l carbonyls are apparent ; however , i n basic so lut ion the 
most act ive catalysts are those p r e p a r e d f r o m the m i x e d m e t a l F e / R u 
systems either b y s tar t ing w i t h the H 2 F e R u 3 ( C O ) i 2 or w i t h R u 3 ( C O ) i 2 

( o r H 4 R u 4 ( C O ) i 2 ) / F e ( C O ) 5 mixtures . A l o g i c a l m e c h a n i s m for the 
catalysis w o u l d i n v o l v e the ac t iva t ion of C O b y n u c l e o p h i l i c attack o n 
the c o o r d i n a t e d c a r b o n m o n o x i d e f o l l o w e d b y h y d r o l y t i c steps l e a d i n g to 
f o r m a t i o n of a m e t a l d i h y d r i d e . A k e y a n d perhaps r a t e - l i m i t i n g step 
w o u l d be the reduct ive e l i m i n a t i o n of d i h y d r o g e n f r o m this species. 
M e c h a n i s t i c studies current ly i n progress i n these laboratories are d i r e c t e d 
t o w a r d the eva luat ion of this a n d other possible cata lyt ic cycles a n d 
t o w a r d the o p t i m i z a t i o n of cata lyt ic ac t iv i ty . 

Experimental Procedures 

Catalys is runs u n d e r l o w (0.9 a t m ) C O pressures were car r ied out i n 
glass reactors. T h e catalysis solutions w e r e p r e p a r e d b y disso lv ing the 
appropr ia te components i n the solvent u n d e r a n inert atmosphere at 
ambient temperature. T h e resul t ing solutions i n the react ion vessels w e r e 
t h e n degassed b y a freeze/thaw technique a n d the des ired pressure of C O 
gas conta in ing 6 % methane as an inert marker gas was i n t r o d u c e d to the 
b u l b at ambient temperature . T h e glass reactors were then suspended 
i n an o i l b a t h a n d heated at a constant temperature. I n this conf igurat ion 
the react ion solut ion was agitated v igorous ly b y a magnet ic s t i r r ing bar . 
T h e gas phase above the catalyst so lut ion was s a m p l e d p e r i o d i c a l l y b y 
gas syringe, a n d the gas samples were a n a l y z e d b y high-resolut ion gas 
c h r o m a t o g r a p h y on a ca l ibra ted H e w l e t t P a c k a r d 5830A p r o g r a m m a b l e 
G C . Quant i t ies of C O c o n s u m e d a n d of C 0 2 a n d H 2 p r o d u c e d w e r e 
d e t e r m i n e d b y compar ison w i t h the marker gas s ignal . T h e react ion 
vessels w e r e p e r i o d i c a l l y recharged b y freeze/thaw degassing f o l l o w e d 
b y re f i l l ing w i t h the C O / m a r k e r gas mixture . Some runs u n d e r h igher 
C O pressures were car r ied out i n P a r r stainless steel b o m b s e q u i p p e d 
w i t h Te f lon l iners . 
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Homogeneous Catalysis of the Water Gas 
Shift Reaction: Pentacarbonyliron and the 
Metal Hexacarbonyls as Active Catalyst 
Precursors 

C. C. FRAZIER,1 R. M. HANES, A. D. KING, JR., and R. B. KING 

Department of Chemistry, University of Georgia, Athens, GA 30602 

Methanol or 1-butanol solutions of the mononuclear metal 
carbonyls M(CO)6 (M = Cr, Mo, and W) and Fe(CO) 5 in 
the presence of aqueous sodium or potassium hydroxide are 
active homogeneous catalysts for the water gas shift reaction 
(CO + H2O--C O 2 + H2). The effects of temperature, 
pressure, and base concentration on the rate of hydrogen 
production from CO and H2O in the presence of Fe(CO)5 

and NaOH have been investigated. The observation by IR 
spectroscopy that HFe(CO)4- reacts with CO under pressure 
in 1-butanol or T H F to give Fe(CO)5 suggests the following 
catalytic cycle for the water gas shift reaction catalyzed by 
basic solutions of Fe(CO)5: (1) HFe(CO)4- + CO -> Fe-
(CO)5 + H-; (2) H- + H2O -> OH- + H2; (3) Fe(CO)5 + 
OH- -> Fe(CO)4C(O)OH-; (4) Fe(CO) 4C(O)OH - -> HFe-
(CO)4- + CO2. 

T n c r e a s e d recent interest i n the homogeneous catalysis of the water gas 
shift react ion ( R e a c t i o n 1) b y r u t h e n i u m ( I ) a n d r h o d i u m (2) car-

b o n y l derivat ives has p r o m p t e d us to reexamine Reppe's observat ion 
d u r i n g W o r l d W a r I I (3 ) that F e ( C O ) 5 i n the presence of a base can 
cata lyze this react ion. T h e aqueous s o d i u m h y d r o x i d e used as a base b y 

C O + H 2 0 * ± H 2 + C 0 2 (1) 

1 Current address: Department of Chemistry, University of Minnesota, Deluth, 
M N . 

0-8412-0429-2/79/33-173-094$05.00/0 
© 1979 American Chemical Society 
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9. F R A Z I E R E T A L . Petitacarbonyliron and Metal Hexacarbonyls 95 

R e p p e l e d to systems that w e r e catalyt ic i n m e t a l b u t not i n base for the 
water gas shift react ion. W e h a v e f o u n d recent ly that b y u s i n g aqueous 
1-butanol rather t h a n p u r e w a t e r as the solvent i n the N a O H / F e ( C O ) 5 

system, a catalyst can be generated for the w a t e r gas shift reac t ion w h i c h 
is not o n l y cata lyt ic i n i r o n b u t also i n base above 1 2 0 ° C . T o faci l i tate 
mechanis t i c s tudy of the N a O H / F e ( C O ) 5 - c a t a l y z e d water gas shift reac
t ion , the rate of h y d r o g e n e v o l u t i o n n o w has b e e n d e t e r m i n e d as a 
f u n c t i o n of i n i t i a l C O pressure, react ion temperature, a n d base concen
trat ion. I n a d d i t i o n , a s i m i l a r invest igat ion of the g r o u p V I m e t a l car
bonyls M ( C O ) 6 ( M = C r , M o , a n d W ) has ident i f i ed these complexes 
as very active water gas shift catalysts i n the presence of a lcohol i c s o d i u m 
or potass ium h y d r o x i d e . T h i s chapter discusses the k i n e t i c results a n d 
the i n f o r m a t i o n obta ined b y a n I R spectroscopic examinat ion of the 
cata lyt ic solutions obta ined f r o m the m o n o n u c l e a r m e t a l carbonyls 
F e ( C O ) 5 a n d M ( C O ) 6 ( M = C r , M o , a n d W ) a n d h y d r o x i d e i o n u s i n g 
a spec ia l ly des igned h i g h pressure I R c e l l ( 4 ) . 

Experimental Procedures 

A l l reactions w e r e carr ied out i n 7 0 0 - m L stainless steel, h i g h pressure 
react ion vessels. T h e react ion solut ion was a d d e d , a l o n g w i t h a T e f l o n -
coated s t i r r ing bar, to a vessel that was f lushed a n d l o a d e d w i t h C O to 
the des ired pressure. T h e vessel was heated i n an insu la ted oven, w h i c h 
rests o n a magnet ic s t i r r ing motor . T e m p e r a t u r e c o n t r o l ( ± 1 ° C after 
the des ired react ion temperature was reached) was m a i n t a i n e d u s i n g a 
p r o p o r t i o n a l temperature control ler w i t h a thermocouple inserted i n a 
t h e r m o w e l l , . w h i c h extended b e l o w the so lut ion l e v e l of the react ion 
vessel as a sensor. H e a t i n g the react ion vessel f r o m r o o m temperature 
to 1 6 0 ° C t y p i c a l l y r e q u i r e d f r o m 40 to 45 minutes . 

Gas samples were p e r i o d i c a l l y r e m o v e d t h r o u g h a va lve -cont ro l l ed 
por t at the top of the react ion vessel. A p o r t i o n of each sample was 
in jected into a V a r i a n A e r o g r a p h M o d e l 920 gas c h r o m a t o g r a p h w i t h 
ei ther a 5 A m o l e c u l a r sieve c o l u m n for measur ing H 2 a n d C O or a s i l i ca 
c o l u m n for m e a s u r i n g C 0 2 a n d C O . K n o w n H 2 / C O mixtures w e r e used 
for ca l ibra t ion of the m o l e c u l a r sieve c o l u m n . 

T h e F e ( C O ) 5 solutions u s e d i n these experiments w e r e p r e p a r e d b y 
d i s s o lv in g N a O H i n 30 m L (1.67 m o l ) of d i s t i l l e d water a n d c o m b i n i n g 
this base solut ion w i t h 170 m L of 1-butanol prev ious ly a d d e d to the 
react ion vessel. T h i s so lut ion was b u b b l e d w i t h N 2 for 20-30 m i n before 
a d d i t i o n of 0.3 m L (0.00223 m o l ) of F e ( C O ) 5 . T h e react ion vessel was 
c losed u n d e r N 2 a n d connected to a h i g h pressure m a n i f o l d for flushing 
a n d l o a d i n g w i t h C O . 

T h e M ( C O ) 6 solutions ( M = C r , M o , a n d W ) were p r e p a r e d b y 
d i s s o l v i n g a w e i g h e d sample of the m e t a l h e x a c a r b o n y l i n 100 m L of 
solvent ( u s u a l l y methanol ) a n d a d d i n g the appropr ia te amount of base 
as 1 0 M aqueous K O H . A f t e r c o m p l e t i o n of an exper imenta l r u n , the 
aqueous layer was separated f r o m b u t a n o l , evaporated, a n d a p o r t i o n of 
the d r i e d residue i n c o r p o r a t e d into a K B r pel le t for examinat ion b y I R 
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96 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 I I 

spectroscopy. I n some experiments s o l i d m a t e r i a l p r e c i p i t a t e d o n c o o l i n g 
the react ion vessel to r o o m temperature . These solids w e r e also a n a l y z e d 
b y I R spectroscopy. F o r m a t e (1600 a n d 1360 c m " 1 ) , carbonate (1440 
c m " 1 ) , a n d b icarbonate (1650, 1605, a n d 1310 c m " 1 ) w e r e ident i f i ed b y 
their characterist ic I R frequencies . 

T o exc lude the poss ib i l i ty of heterogeneous rather than homogeneous 
catalysis, prec ip i ta ted solids were filtered f r o m the supernatant l i q u i d a n d 
a d d e d to a fresh solut ion of solvent a n d base for fur ther react ion. T h e 
observed cata lyt ic ac t iv i ty was insignif icant . T h e supernatant l i q u i d , 
i n contrast, demonstrated ac t iv i ty s imi lar to that measured i n the 
i n i t i a l r u n . 

T h e stainless steel h i g h pressure I R c e l l w i t h Irtran-1 w i n d o w s a n d 
associated h i g h pressure e q u i p m e n t a n d spectrometer has been descr ibed 
elsewhere ( 4 ) . Ai r - sens i t ive i r o n c a r b o n y l solutions, w h i c h w e r e to b e 
e x a m i n e d b y I R spectroscopy, w e r e l o a d e d into the h i g h pressure c e l l 
u n d e r N 2 a n d w e r e then q u i c k l y p l a c e d u n d e r an atmosphere of C O to 
insure their s tabi l i ty . 

The Catalytic System Derived from Fe(CO)5 

H y d r o g e n p r o d u c t i o n turnover numbers have b e e n measured as 
temperature , pressure, a n d base concentrat ion w e r e v a r i e d (see Tables 
I a n d I I ) i n a n effort to determine the m e c h a n i s m of the cata lyt ic system 
d e r i v e d f r o m 1-butanol solutions of F e ( C O ) 5 a n d base. T u r n o v e r n u m 
bers are g i v e n as moles of h y d r o g e n per m o l e of m e t a l per six hours to 
a l l o w a l l of the experiments to b e c o m p a r e d on a m e a n i n g f u l basis. U n d e r 
cer ta in condit ions , some exper imenta l runs use a l l of the a d d e d C O i n 
less t h a n one day . T o insure that the turnover numbers represent 
k i n e t i c a l l y u s e f u l i n f o r m a t i o n , the turnover o b t a i n e d at an early stage 
i n the react ion are presented. 

Interpretat ion of the results of these experiments has unfor tunate ly 
been h a m p e r e d b y c o m p e t i n g side reactions of b o t h C O a n d C 0 2 w i t h 

Table I. Effect of Base Concentration on the Reactivity of 
the Fe(CO) 5 -Catalyzed Water Gas Shift Reaction 0 

Initial Mol H2 per 
Run CO Pressure Base: Metal Temperature Mol Metal 

Number (atm) Mol Ratio (°C) per 6 Hr 

1 23.1 0 150 ~ 0.002 
2 28.2 14 160 78 
3 28.2 28 163 54 
4 28.2 224 160 24 
5 28.2 448 160 3 
6 14.6 7.5 161 109 
7 14.6 28 160 83 

° A l l runs used 170 mL of 1-butanol, 30 mL H 2 0 , and 0.30 mL of F e ( C O ) 5 . 
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9. F R A Z I E R E T A L . Pentdcarhonyliron and Metal Hexacarbonyls 97 

Table II. Effect of Pressure and Temperature on the Reactivity 
the Fe(CO) 5 -Catalyzed Water Gas Shift Reaction" 

Initial Mol H2 per 
Run CO Pressure Base: Metal Temperature Mol Metal 

Number ( atm) Mol Ratio (°C) per 6 Hr 

1 28.2 28 137 21 
2 28.2 28 145 23 
3 28.2 28 164 54 
4 28.2 28 181 57 
5 28.2 28 183 60 
6 7.8 28 162 19 
7 14.6 28 160 83 
8 21.4 28 160 70 
9 28.2 28 163 54 

° A l l runs used 170 m L of 1-butanol, 30 mL of H 2 0 , and 0.30 mL of F e ( C 0 ) 5 . 

base to p r o d u c e formate a n d bicarbonate , respect ively . W i t h i n the C O 
pressure range that has been u s e d to date, the rate of formate p r o d u c t i o n 
at 1 6 0 ° C i n the absence of F e ( C O ) 5 a c c o r d i n g to R e a c t i o n 2 has been 
d e t e r m i n e d to be signif icant at the base concentrations ( 0 . 3 1 M ) u s e d 
most i n these studies. F o r m a t e p r o d u c t i o n also has been observed i n 

C O + O H ' H C 0 2 " (2) 

h y d r o f o r m y l a t i o n reactions of olefins i n bas ic aqueous solutions of 
F e ( C O ) 5 ( 5 ) . H o w e v e r , b y observ ing the tota l system pressure as w e l l 
as h y d r o g e n p r o d u c t i o n d u r i n g catalyt ic runs at 7.8 a n d 28.2 a t m C O at 
160 °C , w e have d e t e r m i n e d that w h i l e there is an i n i t i a l r a p i d rate of 
formate p r o d u c t i o n , the rate of formate p r o d u c t i o n diminishes a p p r e c i a b l y 
as the catalyt ic p r o d u c t i o n of h y d r o g e n proceeds. H y d r o g e n p r o d u c t i o n 
measured at l o w pressures of C 0 2 w i t h excess H 2 0 fo l lows first-order 
kinet ics as s h o w n i n F i g u r e s 1 a n d 2. T h e nonzero intercept of these 
graphs is an artifact resul t ing f r o m the loss of C O caused b y formate 
p r o d u c t i o n . W h i l e these observations c o u l d indicate that the H 2 a n d 
C 0 2 products result f r o m ca ta lyzed formate decomposi t ion , the more 
l i k e l y interpretat ion is that b o t h the rate of formate f o r m a t i o n a n d of 
h y d r o g e n p r o d u c t i o n are r a p i d i n the presence of a n i n i t i a l l y h i g h con
centrat ion of base a n d f a l l off as O H ' concentrat ion drops as the i o n 
combines w i t h C O to p r o d u c e formate . 

W h e n formate i o n is a d d e d to the b o m b a l o n g w i t h the bas ic b u t a n o l / 
H 2 0 so lut ion of F e ( C O ) 5 , h y d r o g e n p r o d u c t i o n u n d e r the u s u a l t em
perature a n d pressure react ion condit ions is essentially indis t inguishable 
f r o m the observed rate of runs w i t h o u t a d d e d formate . C o n t r o l experi 
ments w i t h formate i o n a d d e d to the charge a n d u n d e r N 2 pressure, not 
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98 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 I I 

C O , p r o d u c e n e g l i g i b l e quanti t ies of h y d r o g e n . These results conf i rm 
the suppos i t ion that formate i o n does not have a direct ro le i n a c c o u n t i n g 
for the water gas shif t products . 

T h e data i n T a b l e I s h o w that as the concentrat ion of base is 
increased i n the react ion m i x t u r e h y d r o g e n p r o d u c t i o n accelerates, levels 
off, a n d then- decreases w h e n large quanti t ies of base are a d d e d . A t the 
highest base :meta l ratios g i v e n , copious amounts of formate are p r o d u c e d , 
severely d e p l e t i n g the C O reservoir , w h i c h m a y i n part e x p l a i n the 
observed decrease i n the rate of h y d r o g e n p r o d u c t i o n at the highest 
base :meta l ratios. 
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Figure 1. Plot of -log ( l - f H ]+*[C0]) VS' U m 6 

for the reaction of CO at 7.8 atm and 162°C with a 
solution of Fe(CO)5 in aqueous butanol containing 

0.31UNaOH 
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9. F R A Z I E R E T A L . Pentacarbonyliron and Metal Hexacarbonyls 99 

200 300 
t ( m i n u t e s ) 

Figure 2. Plot of -log ( l - / + ' / c o j ) w - * i m * 

/or rTie reaction of CO at 28.2 atm and 163°C with a 
solution of Fe(CO)5 in aqueous butanol containing 

0.31MNaOH 

A s C O pressure is increased f r o m 7.8 to 28.2 a tm the rate of h y d r o g e n 
p r o d u c t i o n rises a n d then fal ls , as can be seen f r o m the data i n T a b l e I I . 
S ince a m i x t u r e of s o l i d s o d i u m bicarbonate is observed i n the b o m b 
u p o n c o o l i n g at the conc lus ion of a r u n w i t h 7.8 a tm of i n i t i a l C O pres
sure, i t can be i n f e r r e d that R e a c t i o n 3 also plays a par t i n c o n t r o l l i n g the 
p H of the react ion mixture . W h e n experiments u s i n g 14.6 a n d 28.2 a t m 
of C O are terminated, formate is the p r e d o m i n a n t i n o r g a n i c a n i o n f o u n d . 
T h u s the compos i t ion of inorganic solids, carbonate, b icarbonate , a n d 
formate w h i c h can be f o u n d i n the b o m b is d e t e r m i n e d b y the i n i t i a l 
concentrat ion of base, i n i t i a l C O pressure, a n d the amount of C 0 2 that 

C 0 2 + 2 0 H " - » C 0 3
2 " + H 2 0 (3) 
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100 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 I I 

has a c c u m u l a t e d at the e n d of a r u n . Because of the complex interac t ion 
b e t w e e n these variables , w e are current ly quant i ta t ive ly measur ing C O , 
H 2 , a n d C 0 2 vs. t ime under a var iety of exper imenta l condit ions i n order 
to define the c o m p l i c a t i n g side reactions of C O a n d C 0 2 a n d to establish 
the true re la t ion of base a n d of C O pressure to the k e y mechanis t ic steps 
of the m e t a l carbonyl - ca ta lyzed water gas shift react ion. 

T h e data i n T a b l e I I also demonstrate that the rate of h y d r o g e n 
p r o d u c t i o n increases as the react ion temperature is ra ised. T h e rate con
stants g o v e r n i n g the apparent first-order uptake of C O for a series of 
comparable reactions p e r f o r m e d at var ious temperatures are s h o w n 
p l o t t e d l o g a r i t h m i c a l l y as a f u n c t i o n of r e c i p r o c a l temperature ( K ) i n 
F i g u r e 3. A n act ivat ion energy of 20 k c a l / m o l is d e r i v e d f r o m the slope 
of this p lot . T h i s va lue is surpr i s ing ly close to the act ivat ion energy of 
the i r o n oxide heterogeneous water gas shift react ion ( 6 ) . 

0.00210 0 .00220 0 .00230 0 .00240 0 .00250 

V T ( ° K ) 

Figure 3. Plot of log k vs. 1/T (K) leading to an 
activation energy of 20 kcal/mol for the reaction of 
CO at 28.2 atm with a solution of Fe(CO)5 in aque

ous butanol containing 0.31M NaOH 
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102 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 I I 

The Catalytic Systems Derived from M(CO)6 

(M = Cr, M o , and W) 

T a b l e I I I presents turnover numbers for the p r o d u c t i o n of h y d r o g e n 
b y the water gas shif t react ion ( R e a c t i o n 1) u s i n g catalysts d e r i v e d f r o m 
the m e t a l hexacarbonyls M ( C O ) 6 ( M = C r , M o , a n d W ) . R u n s 2 
t h r o u g h 4 c lear ly show that as the react ion temperature increases i n the 
experiments w i t h M o ( C O ) 6 , the rate of h y d r o g e n p r o d u c t i o n accelerates. 
R u n 7 indicates that the same effect occurs for runs u s i n g W ( C O ) 6 as 
the catalyst precursor . R u n 5 demonstrates that a base is r e q u i r e d for 
catalysis. R u n 6 il lustrates that bases other than h y d r o x i d e can act as 
catalysts. S ince K B H 4 is k n o w n to react w i t h M ( C O ) 6 ( M == C r , M o , 
a n d W ) i n donor solvents at e levated temperatures to p r o d u c e the 
c o r r e s p o n d i n g H M 2 ( C O ) i 0 ' anions ( 7 ) , the results of r u n 6 suggest that 
these anions m a y be i n v o l v e d i n the cata lyt ic cycle . 

High Pressure Spectroscopic Studies 

T h e I R spectra of 1-butanol solutions of F e ( C O ) 5 a n d M ( C O ) 6 

( M = M o a n d W ) c o n t a i n i n g aqueous N a O H or K O H were e x a m i n e d 
u n d e r pressure u s i n g a stainless steel h i g h pressure I R c e l l w i t h I r t ran 1 
w i n d o w s (4) i n attempts to i d e n t i f y the various m e t a l c a r b o n y l species 
present i n the react ion solutions u n d e r catalyt ic condit ions . I n the cases 
of M ( C O ) 6 ( M = M o a n d W ) , the o n l y m e t a l c a r b o n y l v ( C O ) fre
quencies observed at temperatures a n d pressures comparab le w i t h those 
u s e d for catalysis w e r e those that correspond to the respective m e t a l 
hexacarbonyl . I n a d d i t i o n , a b a n d at 2300 c m - 1 g r a d u a l l y appeared i n 
the I R spectra of such m e t a l hexacarbonyl solutions above 1 1 0 ° C u n d e r 
C O pressure. T h i s b a n d can b e assigned to the C 0 2 p r o d u c e d i n the 
water gas shift react ion ( R e a c t i o n 1) p r o c e e d i n g u n d e r these condi t ions . 

S i m i l a r I R spectroscopic studies of basic solutions of F e ( C O ) 5 u n d e r 
C O pressures l e d to somewhat more complex results. A d d i t i o n at r o o m 
temperature of F e ( C O ) 5 (0.10 m L , 0.76 m m o l ) to 49.4 m L of a N 2 -
saturated so lut ion of 1:20 w a t e r - b u t a n o l conta in ing 0.12 g (3 m m o l ) of 
N a O H resul ted i n the r a p i d format ion of H F e ( C O ) 4 " . N o fur ther 
changes were observed i n the I R spec t rum of such a n H F e ( C O ) 4 " so lu
t ion w h e n i t was kept at 2 5 ° C for 4 h r u n d e r 330 a t m C O . H o w e v e r , 
u p o n g r a d u a l heat ing u n d e r C O pressure, the characterist ic strong 1885 
c m " 1 b a n d of H F e ( C O ) 4 " g r a d u a l l y d isappeared w i t h the concurrent 
appearance of a 1995 c m " 1 b a n d ind ica t ive of the presence of regenerated 
F e ( C O ) 5 . These spectral changes are d e p i c t e d i n F i g u r e 4. T h e f o r m a 
t i o n of F e ( C O ) 5 f r o m H F e ( C O ) 4 " a n d 330 a tm C O was complete at 
9 3 ° - 9 8 ° C . C o o l i n g the so lut ion to r o o m temperature w h i l e s t i l l u n d e r 
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9. F R A Z I E R E T A L . Pentacarbonyliron and Metal Hexacarbonyls 103 

25UD 2doo 1 iebo bvr 

(C) 

25 oD 2ctao 1 isbo b M" 

Figure 4. IR spectra of a solution of 0.10 mL of Fe(CO)5, 
0.12 g of NaOH, 1.4 mL of H20, and 48 mL of 1-butanol under 
330 atm CO. (A) At 28°C; (B) after heating to 82°-91°C; (C) 
after heating to 93°-98°C; (D) after cooling the heated solution 
back to 38°C. Weak bands from the 1-butanol solvent are ob
servable at 2015 cm'1 in Figure I A and at 1906,1851, and 1775 
cm'1 in Figure 1C. As CO dissolves in the solvent a broad band 

at 2130 cm'1 progressively intensifies. 

330 a t m C O i n the h i g h pressure c e l l resul ted i n p a r t i a l regenerat ion of 
H F e ( C O ) 4 " f r o m react ion of F e ( C O ) 5 w i t h r e s i d u a l base. 

T h e above observations suggest that a complete cyc le for the water 
gas shif t react ion c a n be descr ibed b y the f o l l o w i n g react ions: 
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104 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 I I 

H F e ( C 0 ) 4 " + C O * ± F e ( C O ) 5 + H " (4a) 

I T + H 2 0 O H " + H 2 (4b) 

O H " + F e ( C O ) 5 - » F e ( C 0 ) 4 C ( 0 ) 0 H " (4c) 

F e ( C O ) 4 C ( 0 ) O H - - > H F e ( C O ) 4 " + C 0 2 (4d) 

T h e changes observed i n the I R s p e c t r u m i n the v ( C O ) reg ion of an 
anhydrous T H F solut ion of [ ( C 6 H 5 ) 3 P ] 2 N + H F e ( C O ) 4 - u p o n hea t ing the 
solut ion u n d e r 330 a tm C O i m p l y that R e a c t i o n 4a c a n b e w r i t t e n as an 
e q u i l i b r i u m w h e n anhydrous n o n h y d r o x y l i c solvents are used so that the 
h y d r i d e i o n p r o d u c e d i n R e a c t i o n 4a cannot b e protonated to f o r m h y d r o 
gen as i n R e a c t i o n 4b. A f t e r carbonyla t ion of [ ( C 6 H 5 ) 3 P ] 2 N + H F e ( C O ) 4 -
to give F e ( C O ) 5 a n d p r e s u m a b l y [ ( C 6 H 5 ) 3 P ] 2 N + H - is complete at 6 0 ° C 
a n d 330 a tm C O , coo l ing the system w h i l e m a i n t a i n i n g the C O pressure 
leads to revers ion of some of the F e ( C O ) 5 to H F e ( C O ) 4 ~ , p r e s u m a b l y 
b y react ion w i t h the [ ( C 6 H 5 ) 3 P ] 2 N + H - . A d d i t i o n a l F e ( C O ) 5 reverts to 
H F e ( C O ) 4 " as the C O pressure is l o w e r e d i n stages. H o w e v e r , after the 
C O pressure is b e l o w approx imate ly 140 a tm, the convers ion of F e ( C O ) 5 

to H F e ( C O ) 4 " becomes qui te r a p i d a n d is complete w i t h i n minutes . 

Conclusions 

T h e studies o u t l i n e d i n this chapter suggest that a var ie ty of m e t a l 
carbonyls , i n c l u d i n g some of the simplest mononuc lear m e t a l carbonyls , 
can generate act ive catalysts for the water gas shif t react ion ( R e a c t i o n 
1) b y s imple treatment w i t h h y d r o x i d e i o n . Invest igat ion of the m e c h a 
nisms of such cata lyt ic reactions is c o m p l i c a t e d b y side reactions of the 
C O reactant a n d the C 0 2 p r o d u c t w i t h the strongly bas ic system. H o w 
ever, n o w that these side reactions, i n v o l v i n g p r o d u c t i o n of formate a n d 
carbonate, are recognized , i t s h o u l d be possible to des ign experiments 
that p e r m i t ident i f i ca t ion of the k e y steps i n these m e t a l c a r b o n y l -
c a t a l y z e d water gas shift reactions. 
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Oxygen-Exchange and Ligand Substitution 
Reactions in Cr(CO)6 and µ-H[Cr(CO)5]2-, and 
the Water Gas Shift Reaction 

DONALD J. DARENSBOURG, MARCETTA Y. DARENSBOURG, 
ROBERT R. BURCH, JR., JOSEPH A. FROELICH, 
and MICHAEL J. INCORVIA 

Department of Chemistry, Tulane University, New Orleans, LA 70118 

An essential step in the homogeneous catalyzed water gas 
shift reaction involves nucleophilic attack of hydroxide ion 
at the carbon atom of a metal-bound CO, with a subsequent 
process leading to the extrusion of CO2. These two processes 
have been studied for the reaction of oxygen-18 enriched 
NaOH with Cr(CO)6 in a biphasic medium in the presence 
of a phase-transfer catalyst. Oxygen exchange was observed 
to occur at a faster rate than metal hydride, µ-H[Cr(CO)5]2-, 
formation with concomitant production of CO2. The kinetic 
parameters for the reaction of µ-H[Cr(CO)5]2- with CO in 
alcoholic solvent to afford Cr(CO)6 and H2 have been deter
mined. 

' " -phe catalyt ic p r o d u c t i o n of methane f r o m a b u n d a n t coa l resources is 
expected to become increas ingly more impor tant as a means for 

m e e t i n g the exponent ia l ly g r o w i n g demands for c lean energy f u e l (1,2). 
T h i s is p a r t i c u l a r l y so since the a n n u a l gas reserve p r o d u c t i o n rat io has 
been steadi ly decreasing i n recent years. I n the f o r m a t i o n of methane, a 
mix ture of gases (synthesis gas) c o n t a i n i n g h y d r o g e n , c a r b o n monoxide , 
c a r b o n d iox ide , a n d methane is first p r o d u c e d b y the react ion of c o a l w i t h 
oxygen a n d steam; i.e., the coa l gasif ication step. W h e n the H 2 : C O i n 
synthesis gas is > 3, the f o r m a t i o n of methane c a n be descr ibed b y 
R e a c t i o n 1. Synthesis gas, h i g h i n h y d r o g e n content, is also essential as a 
feedstock i n the F i s c h e r - T r o p s c h process (3,4). 

0-8412-0429-2/79/33-173-106$05.00/0 
© 1979 American Chemical Society 
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10. D A R E N S B O U R G E T A L . Oxygen Exchange, Ligand Substitution 107 

3 H 2 + C O -> C H 4 + H 2 0 (1) 

U n f o r t u n a t e l y , the H 2 : C O rat io is general ly m u c h less t h a n 3 :1 , a n d 
therefore it has to be adjusted b y the shift react ion i n w h i c h c a r b o n 
monoxide is o x i d i z e d to carbon d iox ide w i t h concomitant p r o d u c t i o n of 
h y d r o g e n ( R e a c t i o n 2 ) . A f t e r r e m o v a l of C 0 2 a n d sul fur compounds , the 

C O + H 2 0 -> C 0 2 + H 2 (2) 

shif ted gas mixture c a n be subjected to cata lyt ic methanat ion to afford a 
p r o d u c t gas that contains some excess h y d r o g e n ( < 1 0 % ) , but must not 
conta in > 0 . 1 % carbon monoxide . T h e sul fur compounds , general ly 
cons idered to read i ly deactivate the metal -based catalysts, i n c l u d e h y d r o 
gen sulfide a n d volat i le sul fur compounds such as th iophene, mercaptans, 
c a r b o n disulf ide, c a r b o n y l sulfide, a n d thioethers. N i c k e l is the most 
w i d e l y used c o m m e r c i a l heterogeneous catalyst for methanat ion a l t h o u g h 
r u t h e n i u m , cobalt , a n d i r o n metals have also been used. Indeed , ruthe
n i u m ( 0 . 5 % on a l u m i n a ) has been recognize d as a very act ive catalyst, 
its on ly d r a w b a c k b e i n g its h i g h cost (5,6). 

S u p p o r t e d r u t h e n i u m has also been s h o w n to be an extremely effective 
water gas shift catalyst at operat ing temperatures above 3 5 0 ° C ( 7 ) . A n 
essential step i n this catalyt ic process involves the b i n d i n g of C O to the 
metal . I n this regard , on a f u l l y r e d u c e d , supported r u t h e n i u m sample, 
C O absorpt ion affords a b a n d i n the I R at 2040 c m - 1 , w h i c h is ascr ibed 
to a l inear ly b o u n d carbon monoxide group (8). 

M u c h of the justif ication for the extensive study of transi t ion m e t a l 
cluster chemistry is e m b e d d e d i n the assumption that reactions of m e t a l 
clusters are real ist ic s t ructural models for reactions at m e t a l surfaces i n 
such processes as heterogeneous catalysis (9,10,11). F o r example, the 
meta l c a r b o n y l clusters, I r 4 ( C O ) i 2 a n d O s 3 ( C O ) 1 2 , w e r e demonstrated 
to be effective homogeneous catalysts for methanat ion (12). A d d i t i o n a l l y , 
D e m i t r a s a n d Muetter t ies (13) have f o u n d I r 4 ( C O ) i 2 to be a h o m o 
geneous catalyst i n the F i s c h e r - T r o p s c h synthesis of a l iphat ic h y d r o 
carbons. Homogeneous catalysis of the water gas shift react ion b y m e t a l 
c a r b o n y l clusters (e.g. , R u 3 ( C O ) i 2 ) i n a lkal ine solut ion has been repor ted 
b y L a i n e , R i n k e r , a n d F o r d (14), a n d more recent ly b y P e t t i f s group 
(15). Nevertheless , mononuc lear meta l carbonyls (e.g. , F e ( C O ) 5 a n d 
the group V I b m e t a l hexacarbonyls) have been demonstrated to have 
considerable ac t iv i ty above 120 ° C as soluble catalysts for R e a c t i o n 2 (16). 

T h e i n i t i a l step i n the homogeneous-cata lyzed water gas shift reac
t i o n u n d o u b t e d l y involves n u c l e o p h i l i c attack of h y d r o x i d e i o n at the 
carbon a tom of a m e t a l - b o u n d carbon monoxide . Muetter t ies has observed 
that [ R e ( C O ) 6 ] + exchanges oxygen atoms w i t h atoms i n water , p r o b a b l y 
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108 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 I I 

t h r o u g h the i n t e r m e d i a c y of R e ( C O ) 5 C O O H (17). Ra ther exhaustive 
invest igations of this oxygen-exchange process, b o t h f r o m a mechanis t ic 
as w e l l as a synthetic v i e w p o i n t , have recent ly been under taken . These 
have i n c l u d e d reports o n the incorpora t ion of oxygen-18 into cat ionic 
m e t a l c a r b o n y l derivat ives of manganese a n d r h e n i u m (18,19,20,21). 
It was s h o w n i n reactions i n v o l v i n g subst i tuted group V l l b m e t a l c a r b o n y l 
cat ionic species, w h e r e there are t w o electronical ly different C O groups, 
that the oxygen atoms o n the more electron-poor carbonyls (i .e. , c a r b o n y l 
l igands w i t h the larger C O stretching force constant (22)) w e r e ex
changed at a faster rate. T h u s i t was possible to prepare stereospecifically 
l a b e l l e d meta l c a r b o n y l derivat ives u s i n g the water-exchange process. 
I n a d d i t i o n , the corol lary observat ion that the re lat ive rates of oxygen 
exchange decrease w i t h increas ing subst i tut ion at the m e t a l center w i t h 
e lectron d o n a t i n g l igands was noted, M ( C O ) 6

+ > M ( C O ) 5 L + > > 
M ( C O ) 4 L 2

+ . T h e L n ( C O ) 5 - n M ( C O O H ) intermediates were also f o u n d 
to undergo C 0 2 e l i m i n a t i o n w i t h meta l h y d r i d e f o r m a t i o n ( the skeletal 
sequence s h o w n i n R e a c t i o n 3 ) , a process c o m m o n to the energy- impor
tant meta l -ca ta lyzed water gas shift react ion. 

0 

M — C 0 + + " O H ̂  [ M — C — O H ] -> M — H + C 0 2 (3) 

T h e c a r b o n y l groups i n the neutra l iso-electronic group V I b m e t a l 
hexacarbonyls a n d their L e w i s - b a s e subst i tuted derivat ives do not undergo 
oxygen exchange w i t h water u n d e r the condit ions w h e r e the more h i g h l y 
ac t ivated cat ionic group V l l b meta l carbonyls ' oxygens r e a d i l y exchange. 
B a s i c solutions however w i l l effect this oxygen exchange process i n these 
derivat ives . T h i s was a c c o m p l i s h e d u s i n g a b iphas ic react ion m e d i u m 
w i t h the organic phase consist ing of the neutra l c a r b o n y l der ivat ive i n 
benzene a n d a n aqueous phase, consist ing of s o d i u m h y d r o x i d e w i t h a 
s m a l l quant i ty of t e t r a - n - b u t y l a m m o n i u m i o d i d e as the phase-transfer 
catalyst (23). Indeed , i n basic a lcohol ic solutions u n d e r an atmosphere 
of carbon monoxide , w e a n d others (16) have f o u n d that the group V I b 
m e t a l hexacarbonyls can serve as catalysts for the water gas shift 
react ion. 

A l t h o u g h mononuclear m e t a l carbonyls are p u r p o r t e d l y less effective 
as catalysts for this process w h e n c o m p a r e d w i t h m e t a l c a r b o n y l clusters 
(14,15), investigations of these systems w i l l p r o v i d e for a better under 
s tanding of the f u n d a m e n t a l steps i n the homogeneous meta l -ca ta lyzed 
water gas shift react ion. Therefore , the p r i m a r y objective of this w o r k 
was to examine : ( i ) the revers ible nature of the react ion of h y d r o x i d e 
i o n w i t h C r ( C O ) 6 , a long w i t h the concomitant f o r m a t i o n of j u - H [ C r -
( C O ) 5 ] 2 " a n d C 0 2 ; a n d ( i i ) the l i g a n d subst i tut ion reactions of / x - H [ C r -
( C O ) 5 ] 2

- w i t h C O , b o t h t h e r m a l l y a n d p h o t o c h e m i c a l l y (Scheme 1 ) . 
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10. D A R E N S B O U R G E T A L . Oxygen Exchange, Ligand Substitution 109 

Scheme 1 

C r ( C O ) 6 + " O H ̂ ± [ C r ( C O ) 5 C O O H ] - - * M - H [ C r ( C O ) B ] 2 " + C02 

2 C O ^ / 

^ H 2 0 

2 C r ( C O ) 6 + # f + " O H (4) 

Oxygen-Exchange Reactions of Cr(CO)6 

F i g u r e 1 i l lustrates the v ( C O ) I R spectral traces ob ta ined d u r i n g 
the course of oxygen-18 incorpora t ion into c h r o m i u m hexacarbonyl u s i n g 
the phase-transfer ca ta lyzed technique ( 2 3 ) . These spectra w e r e deter
m i n e d at various times o n the hexane-soluble p o r t i o n of the residues 
w h i c h resulted after the r e m o v a l of the solvent mixture . T h e observed 
a n d ca lcula ted v ( C O ) values for the ten poss ible i so topica l ly subst i tuted 
c h r o m i u m hexacarbonyl species, [ C r ( C 1 6 0 ) 6 - , r ( C 1 8 0 ) n ] (n = 0 - 6 ) , are 
l i s ted i n T a b l e I. B a n d assignments were m a d e b y n o t i n g the rates of 
appearance a n d decay of bands s imultaneously a i d e d b y i terat ive 
calculat ions i n v o l v i n g a restr icted C O force field ( 2 4 , 2 5 ) . T h e c a r b o n y l 
s tretching parameters obta ined f r o m the approximate force field are the 
f o l l o w i n g : kx = 16.49, kc = 0.27 4 , a n d kt = 0.53 8 . T h e p r i n c i p a l features 
of these spectra other t h a n the parent absorpt ion at 1987.1 c m " 1 (ant i 
symmetr i c s tretching of trans-C160 groups) are bands a t t r ibuted to the 
presence of C 1 8 0 trans to C i e O (1960-1950 c m " 1 ) or a b a n d a t t r ibuted to 
C l s O trans to C l s O (1940.9 c m " 1 ) . S i m i l a r C O stretching parameters have 
p r e v i o u s l y been repor ted b y P e r u t z a n d T u r n e r u s i n g 1 3 C O f requency 
data ( 2 6 ) . H o w e v e r , i t s h o u l d be p o i n t e d out again here that the C O -
fac tored force field, u s e f u l i n assigning isotopic f requency shifts for 1 3 C 
isotopes, is not s imultaneously use fu l i n accurately assigning f r e q u e n c y 
shifts for 1 8 0 isotopes (27,28). 

T h e react ion of C r ( C O ) 6 w i t h " O H to afford ^ H [ C r ( C O ) 5 ] 2 " has 
p r e v i o u s l y been repor ted (see r e v i e w b y F . C a l d e r a z z o o n m e t a l carbonyls 
i n Ref . 29; see also Ref . 30). U n d e r the condi t ions of our oxygen exchange 
react ion w i t h C r ( C O ) 6 , h i g h l y oxygen-18 enr i ched / x - H [ C r ( C O ) 5 ] 2 ~ 
derivat ives are f o r m e d . H o w e v e r , oxygen exchange occurs m u c h more 
r a p i d l y than does C 0 2 e l i m i n a t i o n i n the p r o p o s e d [ C r ( C O ) 5 C O O H ] ~ 
intermediate ( R e a c t i o n 4 ) . I t s h o u l d be noted here that the relat ive rate 
of o x y g e n exchange vs. C 0 2 e l i m i n a t i o n is p H dependent (20). P r e s u m 
a b l y this is the result of the f o l l o w i n g skeletal sequence: 

[ C r C O O H ] " + O H " -> [ C r C O O ] = + H 2 0 - » 

H 2 0 
[ C r p + C 0 2 [ C r H ] " + " O H . 
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a b s . 

2100 2000 1900 cm 

Figure 1. Time-dependent v(CO) spectra in hexane solution for the 
oxygen-exchange reaction of Cr(CO)6 with hydroxide ion: (A) 3 hr; 

(B) 10 hr. Parent v(CO) absorption indicated by an asterisk. 
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10. D A R E N S B O U R G E T A L . Oxygen Exchange, Ligand Substitution 111 

Table I. Observed and Calculated v(CO) Frequencies for the 
Ten Possible Isotopic Species of C r ( C O ) 6 with C 1 8 O a 

Isotope Geometry 

1 

o 

3 

o 

4 <x 

6 

10 

v(C0) Frequencies (cm'1) 

2118.7 2020.3 2020.3 1987.7 1987.7 1987.7 
(1987.1) 

2 a s / ° 2 1 1 2 - 5 2011.8 2020.3 1953.7 1987.7 1987.7 
(1953.1) 

2105.6 2015.5 2008.9 1956.5 1950.8 1987.7 
(2008.9) 

2106.3 1983.1 2020.3 1939.8 1987.7 1987.7 
(1940.9) 

2097.7 2008.9 2008.9 1959.2 1950.8 1950.8 

2098.7 2013.8 1983.5 1952.7 1939.8 1987.7 

2089.7 2008.9 1983.9 1939.8 1954.5 1950.8 

2091.0 1997.7 1971.5 1939.8 1939.8 1987.7 

2080.1 1971.5 1995.2 1939.8 1939.8 1952.3 

2067.6 1971.5 1971.5 1939.8 1939.8 1939.8 

"Observed frequencies are listed in parentheses directly below the calculated 
values. 
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112 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 I I 

E x p e r i m e n t s are current ly u n d e r w a y to measure re lat ive rates as w e l l as 
ac t iva t ion parameters for oxygen exchange vs. m e t a l h y d r i d e f o r m a t i o n 
a n d C 0 2 e l i m i n a t i o n for a var ie ty of m e t a l c a r b o n y l species i n homoge
neous m e d i a as a f u n c t i o n of p H . 

A l t h o u g h the mechanis t ic details of b r i d g i n g h y d r i d e f o r m a t i o n as 
p r o d u c e d f r o m C r ( C O ) 6 a n d " O H ( R e a c t i o n 4) are present ly not c o m 
ple te ly understood, a process i n v o l v i n g C 0 2 e l i m i n a t i o n f r o m the h y d r o x y 
c a r b o n y l intermediate w i t h concomitant p r o d u c t i o n of [ H C r ( C O ) 5 ] ~ 
paral le ls our earl ier w o r k o n the react ion of the iso-electronic cat ionic 
species, [ M n ( C O ) 6 ] + , w i t h H 2 0 ( 1 9 ) . T h e r e is l i m i t e d spectral a n d 
c h e m i c a l evidence for the presence of the elusive [ H C r ( C O ) 5 ] " i n the 
react ion of N a B H 4 w i t h C r ( C O ) 6 to p r o d u c e / x - H [ C r ( C O ) 5 ] 2 " (31). T h e 
v ( C O ) I R moni tor of this react ion is consistent w i t h i n i t i a l f o r m a t i o n of 
the f o r m y l , [ ( C O ) 5 C r C ( 0 ) H ] " , a n d subsequent d e c a r b o n y l a t i o n to y i e l d 
as yet not isolated [ H C r ( C O ) 5 ] " . T h e convers ion of the species tenta
t ive ly ascr ibed to mononuc lear h y d r i d e into b r i d g i n g h y d r i d e is p r o m o t e d 
b y s m a l l amounts of 0 2 or P h 3 C + . T h e latter reactions are b o t h consistent 
w i t h p r o d u c t i o n of [ C r ( C O ) 5 ] w h i c h is r a p i d l y scavenged b y r e m a i n i n g 
[ H C r ( C O ) 5 ] " . A d d i t i o n a l l y , the [ H C r ( C O ) 5 ] " species reacts w i t h C r ( C O ) 6 , 
p r e s u m a b l y either b y n u c l e o p h i l i c attack o n the neutra l c a r b o n y l b y the 
h y d r i d e or, at h i g h e r temperatures, b y a d d i t i o n to the c a r b o n m o n o x i d e 
dissociated [ C r ( C O ) 5 ] moiety . 

T h r o u g h o u t our discussion above w e have i m p l i e d that the h y d r o x y 
c a r b o n y l intermediate is the o n l y intermediate i n b o t h the oxygen-
exchange process a n d the C 0 2 e l i m i n a t i o n w i t h a meta l h y d r i d e f o r m a t i o n 
step. H o w e v e r , the dist inct poss ib i l i ty for the presence of an a d d i t i o n a l 
in termediate i n v o l v i n g a meta l - complexed formate species of the t y p e 

M y C H i n the latter process exists i n these m e t a l c a r b o n y l ca ta lyzed 

reactions. A formato complex , H C O O C o [ P P h 3 ] 3 , has been descr ibed 
w h i c h result? f r o m the insert ion of C 0 2 i n H C o ( N 2 ) [ P P h 3 ] 3 or f r o m the 
react ion of f o r m i c a c i d w i t h H C o ( N 2 ) [ P P h 3 ] 3 ( 3 2 ) . T h e formate i o n 
has been repor ted as one of the products of the react ion of h y d r o x i d e 
i o n w i t h meta l carbonyls , e.g., F e ( C O ) 5 (15) a n d I r 4 ( C O ) i 2 (33) w i t h 
" O H . A d d i t i o n a l l y , the catalyst so lut ion of R u 3 ( C O ) 1 2 used i n the w a t e r 
gas shift react ion was f o u n d to be a very act ive catalyst for the d e c o m 
pos i t ion of formate to H 2 p lus C 0 2 (14). I n this connect ion, i t is p a r t i c u 
l a r l y noteworthy that direct I R spectral evidence, taken i n con junct ion 
w i t h rate studies, indicates that the surface formate i o n is the reac t ion 
intermediate of the water gas shift react ion o n Z n O a n d M g O (34). 
T h e r e is, nevertheless, reason to suspect some possible differences i n the 
heterogeneous a n d homogeneous react ion systems, perhaps because of the 
inf luence of surface oxygen atoms i n the heterogeneous processes. 
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10. D A R E N S B O U R G E T A L . Oxygen Exchange, Ligand Substitution 113 

Ligand Substitution Reactions of ii-H[Cr(CO) 5]2~ 

D u r i n g the p r e p a r a t i o n of the / A - H [ C r ( C O ) 5 ] 2 ~ der ivat ive f r o m 
C r ( C O ) 6 (30) a n d h y d r o x i d e i o n , H 2 has also been observed as a p r o d u c t . 
T h i s most l i k e l y arises f r o m the react ion of the intermediate , [ C r ( C O ) 5 H ~ ] , 
w i t h H 2 0 to give C r ( C O ) 5 H 2 , f o l l o w e d b y r a p i d p r o d u c t i o n of [ C r ( C O ) 5 ] 
a n d H 2 (35,86), a process analogous to that of F e ( C O ) 4 H ~ w i t h water 
to f o r m the w e l l - k n o w n H 2 F e ( C O ) 4 species ( 1 5 ) . T h e [ C r ( C O ) 5 H ] " 
species can also be scavenged b y [ C r ( C O ) 5 ] , l e a d i n g to the p r o d u c t i o n 
of / x - H [ C r ( C O ) 5 ] 2 " , a l t h o u g h this process s h o u l d be re tarded i n solutions 
of h i g h C O concentrations. Therefore , to have C r ( C O ) 6 behave as a 
catalyst for the water gas shift react ion, it is necessary to p r o v i d e e n o u g h 
energy for the react ion of / x - H [ C r ( C O ) 5 ] 2 " w i t h C O a n d H 2 0 to y i e l d 
C r ( C O ) 6 , H 2 , a n d " O H , thus m a k i n g the overa l l react ion cata lyt ic i n 
b o t h C r ( C O ) 6 a n d h y d r o x i d e i o n (Scheme 2 ) . 

Scheme 2 

C r ( C O ) 6 + O H " — [ C r ( C O ) 5 C O O H ] - - > [ C r ( C O ) 5 H ] " + C 0 2 

a 

[ C r ( C O ) 5 H ] - [ C r ( C O ) 5 ] + H 2 

L i g a n d subst i tut ion reactions of f t - H [ M ( C O ) 5 ] 2 " derivat ives have 
been s tudied i n de ta i l w i t h phosphine a n d phosphi te l igands to af ford 
M ( C O ) 4 L 2 complexes (37,38). These studies c lear ly demonstrate that 
C O loss f r o m the b r i d g i n g h y d r i d e species is a more fac i le process than 
d i m e r d i s r u p t i o n . F o r example , j u - H [ C r ( C O ) 5 ] 2 ~ was f o u n d to u n d e r g o 
l i g a n d exchange w i t h 1 3 C O i n re f luxing T H F solut ion (37). A t this t i m e 
w e w i s h to report o n a n extension of these studies w h e r e the emphasis is 
o n d e t e r m i n i n g the energetics of the reac t ion of / A - H [ C r ( C O ) 5 ] 2 ~ w i t h 
C O to y i e l d C r ( C O ) 6 . 

T h e rate of subst i tut ion of A t - H [ C r ( C O ) 5 ] 2 " w i t h C O i n C O - s a t u r a t e d 
2-pentanol to af ford C r ( C O ) 6 was observed to f o l l o w the first-order rate 
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114 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 I I 

rate — k [ / i - H [ C r ( C O ) 5 ] 2 " ] (5) 

l a w ( 5 ) . V a l u e s of the rate constants k, ca lcula ted f r o m the first-order 
rate expression, are g i v e n i n T a b l e I I for several temperatures. F i g u r e 2 
i l lustrates the t y p i c a l l y observed I R traces of the disappearance of start ing 
m a t e r i a l v ( C O ) b a n d (Eu m o d e ) w i t h the s imultaneous appearance of 
the p r o d u c t v ( C O ) b a n d (Tlu m o d e ) , a long w i t h the l inear first-order 
rate p lo t that was obta ined over the entire react ion. T h e ac t ivat ion 
parameters for the dissociat ive process ( R e a c t i o n 6) of the tetraethyl-
a m m o n i u m der ivat ive were f o u n d to be A H * = 22.3(1.1) k c a l / m o l a n d 
A S * = — 17.8(3.5) eu, w h e r e the error l imi ts represent 9 5 % confidence 
l imi ts . I t is impor tant to note that the y i e l d of C r ( C O ) 6 f r o m R e a c t i o n 6 
was demonstrated to b e quant i ta t ive . H y d r o g e n , the other p r o d u c t 

H H [ C r ( C O ) B ] 2 - i [ H C r ( C O ) 5 ] - + [ C r ( C O ) B ] (6) 
slow 

2-pentanol 
CO fast 

2 C r ( C O ) 6 + H 2 

obta ined f r o m R e a c t i o n 6, was measured b y gas chromatography ( u s i n g 
a 5 A m o l e c u l a r sieve, 60/80 mesh c o l u m n ) . 

W e have b e g u n a systematic s tudy of the effect of the cat ionic 
counter - ion o n the kinet ics of R e a c t i o n 6. P r e l i m i n a r y results indicate a 
p r o n o u n c e d dependence of the react ion rate o n the nature of the gegenion. 
F o r example, the rate constant ( k ) at 9 7 ° C was observed to be ~ 4.5 
times larger w h e n the counter - ion was the potass ium i o n c o m p a r e d w i t h 
that o b t a i n e d for the t e t r a e t h y l a m m o n i u m salt (t1/2 » 1 h r ) . T h i s obser
v a t i o n points out a considerat ion of m u c h p r a c t i c a l importance w h e n 
d e s i g n i n g a cata lyt ic system of the type discussed i n this c o m m u n i c a t i o n , 

Table II. First-Order Rate Constants for the Reaction of 
Et 4 N>-H[Cr(CO) 5 ] 2 ~ with CO in 2-Pentanol° 

Temp (°C) Kfik9%ec'lh 

72.0 1.88 ± 0.09 
85.6 6.44 ± 0.32 
85.6 6.47 ± 0.13 
85.6° 6.42 ± 0 . 4 3 
97.0 18.30 ± 0.4 

° Solution continuously saturated with carbon monoxide. 
b Error limits for rate constant data represent 95% confidence limits. 
9 Measurement carried out in the dark, other carried out in room light. 
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10. D A R E N S B O U R G E T A L . Oxygen Exchange, Ligand Substitution 115 
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116 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 I I 

i.e., the nature of the counter - ion ( M + ) i n the M O H co-catalyst c a n have 
a s ignif icant inf luence o n the energetics of subsequent reactions i n the 
cata lyt ic cycle . 

A single crysta l neutron di f f rac t ion s tudy of E t 4 N + / A - H [ C r ( C O ) 5 ] 2 ~ 

has been carr ied out b y D a h l a n d co-workers w h i c h indicates the a n i o n 
to be of D±h symmetry (i .e. , ec l ipsed equator ia l C O groups o n the t w o 
m e t a l centers w i t h a l inear C O a x - C r • • • C r - C O a x arrangement) w i t h a 
bent symmetr ic C r - H - C r b o n d ( C r • • • C r — 3 .386(6) A ) ( 3 9 ) . T h e 
b o n d i n g has been descr ibed as a three-center b o n d of a " c l o s e d " t y p e 
i n v o l v i n g the simultaneous s y m m e t r i c a l over lap of orbitals on the three 
atoms, d i rec ted towards the center of a t r iangle (40). T h e r e is just 
e n o u g h valence electrons i n the moie ty to fill the b o n d i n g m o l e c u l a r 
orb i ta l , a n d none to o c c u p y any of the other possible m o l e c u l a r orbitals 
(see Scheme 3 ) . A g a i n this descr ipt ion indicates p a r t i a l C r • • • C r 
b o n d i n g character (40,41,42). W e have i n d e e d obta ined some evidence 
for m e t a l - m e t a l interact ion i n the m o l e c u l a r i o n / / . - H [ M o ( C O ) 5 ] 2 ~ f r o m 
the v ( C O ) spectral changes w h i c h result u p o n stereospecific subst i tut ion 

Scheme 3. MO Energy Levels 

H 
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1 0 . D A R E N S B O U R G E T A L . Oxygen Exchange, Ligand Substitution 1 1 7 

of a n equator ia l site w i t h 1 3 C O o n one M o ( C O ) 5 u n i t o n l y ( 4 3 ) . Scheme 
3 places the filled dir orbitals of the t w o M ( C O ) 5 moieties h igher i n 
energy t h a n the filled three-center b o n d i n g M O , as p r o p o s e d b y H a r r i s 
a n d G r a y (44). 

8 0 0 0 -

3 0 0 4 0 0 5 0 0 6 0 0 

Wave leng th (nm) 

Figure 3. Electronic spectra at room temperature in THF of Etj>N+tx-H[M-
(CO)5]2~ species: ( ) M = Cr; ( )M = W 
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F i g u r e 3 contains the l o w energy absorpt ion bands i n the r o o m -
temperature electronic spectra of E t 4 N V H [ M ( C O ) 5 ] 2 ~ ( M — C r or W ) . 
A s n o t e d i n F i g u r e 3, the lowest energy absorpt ion is s ignif icant ly r e d -
shi f ted for the c h r o m i u m der ivat ive . T h i s strong, lowest energy absorpt ion 
b a n d i n the tungsten analog has been assigned to the -> 2a- t ransi t ion. 
S i m i l a r l y , a n assignment of the b a n d at 423 n m (c = 4100) i n the 
c h r o m i u m der iva t ive seems appropr ia te . P o p u l a t i o n of the 2<r l eve l , 
w h i c h is a n t i b o n d i n g w i t h respect to the C r - H - C r l inkage ( the extent of 
a n t i b o n d i n g character of this l e v e l w i l l nevertheless d e p e n d o n the degree 
of d irec t o r b i t a l interact ion be tween the t w o c h r o m i u m atoms (42)), 
s h o u l d fac i l i tate d i m e r d i s r u p t i o n , thereby p r o v i d i n g a photoassisted 
p a t h w a y for r e t u r n i n g to the hexacarbonyl . T h i s is p a r t i c u l a r l y attract ive 
since the l o w energy absorpt ion of fi-H[Cr(CO)5]2~ is i n the v is ib le reg ion 
of the spectrum. 

W e have therefore c a r r i e d out some p r e l i m i n a r y p h o t o c h e m i c a l 
experiments o n E t 4 N V - H [ C r ( C O ) 5 ] 2 ~ i n the presence of C O . A filter 
system w h i c h has its b a n d pass m a x i m u m at 410 n m was used to i r radiate 
into the l o w energy b a n d of / x - H [ C r ( C O ) 5 ] 2 " at 423 n m . T h e q u a n t u m 
efficiency (<£) for the disappearance of the d i m e r was f o u n d to be 0.036 
(dt 0.008) i n T H F solut ion . H o w e v e r , o n l y s l ight ly greater than one mole 
of C r ( C O ) 6 (1.1 ± 0.1) was observed for every m o l e of / x - H [ C r ( C O ) 5 ] 2 -
consumed. S i m i l a r p h o t o c h e m i c a l react ion modes w e r e noted i n a lcohol ic 
solutions. N o other carbonyl - conta in ing p r o d u c t ( s ) have thus far been 
detected i n the react ion; p r e s u m a b l y the [ H C r ( C O ) 5

_ ] component result
i n g f r o m the heterolyt ic d i m e r cleavage undergoes fur ther secondary 
p h o t o c h e m i c a l reactions ( R e a c t i o n 7). I t is therefore qui te c lear that 

^ - H [ C r ( C O ) 5 ] 2 - ^ [ H C r ( C O ) 5 " ] + [ C r ( C O ) 5 ] (7) 

CO 

? C r ( C O ) 6 

photolysis of the ^ - H [ C r ( C O ) 5 ] 2 ' i o n i n the presence of C O w i t h l o n g 
w a v e l e n g t h l ight w i l l not p r o v i d e for a quant i ta t ive p a t h w a y f o r the 
p r o d u c t i o n of C r ( C O ) 6 a n d H 2 . 

Conclusions 

A l t h o u g h deta i led re lat ive cata lyt ic ac t iv i ty data for the use of 
mononuc lear group V I b m e t a l hexacarbonyls vs. m e t a l c a r b o n y l clusters 
(e.g. , C r ( C O ) 6 vs . R u 3 ( C O ) i 2 ) as homogeneous catalysts for the water 
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10. D A R E N S B O U R G E T A L . Oxygen Exchange, Ligand Substitution 119 

gas shift react ion has not been p r o v i d e d i n this c o m m u n i c a t i o n , some 
comparisons be tween the t w o systems are i n order. I n a lka l ine aqueous 
ethoxyethanol solutions (T = 1 0 0 ° C , F c o « 1 a t m ) , C r ( C O ) 6 has been 
observed to be more act ive ( ~ f i v e t imes) t h a n R u 3 ( C O ) i 2 for short 
react ion per iods (45). U n f o r t u n a t e l y , the C r ( C O ) 6 catalyst has a shorter 
l i fe t ime, b e c o m i n g inact ive after 20-25 turnovers . T h e i n i t i a l step i n 
b o t h processes involves n u c l e o p h i l i c attack b y h y d r o x i d e i o n at the c a r b o n 
a tom of a neutra l meta l c a r b o n y l der ivat ive , w i t h a subsequent reac t ion 
l e a d i n g to f o r m a t i o n of anionic meta l c a r b o n y l h y d r i d e species a n d C 0 2 . 
T h e anionic meta l hydr ides v i a react ion w i t h the prot i c solvents eventual ly 
afford h y d r o g e n gas, a n d the catalyt ic cyc le is c o m p l e t e d b y react ion w i t h 
C O . A s t r ik ing difference noted i n the t w o react ion systems is that i n the 
R u 3 ( C O ) i 2 react ion mixture , meta l h y d r i d e f o r m a t i o n is m u c h more r a p i d 
t h a n i n the C r ( C O ) 6 catalyst mixture a n d occurs w i t h l i t t le ( i f a n y ) 
oxygen exchange (45). T h u s , whereas i t has been suggested that reduc
t ive e l i m i n a t i o n of H 2 f r o m H 4 R u 4 ( C O ) 1 2 is the ra te -determining step i n 
the R u 3 ( C O ) i 2 ca ta lyzed process (46), m e t a l h y d r i d e f o r m a t i o n ( [ C r -
( C O ) 5 H ] _ ) can be rate l i m i t i n g i n the p r o d u c t i o n of H 2 f r o m C r ( C O ) 6 

i n the absence of substantial f o r m a t i o n of / x - H [ C r ( C O ) 5 ] 2 " . 
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Catalytic Reductions Using Carbon Monoxide 
and Water in Place of Hydrogen 

R. PETTIT, K. CANN, T. COLE, C. H. MAULDIN, and W. SLEGEIR 

University of Texas at Austin, Austin, TX 78712 

Carbonyl complexes of rhodium, ruthenium, osmium, irid
ium, and platinum, in the presence of H2O and a weak base 
(e.g., trimethylamine), act as catalysts for the conversion of 
propene to a mixture of butanal and methylpropanal; with 
the exception of the platinum system, these catalysts are 
considerably more active than Fe(CO)5 as reported by 
Reppe. Under the same conditions, but in the absence of 
olefin, the carbonyls act as catalysts for the conversion of 
CO and H2O to CO2 and H2. The metal carbonyls, to
gether with Fe(CO)5, in the presence of H2O, CO, and a 
weak base such as Me3N, serve as catalysts for the conver
sion of nitrobenzene, dinitrobenzene, and 2,4- and 2,6-di-
nitrotoluene to the corresponding aminobenzene derivatives. 

/ ^ a r b o n m o n o x i d e is r e a d i l y ava i lab le f r o m l o w - g r a d e carbonaceous 
^ m a t e r i a l s u c h as coal , l igni te , etc., a n d i t is r e a d i l y conce ivable that 
this m a t e r i a l c o u l d p l a y a n increas ingly i m p o r t a n t role i n the energy a n d 
" p e t r o c h e m i c a l " fields as the sources of p e t r o l e u m cont inue to d i m i n i s h . 
I n several cases, s u c h as the F i s c h e r - T r o p s c h synthesis of hydrocarbons 
( I ) a n d the K o c h synthesis of c a r b o x y l i c acids (2), the potent ia l s igni f i 
cance of C O is w e l l recognized , a n d it is very l i k e l y that other n e w uses 
w i l l emerge f o l l o w i n g fur ther research w o r k . I n this chapter w e s h a l l 
discuss our results to date concern ing the use of C O a n d water i n p lace 
of h y d r o g e n as a r e d u c i n g m e d i u m . 

I n p r i n c i p l e , any r e d u c t i o n of a substrate S b y h y d r o g e n to y i e l d 
S H 2 ( R e a c t i o n 1) can be c o n d u c t e d w i t h C O + H 2 0 as i n d i c a t e d i n 
R e a c t i o n 2, a n d for each h y d r o g e n m o l e c u l e i n v o l v e d the latter process 
is a lways a p p r o x i m a t e l y 7 k c a l / m o l more t h e r m o d y n a m i c a l l y favorable . 

0-8412-0429-2/79/33-173-121$05.00/0 
© 1979 American Chemical Society 
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122 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 I I 

S + H 2 -> S H 2 ; F = - x k c a l / m o l (1) 

S + C O + H 2 0 -> S H 2 + C 0 2 ; F = - (x + 7) k c a l / m o l (2) 

T h e k e y p r o b l e m i n the potent ia l use of C O as i n R e a c t i o n 2 is of 
course the des ign of catalysts w h i c h a l l o w the react ion to p r o c e e d at a n 
acceptable rate. Just as h y d r o g e n does not r e a d i l y a d d to most substrates 
( the a d d i t i o n of h y d r o g e n to ethylene, for example, does not occur , a n d 
the react ion is i n fact f o r b i d d e n b y the W o o d w a r d - H o f f m a n n r u l e s ) , a n d 
i n most cases requires in tervent ion of a catalyst, such w i l l also be t rue 
w h e n C O -f- H 2 0 is used. 

Reppe Modification of the Hydroformylation Reaction 

O u r i n i t i a l efforts i n the area of reduct ions w i t h C O + H 2 0 i n v o l v e d 
a s tudy of the m e c h a n i s m of w h a t w e sha l l t e r m the R e p p e m o d i f i c a t i o n 
of the h y d r o f o r m y l a t i o n react ion ( 3 ) . I n the n o r m a l h y d r o f o r m y l a t i o n 
process, the elements of h y d r o g e n a n d C O are a d d e d to a n olef in to 
generate a n a l d e h y d e ( R e a c t i o n 3 ) . I n the R e p p e modi f i ca t ion of this 
process, the same react ion is a c h i e v e d u s i n g C O -f- H 2 0 i n p lace of h y d r o 
gen ( R e a c t i o n 4 ) . I n the n o r m a l process, the catalyst used is u s u a l l y a 

R - C H — C H 2 + 2 C 0 + H 2 0 - » R C H 2 C H 2 C H 0 + C 0 2 (4) 

c a r b o n y l der ivat ive of cobal t or r h o d i u m , whereas i n the R e p p e m o d i f i 
cat ion, i r o n c a r b o n y l i n conjunct ion w i t h a L e w i s or Brons ted base is 
used. A c o m p a r i s o n of the t w o processes reveals several i n t r i g u i n g points 
of interest. T h u s , i n the n o r m a l process w i t h cobal t c a r b o n y l as the 
catalyst, temperatures of 150 ° C or h igher a n d pressures of 3000 p s i are 
used, whereas i n the R e p p e m o d i f i c a t i o n the condi t ions are m u c h less 
severe; 100 ° C temperature a n d 500 p s i of C O pressure are sufficient. 
F u r t h e r m o r e , w h e n F e ( C O ) 5 is used as a catalyst i n the n o r m a l process 
w i t h h y d r o g e n , i t performs very p o o r l y ( 4 ) ; l ikewise , w e find that w h e n 
cobal t c a r b o n y l is used u n d e r Reppe's condit ions i t too performs v e r y 
p o o r l y (zero a c t i v i t y ) . 

T o u n d e r s t a n d the manner i n w h i c h the F e ( C O ) 5 p lus base catalyst 
system uses C O -f- H 2 0 i n place of h y d r o g e n , specula t ing that such an 
u n d e r s t a n d i n g w o u l d be of v a l u e to the des ign of other catalysts capable 
of effecting reduct ions w i t h C O + H 2 0 , w e invest igated the m e c h a n i s m 
of the R e p p e react ion. T h e pert inent results are s u m m a r i z e d b e l o w . 

W e f o u n d that the h y d r o f o r m y l a t i o n react ion strongly d e p e n d e d 
o n the p H of the m e d i u m i n the reactor ( 5 ) . W h e n a n autoclave was 

R - C H = C H 2 + C O + H 2 - » R C H 2 C H 2 C H 0 (3) 
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11. PETTIT ET AL. Catalytic Reductions Using CO and H20 123 

c h a r g e d w i t h ethylene, water , F e ( C O ) 5 , a n d N a 2 C 0 3 u n d e r 500 p s i of 
C O , the F e ( C O ) 5 d i sso lved to f o r m N a H F e ( C O ) 4 a c c o r d i n g to Reac
t i o n 5. T h e f o r m a t i o n of the H F e ( C O ) 4 " a n i o n f r o m F e ( C O ) 5 a n d base 

N a 2 C 0 3 + F e ( C O ) 5 + H 2 0 -> N a H F e ( C O ) 4 + C 0 2 + N a H C 0 3 (5) 

is the o l d a n d wel l -es tab l i shed react ion, a n d the a n i o n is a we l l - charac 
t e r i z e d species (6,7). U p o n complete d isso lut ion of the F e ( C O ) 5 i n 
this manner , the p H of the m e d i u m is a r o u n d 12.0, b u t o n l y w h e n the 
p H drops to the v i c i n i t y of 10.7 (a t t r ibutab le to the react ion of C O + 
O H " -> H C O O " ) does the f o r m a t i o n of p r o p a n o l b e g i n to occur . ( P r o p a -
n a l is the i n i t i a l product , b u t u n d e r the condit ions used i t is r e a d i l y 
r e d u c e d to p r o p a n o l ) . 

I n a s imi lar exper iment i n w h i c h 1,5-cyclooctadiene is used i n p lace 
of ethylene, again , o n l y w h e n the p H drops to about 10.7 is there observed 
i somer iza t ion of 1,5- to 1,3-cyclooctadiene. W h e n the same exper iment is 
r u n w i t h o u t a n y olef in present, t h e n h y d r o g e n begins to appear i n the 
reactor w h e n the p H again reaches a p p r o x i m a t e l y 10.7. 

I n a s imi lar experiment to that descr ibed w i t h ethylene, b u t w i t h 
a d d i t i o n of acetaldehyde, i t is f o u n d that the aceta ldehyde is i m m e d i a t e l y 
r e d u c e d to ethanol at a p H of 12.0, b u t aga in o n l y w h e n the p H is l o w 
ered to 10.7 does the h y d r o f o r m y l a t i o n of ethylene b e g i n to take p lace . 

A p laus ib le explanat ion of this p H dependence is that a s ignif icant 
concentrat ion of H 2 F e ( C O ) 4 begins to f o r m at a p H of about 10.7 a n d 
that this is the species w h i c h initiates the h y d r o f o r m y l a t i o n react ion. 
H 2 F e ( C O ) 4 is k n o w n to be a p o w e r f u l catalyst for the i somer iza t ion of 
olefins ( 8 ) , a n d i t also w o u l d be a sensible candidate for the f o r m a t i o n of 
m o l e c u l a r h y d r o g e n t h r o u g h s imple t h e r m a l d e c o m p o s i t i o n ( 9 ) . T h e 
H F e ( C O ) 4 " a n i o n is not the catalyst for these three reactions; however , 
i t is capable of r e d u c i n g a ldehydes to alcohols . 

W e consider then that the m e c h a n i s m of the R e p p e m o d i f i c a t i o n of 
the h y d r o f o r m y l a t i o n react ion c losely paral le ls that of the n o r m a l process 
as descr ibed b y H e c k a n d B r e s l o w (10). T h e p r i n c i p a l steps are g i v e n 
i n the f o l l o w i n g scheme: 

H 
H 2 F e ( C O ) 4 CO 

C H 2 = C H 2 * C H 3 C H 2 - F e ( C O ) 4 

HFe(CO)"4 

C H 3 C H 2 C H 2 O H 
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124 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 I I 

T h e n o r m a l h y d r o f o r m y l a t i o n react ion a n d the R e p p e m o d i f i c a t i o n 
are mechanis t i ca l ly c losely re la ted ; the k e y po in t w h i c h emerges is that 
i n the latter process i t is easier to f o r m the species H 2 F e ( C O ) 4 f r o m the 
react ion of F e ( C O ) 5 a n d aqueous base t h a n i t is f r o m F e ( C O ) 5 a n d 
m o l e c u l a r h y d r o g e n . F o r this reason, the c o m b i n a t i o n of C O + H 2 0 
provides a superior r e d u c i n g system for the reduct ive a d d i t i o n of C O to 
a n olef in t h a n does m o l e c u l a r h y d r o g e n . 

Other Catalysts for the Hydroformylation Reaction with CO + H20 

T h e f o r m a t i o n of the H 2 F e ( C O ) 4 catalyst descr ibed above p r e s u m 
a b l y occurs v i a n u c l e o p h i l i c attack of h y d r o x y l i o n o n a C O l i g a n d of 
F e ( C O ) 5 w i t h generat ion of the anionic meta l locarboxyl i c a c i d f o l l o w e d 
b y decarboxyla t ion a n d p r o t o n a t i o n ( R e a c t i o n 6 ) . 

0 
O H - O || - C 0 2 O 

( C O ) 4 F e ( C O ) > ( C O ) 4 F e — C — O H > ( C O ) 4 F e H 

1 H + (6) 

H 2 F e ( C O ) 4 

W h e n aqueous amines are u s e d as the base instead of N a 2 C 0 3 , pre 
s u m a b l y the amine rather t h a n h y d r o x y l i o n acts as the a t tack ing nuc leo-
p h i l e ; hydro lys i s of the resu l t ing m e t a l l o c a r b o x y a m i d e der ivat ive t h e n 
affords the meta l locarboxyl i c a c i d 1 ( I I ) . 

These considerations n o w p r o v i d e a gu ide l ine for the deve lopment 
of other potent ia l catalysts for the use of C O -f- H 2 0 i n the h y d r o f o r m y l a 
t i o n of olefins. I f the catalyst is to f u n c t i o n i n the same manner as just 
descr ibed for F e ( C O ) 5 , t h e n a m i n i m u m requirement is that the system 
f o r m a m e t a l c a r b o n y l w h i c h w i l l be r e a d i l y at tacked b y a w e a k base to 
f o r m a n a n i o n analogous to 1. A w e a k base is essential because C 0 2 is 
a n inevi tab le b y - p r o d u c t , a n d o n l y the carbonate salts of w e a k bases 
regenerate the base a n d C 0 2 u p o n heat ing . T h u s , i f the system is to b e 
cata lyt ic i n base as w e l l , t h e n c lear ly o n l y a weak base c a n be used. T h i s 
w o u l d appear to be the c r i t i c a l requirement , for the l i terature indicates 
that meta l locarboxyl i c acids r e a d i l y decarboxylate ( 1 2 ) , a n d the final 
step i n R e a c t i o n 6, the protonat ion of a h y d r i d o m e t a l c a r b o n y l a n i o n , 
w o u l d seem to offer no p r o b l e m p r o v i d e d the catalyst system was not i n 
a h i g h l y basic m e d i u m . 

O f the s imple mononuc lear m e t a l carbonyls , o n l y F e ( C O ) 5 appears 
to be r e a d i l y a t tacked b y a w e a k base w i t h subsequent f o r m a t i o n of 
m e t a l h y d r i d e bonds . W e reasoned that i f the m e t a l c a r b o n y l system 
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11. P E T T I T E T A L . Catalytic Reductions Using CO and H20 125 

c o n t a i n e d the s t ructura l feature s h o w n i n f o r m u l a 2, i.e., a m e t a l - m e t a l 
b o n d system c o n t a i n i n g a b r i d g i n g c a r b o n y l group a n d a t e r m i n a l car
b o n y l l i g a n d , then n u c l e o p h i l i c attack of O H " m i g h t be fac i l i ta ted . T h i s 
w o u l d be a t t r ibutable to the possible d e r e a l i z a t i o n of negat ive charge 
f r o m the meta l a t o m to a n oxygen a t o m t h r o u g h the resonance interac t ion 
i n d i c a t e d i n 3. 

O H " ~ 
M M = C = 0 > M M — C O O H < » M M — C O O H 

\/ v \ / 
c c c 
II II II 
0 0 0 -

These considerations thus p o i n t e d to a large n u m b e r of m e t a l c luster 
c a r b o n y l c o m p o u n d s w h i c h have the s t ructura l features i n d i c a t e d i n 2. 
A s m e n t i o n e d earlier, the decarboxyla t ion of c o m p o u n d s of type 3 to g ive 
m e t a l h y d r i d e s was expected to p r o c e e d easily. 

Several m e t a l cluster systems have n o w been t r i e d i n the h y d r o 
f o r m y l a t i o n react ion of propylene a n d C O + H 2 0 (13 ) , a n d as is seen 
f r o m the data i n T a b l e I, some of t h e m are f o u n d to be m u c h superior to 
F e ( C O ) 5 as catalysts. T h i s is especia l ly true of R h 6 ( C O ) i 6 a n d I r 4 ( C O ) i 2 . 

S ince each of these catalyst systems was expected to p r o c e e d v i a 
intermediate f o r m a t i o n of a m e t a l h y d r i d e a n i o n ( f r o m 3 ) a n d protona
t i o n to a neut ra l d i h y d r o g e n m e t a l species, t h e n i n the absence of a n y 
olefin, each c o u l d be expected to p r o d u c e m o l e c u l a r h y d r o g e n u p o n ther
m a l decomposi t ion . T h a t is, each also s h o u l d be a catalyst for the water 
gas shif t react ion ( R e a c t i o n 7 ) . S u c h was f o u n d to be the case; i n the 

C O + H 2 0 -> C O + H 2 (7) 

last c o l u m n of T a b l e I there is l i s ted the moles of h y d r o g e n p r o d u c e d 
per mole of catalyst used under i d e n t i c a l react ion condit ions as w i t h the 
h y d r o f o r m y l a t i o n react ion except for the omiss ion of olef in. I t is seen 
that each of the catalyst systems used are catalysts for the f o r m a t i o n of 
h y d r o g e n f r o m C O a n d H 2 0 . 

It must be p o i n t e d out that the exact nature of the cata lyt ic species 
has not been establ ished i n the case of the m e t a l c luster c o m p o u n d s 
l i s ted i n T a b l e I. Rearrangement of the a d d e d cluster c o m p o u n d s to 
some other cluster species u n d e r the react ion condit ions is r e a d i l y con
ce ivable , a n d i n several cases, v e r y probab le . 
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126 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 I I 

Table 1. Hydroformylation of Propane 

Experiment" T(°C) 

1 F e ( C O ) 5 110 
2 R h 6 ( C O ) 1 6 125 
3 R u 3 ( C O ) 1 2 100 
4 H 4 R u 4 ( C O ) 1 2 100 
5 O s 3 ( C O ) 1 2 180 
6 H 2 O s 3 ( C O ) 1 0 

180 
7 H 4 O s 4 ( C O ) i 2 180 
8 I r 4 ( C O ) a 2 125 
9 ( B u 4 N ) 2 [ P t 3 ( C O ) 6 ] 5 125 

° A l l experiments run for 10 hr in a 300 mL stirred autoclave containing 0.05 mmol 
of catalyst, 22 mL of 25% aqueous trimethylamine, 78 mL of T H F , 350 psi of CO, 
and 150 psi of propylene. Small amounts of propane were formed in experiments 2, 
5, 6, 7, and 8. 

Reduction of Aromatic Nitro Compounds to Amines 

I n 1925, i n a G e r m a n patent (14), i t was revea led that a l k a l i n e 
solutions of F e ( C O ) 5 w o u l d reduce aromat ic n i t ro c o m p o u n d s to amines 
i n a s toichiometr ic manner . M o r e recently, L a d e n s b e r g a n d co-workers 
(15) have s h o w n that salts of the t r inuc lear a n i o n H F e 3 ( C O ) u " w i l l 
also effect the r e d u c t i o n , a n d W a t a n a b e a n d co-workers (16) have 
o b t a i n e d s i m i l a r results w i t h the m o n o n u c l e a r a n i o n H F e ( C O ) 4 ~ . E a c h 
of these species c o u l d have been f o r m e d u n d e r the condi t ions u s e d i n 
the first report , a n d p r e s u m a b l y one or b o t h w o u l d be the react ive reduc
i n g species. ( H . A l p e r has recent ly s h o w n that F e ( C O ) 5 > i n the presence 
of N a O D / D 2 0 , w i l l convert n i t robenzene into </>ND2; however , the nature 
of the r e d u c i n g species has not been establ ished (17).) 

W i t h H F e ( C O ) 4 " as the r e d u c i n g agent, W a t a n a b e a n d co-workers 
report that the react ion remains s to ichiometr ic rather t h a n cata lyt ic w h e n 
c o n d u c t e d u n d e r a pressure of C O . T h e stoichiometry, however , is most 
r e m a r k a b l e i n that 1 m o l of H F e ( C O ) 4 ~ salt w i l l reduce 1.8 m o l of n i t ro 
benzene to an i l ine . Since, i n terms of electron-transfer r e d u c t i o n , the 
convers ion of n i t robenzene to an i l ine involves six electrons per molecu le , 
t h e n the H F e ( C O ) 4 salt is a c t i n g as a n 11 (10.8) electron-transfer agent. 
I rrespect ive of the exact m e c h a n i s m of the electron-transfer process, 
c lear ly most of these electrons must be p r o v i d e d b y the C O l igands , 
w h i c h i n t u r n become o x i d i z e d to C 0 2 . 

A r a t i o n a l explanat ion of the process w o u l d be a succession of t w o 
electron-transfer steps as i n d i c a t e d i n React ions 8 a n d 9. W i t h complete 
dep le t ion of the C O l igands a n d final ox idat ion of F e ° to F e + + ( R e a c t i o n 
10) , t h e n a to ta l of 12 electrons c o u l d be p r o v i d e d b y F e ( C O ) 5 . 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

97
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
97

9-
01

73
.c

h0
11



11. P E T T I T E T A L . Catalytic Reductions Using CO and H20 127 

and Water Gas Shift with C O + H 2 0 

Water Gas Shift 
Moles of Ch Reaction (Moles 

Aldehyde/Moles n-/Isoaldehyde Ch Aldehyde/ of H2/Moles of 
of Catalyst Ratio Ch Alcohol Catalyst)6 

5.2 1.0 4.5 5 
300 1.4 40 1700 

47 11.5 43 3300 
79 11.0 37 3400 
13 1.9 6.6 270 

6 1.2 - 300 270 
9 1.4 - 3 0 0 400 

250 1.8 - 300 300 
0.5 1.9 — 700 

6 Identical conditions as in (a) expect that the propylene is omitted; a tempera
ture of 150°C was used for experiments 2 and 8. Optimum conditions for each catalyst 
system have not been determined. 

S i m p l e inspec t ion of React ions 8, 9, a n d 10 leads to the c o n c l u s i o n 
that the react ion s h o u l d be m a d e to be cata lyt ic i n F e ( C O ) 5 i f i t w e r e 
c o n d u c t e d u n d e r a C O pressure i n the presence of excess base. T h e 
F e ( C O ) 4 generated as i n R e a c t i o n 8 s h o u l d revert to F e ( C O ) 5 u p o n 
treatment w i t h C O , a n d p r o v i d e d inevi tab le loss of F e ° to F e + + is 
a v o i d e d ( C O does not reduce the ferrous i o n u n d e r m i l d c o n d i t i o n s ) , 
t h e n o n l y cata lyt ic quanti t ies of F e ( C O ) 5 w o u l d be r e q u i r e d . 

T h i s p r e d i c t i o n has been r e a l i z e d . V a r i o u s aromat ic n i t ro c o m 
p o u n d s have been r e d u c e d to the c o r r e s p o n d i n g amines b y treatment at 
25 ° C i n aqueous so lut ion of g l y m e c o n t a i n i n g cata lyt ic quanti t ies of 
F e ( C O ) 5 a n d large amounts of t r i e t h y l a m i n e u n d e r a pressure of 1700 
p s i of C O (18). T o observe catalysis , however , i t was necessary to 
m a i n t a i n the concentrat ion of the oxidant , i.e., the n i t robenzene , l o w at 
a l l t imes. I f this w e r e not done, t h e n r a p i d loss of the C O l igands 
o c c u r r e d ( R e a c t i o n 9) a n d i rrevers ib le f o r m a t i o n of i r o n oxides ( R e a c t i o n 
10) resul ted. T h e concentrat ion of the ox idant was m a i n t a i n e d l o w 
ins ide the reactor vessel s i m p l y b y p u m p i n g i n the n i t robenzene over a 

+ O H -
F e ( C O ) 5 > H F e ( C O ) 4 " - » F e ( C O ) 4 + H + + 2e (8) 

+ O H -
F e ( C O ) m ( M < 4 ) > H F e ( C O ) - M . ! -> F e ( C O ) m . i + H + + 2e (9) 

F e ° -> F e + + + 2e" (10) 
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128 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 I I 

Table II. Catalytic Reductions with F e ( C O ) s 0 

% 
% Fe(CO), 

Nitroarene Remain-
Compound Product Reduced ingb 

N i t r o b e n z e n e (11.0 g) an i l ine 100 95 
m - D i n i t r o b e n z e n e (8.2 g) m-phenylene d iamine 100 12 
2 ,4 -Din i t ro to luene (16.8 g) 2 ,4-diaminotoluene 100 32 
2 ,6 -Din i t ro to luene (9.3 g) 2 ,6-diaminotoluene 100 56 

"Reaction conditions: the nitro compound dissolved in 50 m L of glyme was 
pumped over a 10-12 hr period into a stirred 300 m L reaction vessel containing 120 
mL of glyme, 6g H 2 0 , 30 g of E t 3 N , and 1 g Fe(CO)s. The reaction was run at room 
temperature under 1700 psi of C O . 

6 Determined by I R absorption intensities. 

r e la t ive ly l o n g p e r i o d of t i m e ( a p p r o x i m a t e l y 12 h r ) . E v e n so, some of 
the F e ( C O ) 5 was destroyed a n d a p p e a r e d as oxides of i r o n . T h e p e r t i 
nent da ta are s h o w n i n T a b l e I I . 

I n a separate, noncata ly t i c type of experiment , w e demonstra ted that 
n i t robenzene c o u l d be r a p i d l y r e d u c e d to an i l ine i n a l k a l i n e solutions of 
K H F e ( C O ) 4 m a i n t a i n e d at a p H of 12.0; this i n d i c a t e d that the H F e ( C O ) 4 

a n i o n rather t h a n H 2 F e ( C O ) 4 is capable of effecting the r e d u c t i o n . I n 
o u r earl ier studies d e a l i n g w i t h h y d r o f o r m y l a t i o n ( 1 3 ) , w e have s h o w n 
that several m e t a l c luster species r e a d i l y generate m e t a l h y d r i d e anions 
u p o n treatment w i t h m i l d bases, a n d these were also tested as candidates 
for the cata lyt ic r e d u c t i o n of n i t robenzene to an i l ine w i t h C O -f- H 2 0 as 
the r e d u c i n g agent. T h e results o b t a i n e d are s u m m a r i z e d i n T a b l e I I I . 

Table III. Reduction of Nitrobenzene with C O + H 2 0 

Time Reduction 
Catalyst T (hr) (%) (%) 

R h e ( C O ) 1 6 125 1 100 2 - 6 
R u 3 ( C O ) 1 2 100 2 71 52 
H 4 R u 4 ( C O ) i 2 100 2 73 56 
O s 3 ( C O ) 1 2 180 1 100 < 3 
H 2 O s 3 ( C O ) 1 0 180 1 100 < 3 
H 4 O s 3 ( C O ) 1 2 180 1 100 < 3 
I r 4 ( C O ) i 2 150 10 47 2 - 6 
[ B u 4 N ] 2 [ P t 3 ( C O ) 6 ] 5 125 10 42 < 1 
R e 2 ( C O ) 1 0 180 2 10 < 2 

a Reaction condition: 50.0 mmol of catalyst, 35 g of 25% aqueous trimethylamine, 
and 65 m L of T H F added to a 300-mL pressure reactor. CO (500 psi) was intro
duced and the reactor heated to a temperature indicated in the table. 

& The percent of hydrogen in the gas phase at the end of the reaction. 
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11. P E T T I T E T A L . Catalytic Reductions Using CO and H20 129 

E a c h of the catalysts l i s ted earl ier i n the h y d r o f o r m y l a t i o n reac t ion 
are f o u n d to be catalysts for the r e d u c t i o n of n i t robenzene to an i l ine ; the 
r h o d i u m , o s m i u m , a n d r u t h e n i u m species are p a r t i c u l a r l y effective 
a l t h o u g h w i t h o s m i u m h i g h e r temperatures must be used . ( A . F . M . 
I g b a l p r e v i o u s l y has repor ted that several der ivat ives of r h o d i u m , i n c l u d 
i n g R h 6 ( C O ) i 6 c a n act as catalysts for the r e d u c t i o n of n i t robenzene to 
a n i l i n e u s i n g C O + H 2 0 (19 ) . ) T h e catalysts l i s t ed are also m u c h 
s turdier t h a n was f o u n d i n the case of i r o n c a r b o n y l , a n d i n the exper i 
ments l i s ted i n T a b l e I I I the to ta l a m o u n t of n i t robenzene a n d catalyst 
i n a 1000:1 m o l a r rat io was a d d e d to the react ion at the outset. I n n o 
case was there observed a n y prec ipi ta te of m e t a l oxides or carbonates, 
a n d p r e s u m a b l y m u c h h igher cata lyt ic turnover numbers c o u l d be rea
l i z e d i f the react ion w e r e r u n i n a cont inuous- type reactor. 

I n a d d i t i o n to p r o v i d i n g electrons for the homogeneous t h e r m a l re
d u c t i o n of nitroarenes, the H F e ( C O ) 4 ~ a n i o n is also capable of p r o v i d i n g 
electrons for the r e d u c t i o n of M n 0 2 , C e + I V , a n d other o x i d i z i n g agents 
i n the m o d e of a p r i m a r y c e l l battery. F o r example , the c e l l i n d i c a t e d 
i n F i g u r e 1, i n w h i c h M n 0 2 paste taken f r o m a f lashl ight bat tery a n d 

Anode Cathode 

Figure 1. A simple primary cell with HFe(CO)f acting as the source of 
electrons 
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130 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 I I 

c o n t a i n e d i n a Soxhlet t h i m b l e is i m m e r s e d i n a so lut ion of K H F e ( C O ) 4 

i n water , provides a vol tage of 1.4. P r e s u m a b l y , the react ion o c c u r r i n g at 
the anode is that i n d i c a t e d b y R e a c t i o n 8, b u t w e have not as yet c o n 
firmed this p o i n t . 
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Mechanistic Studies Related to the Metal-
Catalyzed Reduction of Carbon Monoxide to 
Hydrocarbons 

CHARLES P. CASEY and STEPHEN M. NEUMANN 

Department of Chemistry, University of Wisconsin, Madison, WI 53706 

Anionic metal formyl complexes are produced upon reaction 
of K+ HB[OCH(CH3)2]3- with metal carbonyls. The formyl 
compounds can be observed in solution by 1H NMR (14-16 
δ) and have been isolated as stable solids in several cases: 
(CH3CH2)4N+{[3,5-(CH3)2-C6H3O]3P}(CO)3FeCHO- is ki-
netically quite stable but decomposes upon heating to 70°C 
to (CO)4FeH- (Ea = 29.7 ± 2 kcal mol-1). No metal formyl 
compound can be observed in equilibrium with the corre
sponding metal hydride. In contrast, the equilibrium be
tween L(CO)3FeCOCH3- and (CO)4FeCH3- lies entirely on 
the side of the acetyl iron compound. Metal formyl com
pounds can act as hydride donors to ketones, alkyl halides, 
and metal carbonyls. Metal carbene complexes react with 
molecular hydrogen, leading to reductive cleavage of the 
carbene ligand. 

Metal Formyl Complexes 

Ti/Tetal f o r m y l complexes have been p r o p o s e d as i m p o r t a n t intermediates 
i n the meta l -ca ta lyzed r e d u c t i o n of C O b y H 2 (1,2,3,4). W h i l e 

the insert ion of C O into a l k y l a n d a r y l c a r b o n - m e t a l bonds is w e l l k n o w n 
( 5 ) , the inser t ion of C O into a m e t a l - h y d r o g e n b o n d to give a m e t a l 
f o r m y l complex has not been observed. ( T h e in termediacy of m e t a l 
f o r m y l c o m p o u n d s i n the subst i tut ion reactions of m e t a l h y d r i d e s has 
been considered. ) T o ascertain the reasons for the f a i l u r e to observe m e t a l 
f o r m y l complexes i n the reactions of meta l hydr ide s w i t h C O , w e h a v e 
d e v e l o p e d a n e w synthesis of m e t a l f o r m y l complexes a n d have s tudied 
their propert ies . 

0-8412-0429-2/79/33-173-131$05.00/0 
© 1979 American Chemical Society 
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132 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 I I 

C 
I 

M — H 

meta l h y d r i d e meta l f o r m y l 

Synthesis and N M R Observation of Metal Formyl Complexes. A t 
the outset of our research, the o n l y reported meta l f o r m y l complex was 
[ ( C 6 H 5 ) 3 P ] 2 N + ( C O ) 4 F e C H O - , w h i c h h a d been p r e p a r e d b y C o l l m a n a n d 
W i n t e r i n 1973 (9 ) f r o m acetic f o r m i c a n h y d r i d e a n d N a 2 F e ( C O ) 4 . 
A t t e m p t s to extend this synthetic route to the prepara t ion of m e t a l f o r m y l 
complexes f r o m ( C 5 H 5 ) F e ( C O ) 2 - , C r ( C O ) 5 - 2 , ( C 6 H 5 ) 3 P M n ( C O ) 4 - , a n d 
[ ( C 6 H 5 ) 3 P ] 2 M n ( C O ) 3 - u n i f o r m l y met w i t h fa i lure ( 1 0 ) . 

W e have d e v e l o p e d a n e w synthesis of meta l f o r m y l c o m p o u n d s f r o m 
the a d d i t i o n of meta l t r ia lkoxyborohydr ides to meta l carbonyls (10,11). 
T h e f o r m y l p r o t o n character is t ical ly appears at very l o w f ie ld , 14-16 8, i n 
the * H N M R spectrum of meta l f o r m y l complexes. T h i s l o w field reso
nance has a l l o w e d us to r a p i d l y survey the reactions of t r ia lkoxyboro
h yd r ides w i t h a series of meta l carbonyls . In i t i a l ly , N a + H B ( O C H 3 ) 3 " was 
used as the b o r o h y d r i d e r e d u c i n g agent, b u t w e have subsequently f o u n d 
that K + H B ( 0 - i - P r ) 3 " is a more r a p i d a n d effective h y d r i d e donor (10). 
W e have obta ined N M R evidence for the f o r m a t i o n of m e t a l f o r m y l 
complexes i n the reactions of K + H B ( 0 - i - P r ) 3 - w i t h F e ( C O ) 5 (14.9 8 ) ; 
( C 6 H 5 0 ) 3 P F e ( C O ) 4 (14.8 8, d , / — 4 4 ) ; ( C 6 H 5 ) 3 P F e ( C O ) 4 (15.5 8, d , 
/ = 2 4 ) ; C r ( C O ) 6 (15.2 8) ; W ( C O ) G (15.9 8) ; a n d R e 2 ( C O ) 1 0 (16.0 
8) . I n some cases w e have isolated the meta l f o r m y l complexes. I n other 
cases, such a C r ( C O ) 6 , the m a x i m u m observed convers ion to ( C O ) 5 C r -
C H O ~ was 7 6 % after 25 m i n at r o o m temperature , a n d the f o r m y l c o m p l e x 
u n d e r w e n t subsequent decompos i t ion w i t h a ha l f - l i f e of 40 m i n at r o o m 
temperature . 

Isolation of Stable Metal Formyl Complexes. T o date w e have iso
la ted a n d character ized the f o l l o w i n g stable m e t a l f o r m y l complexes : 
[ ( C 6 H 5 ) 3 P ] 2 N + ( C O ) 4 F e C H O - , ( C H 3 C H 2 ) 4 N + [ ( C 6 H 5 0 ) 3 P ] ( C O ) 3 F e C H O - , 
( C H 3 C H 2 ) 4 N + [ ( 3 , 5 ( C H 3 ) 2 C 6 H 3 0 ) 3 P ] ( C O ) 3 F e C H O " , a n d ( C H 3 C H 2 ) 4 -
N + ( C O ) 9 R e 2 C H O - . 

Kinetic Stability of Metal Formyl Complexes. M e t a l f o r m y l c o m 
plexes have approximate ly the same k inet ic s tabi l i ty as the corresponding 
m e t a l ace ty l complexes. T h e r m a l decompos i t ion of ( C H 3 C H 2 ) 4 N + [ ( C 6 -
H 5 0 ) 3 P ] ( C O ) 3 F e C H O - i n T H F at 6 5 ° C gives a m i x t u r e of t w o m e t a l 
h y d r i d e s i n a 4 :1 ra t io : ( C O ) 4 F e H " , f o r m e d b y loss of phosphi te a n d 

M — C 

0 

H 
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12. C A S E Y A N D N E U M A N N Mechanistic Studies 133 

h y d r i d e m i g r a t i o n , a n d [ ( C 6 H 5 0 ) 3 P ] ( C O ) 3 F e H ' , f o r m e d b y loss of C O 
a n d h y d r i d e m i g r a t i o n . T h e decarbonyla t ion of the re la ted t r i - ( 3 , 5 - d i -
m e t h y l p h e n y l ) p h o s p h i t e complex ( C H 3 C H 2 ) 4 N + [ ( A r O ) 3 P ] ( C O ) 3 F e C H O -
proceeded b y exclusive loss of phosphi te to give ( C O ) 4 F e C H O ~ a n d 
( A r O ) 3 P as the on ly observed products . 

[ ( C 6 H 5 0 ) 8 P ] ( C O ) 3 F e C H O - -> ( C O ) 4 F e H " + [ ( C 6 H 5 0 ) 3 P ] ( C O ) 3 F e H ~ 

(1) 

[ ( A r 0 3 P ] ( C O ) 3 F e C H O " -> ( C O ) 4 F e H " + ( A r O ) 3 P (2) 

A deta i led k ine t i c s tudy of R e a c t i o n 2 was c a r r i e d out. T h e rate of 
f o r m a t i o n of meta l h y d r i d e f r o m meta l f o r m y l complex was f o l l o w e d b y 
* H N M R . F i r s t -order kinet ics w e r e observed for R e a c t i o n 2 to more t h a n 
t w o half - l ives , i n d i c a t i n g that the rate of react ion was independent of the 
concentrat ion of phosphi te . I n re lated experiments w e have f o u n d that 
the i n i t i a l rate of R e a c t i o n 2 is independent of a d d e d phosphi te . O n l y the 
phosphorus -conta in ing species s h o w n i n R e a c t i o n 2 w e r e observed b y 
3 1 P N M R . T h e ha l f - l i f e for decompos i t ion of ( C H 3 C H 2 ) 4 N + [ ( A r O ) 3 P ] -
( C O ) 3 F e C H O - i n T H F at 6 7 . 3 ° C was f o u n d to be 1.1 hr . M e a s u r e m e n t 
of the rate of decompos i t ion of the m e t a l f o r m y l c o m p l e x over the 
temperature range 4 7 ° - 7 9 ° C gave an ac t iva t ion energy for the process 
of 29.7 ± 2 k c a l / m o l . ( A t f + = 29.0 ± 1.5 k c a l , A S + — 7.9 ± 6.1 eu 
at 6 3 ° C ) . 

T h e m e c h a n i s m of R e a c t i o n 2 is thought to p r o c e e d b y rate-deter
m i n i n g phosphi te dissociat ion f o l l o w e d b y r a p i d h y d r i d e m i g r a t i o n f r o m 
the f o r m y l carbon to i r o n . A n a l o g o u s mechanisms for the d e c a r b o n y l a t i o n 
of m e t a l a c y l complexes have been demonstrated ( 5 ) . T h e fact that the 
rate of R e a c t i o n 2 is independent of phosphi te concentrat ion indicates 
either that m i g r a t i o n of h y d r i d e f r o m the f o r m y l group to the m e t a l i n 
the coordinat ive ly unsaturated intermediate is either m u c h faster t h a n 
capture of the intermediate b y phosphi te or that m i g r a t i o n of h y d r i d e 
f r o m the f o r m y l group to the m e t a l is concerted w i t h the loss of phosphi te 
f r o m start ing mater ia l . 

C O 0 

fast 

( C O ) 4 F e H " + ( A r O ) 3 P 
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134 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 I I 

T h e corresponding acety l i r o n complex [ ( A r O ) 3 P ] ( C O ) 3 F e C O C H 3 ~ 
does not decarbonylate u n d e r the react ion condit ions since the ace ty l 
c o m p o u n d s are great ly f a v o r e d t h e r m o d y n a m i c a l l y re lat ive to the m e t h y l 
i r o n c o m p o u n d ( C O ) 4 F e C H 3 " . H o w e v e r , the phosphi te exchange of the 
ace ty l complex proceeds v i a a coord ina t ive ly unsaturated intermediate 
very s imi lar to that proposed i n the ra te -determining step of the d e c o m p o 
si t ion of the m e t a l f o r m y l complex . T h e rate of exchange of ( C 6 H 5 0 ) 3 P 
exchange w i t h [ ( A r O ) 3 P ] ( C O ) 3 F e C O C H 3 ~ ( R e a c t i o n 3) was measured 

( C c H s O ) 3 P + [ ( A r O ) 3 P ] ( C O ) 3 F e C ^ v 

C H 3 

( C O ) 8 F e (3) 

C H 3 

A a r O ) 3 P + [ ( C c H s O ) 3 P ] ( C O ) 3 F e C 

0 

* C H 3 

b y 3 1 P N M R . P r e l i m i n a r y k ine t i c data indicate that the rate of R e a c t i o n 
3 is about 20 t imes s lower than the rate of decompos i t ion of m e t a l f o r m y l 
complex i n R e a c t i o n 2 (k inet ics of the l i g a n d exchange react ion of 
L ( C O ) 3 F e C O C 6 H 5 - have been measured (12 ) . ) T h u s , the f o r m y l g r o u p 
a n d the ace ty l group affect the l a b i l i t y of phosphi te l igands i n these i r o n 
complexes i n very s imi lar w a y s . 

Equilibrium between Metal Formyl Complexes and Metal Hydrides. 
N o w that w e have a n efficient route to m e t a l f o r m y l complexes, w e c a n 
s tudy the t h e r m o d y n a m i c s tabi l i ty of these complexes. W e have f o u n d 
that m e t a l formyls are m u c h less t h e r m o d y n a m i c a l l y stable t h a n the 
corresponding m e t a l hydr ides . T h u s , m e t a l f o r m y l species have never 
been observed i n the reactions of m e t a l h y d r i d e s w i t h C O because of the 
t h e r m o d y n a m i c ins tab i l i ty of the f o r m y l complexes a n d not because of 
the ir k ine t i c ins tabi l i ty . 

T h e e q u i l i b r i u m b e t w e e n ( C H 3 C H 2 ) 4 N + [ ( A r O ) 3 P ] ( C O ) 3 F e C H O -
a n d ( C H 3 C H 2 ) 4 N + ( C O ) 4 F e H - was s tudied b y 270 M H z X H N M R . A t 
e q u i h b r i u m , even i n the presence of 1 . 5 M ( A r O ) 3 P , there was no observ-
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12. C A S E Y A N D N E U M A N N Mechanistic Studies 135 

able m e t a l f o r m y l complex . S ince 1 % of the m e t a l f o r m y l c o m p o u n d 
c o u l d have been detected, a l i m i t o n the e q u i l i b r i u m constant for Reac
t i o n 4 c a n be es t imated: K e q = { [ ( A r O ) 3 P ] ( C O ) 3 F e C H O - } / [ ( C O ) 4 F e H - ] -
[ ( A r O ) 3 P ] < 1.7 X 1 0 " 2 M _ 1 . T h i s corresponds to a free energy difference 
of at least 3.1 k c a l m o l " 1 i n favor of the m e t a l h y d r i d e . I n contrast, the 
e q u i l i b r i u m b e t w e e n [ ( A r O ) 3 P ] ( C O ) 3 F e C O C H 3 - a n d ( C O ) 4 F e C H 8 " 
+ ( A r O ) 3 P strongly favors the a c y l i r o n c o m p o u n d . 

( C O ) 4 F e H - + ( A r O ) 3 P ^ ± [ ( A r O ) 3 P ] ( C O ) 3 F e C H O " (4) 

T h e greatly different t h e r m o d y n a m i c stabilit ies of m e t a l a c y l a n d 
m e t a l f o r m y l c o m p o u n d s is p r o b a b l y a t t r ibutable to the greater strength 
of the M - H b o n d (est imated 50-60 k c a l m o l " 1 ) c o m p a r e d w i t h the M - C 
b o n d (est imated 30-40 k c a l m o l " 1 ) . W e are n o w a t tempt ing to measure 
the heat of react ion for the convers ion of a m e t a l - f o r m y l c o m p o u n d to a 
m e t a l h y d r i d e . T h i s w i l l a l l o w a m u c h better estimate of the energy 
difference be tween a meta l f o r m y l c o m p l e x a n d a meta l h y d r i d e since the 
energy difference was too large to measure b y e q u i l i b r a t i o n of the species. 

Hydride Transfer Reactions of Metal Formyl Complexes. W e have 
f o u n d that meta l f o r m y l complexes can act as h y d r i d e donors to electro-
phi les s u c h as ketones, a l k y l hal ides, a n d m e t a l carbonyls . Et^Wtrans-
[ ( C 6 H 5 0 ) 3 P ] ( C O ) 3 F e C H O " reacts w i t h 2-butanone overnight at ambient 
temperature to g ive a 9 5 % y i e l d of 2 -butanol . T h e poss ib i l i ty that 2-buta
none is r e d u c e d b y ( C O ) 4 F e H " f o r m e d i n s i tu f r o m decompos i t ion of the 
m e t a l f o r m y l complex is e x c l u d e d since the m e t a l f o r m y l complex reacts 
w i t h 2-butanone m u c h faster t h a n i t decomposes to ( C O ) 4 F e H " a n d 
since no react ion be tween ( C O ) 4 F e H " a n d 2-butanone was observed b y 
I R spectroscopy. 

R e a c t i o n of a T H F solut ion of E t 4 N + [ ( C 6 H 5 0 ) 3 P ] ( C O ) 3 F e C H O " 
w i t h C F 3 C 0 2 H (10 equivalents ) l e d to the f o r m a t i o n of 2 7 % C H 3 O H 
a n d no observable f o r m a l d e h y d e ( < 5 % ) . M e t h a n o l m i g h t arise f r o m a c i d 
c leavage of the m e t a l f o r m y l complex to give f o r m a l d e h y d e , w h i c h is 
subsequent ly r e d u c e d to m e t h a n o l b y h y d r i d e donat ion f r o m a second 
equiva lent of meta l f o r m y l complex . A l t e r n a t i v e l y , m e t h a n o l c o u l d arise 
v i a O - p r o t o n a t i o n to give a hydroxycarbene complex , w h i c h is subse
q u e n t l y r e d u c e d to a h y d r o x y m e t h y l complex b y a second equivalent of 
m e t a l f o r m y l complex . C l e a v a g e of the h y d r o x y m e t h y l complex b y a c i d 
w o u l d give methanol . E i t h e r of the t w o routes leads to a m a x i m u m 5 0 % 
y i e l d of methanol . 

C o l l m a n a n d W i n t e r have repor ted that [ ( C 6 H 5 ) 3 P ] 2 N + ( C O ) 4 F e C H O -
reacts w i t h 1-iodo-octane to give octane ( 7 5 % ) a n d a trace of n o n a n a l ; 
octane f o r m a t i o n was a t t r ibuted to decarbonyla t ion of [ ( C 8 H i 7 ) ( C H O ) -
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136 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 I I 

0 
H + || l H + 

> C > > C H 3 O H 
/ \ 

H H 4v 

E t 4 N * [ ( C 0 H 5 O ) 3 P ] ( C O ) 3 F e - C 
: 0 

H + 

H 

0 - H 0 H -
/ 1 * 

[ ( C 6 H 5 0 ) 3 P ] ( C O ) 3 F e = C — > [ ( C c H 5 0 ) 3 P ] ( C O ) 3 F e - C H 2 

F e ( C O ) 4 ] , f o l l o w e d b y h y d r i d e m i g r a t i o n a n d r e d u c t i v e e l i m i n a t i o n of 
octane ( 9 ) . W e have f o u n d that E t 4 N + f m r w - [ ( A r O ) 3 P ] ( C O ) 3 F e C H O -
( A r = 3 ,5 -d imethy lphenyl ) reacts w i t h n - C 7 H i 5 I w h e n st i rred overnight 
at ambient temperature i n T H F to g ive n - C 7 H i 6 ( 7 1 % ) a n d ( C O ) 4 F e P -
( O A r ) 3 ; less than 0 . 2 % n - C 7 H i 5 C H O was observed. S ince f o r m y l c o m 
plexes appear to f u n c t i o n as h y d r i d e donors, w e propose that heptane is 
f o r m e d b y n u c l e o p h i l i c d isplacement of i o d i d e b y the f o r m y l h y d r o g e n 
a tom. 

Transformylation Reactions. M e t a l f o r m y l complexes can transfer 
h y d r i d e to m e t a l c a r b o n y l compounds to p r o d u c e n e w m e t a l f o r m y l c o m 
plexes. These " t r a n s f o r m y l a t i o n " reactions can be u s e d to determine the 
relat ive s tabi l i ty of a series of m e t a l f o r m y l complexes. T h e reac t ion of 
E t 4 N + [ ( C 6 H 5 0 ) 3 P ] ( C O ) 3 F e C H O - w i t h R e 2 ( C O ) 1 0 i n T H F - 4 was f o l 
l o w e d b y * H N M R . T h e characterist ic double t at 14.9 8 caused b y the 
i r o n f o r m y l complex is r a p i d l y rep laced b y a singlet at 16.04 8 a t t r ibuted 
to E t 4 N + d s - ( C O ) 9 R e 2 C H O ~ , f o r m e d i n 8 2 % y i e l d as d e t e r m i n e d b y 
N M R integrat ion. ( C O ) 4 F e [ P ( O C 6 H 5 ) 3 ] was detected b y I R as a co-
p r o d u c t of the react ion. 

T h e r h e n i u m f o r m y l complex was i n d e p e n d e n t l y synthesized b y 
react ion of K + H B ( C M - P r ) 3 " w i t h R e 2 ( C O ) i 0 i n T H F at 0 ° C , f o l l o w e d b y 
aqueous basic w o r k u p a n d ca t ion exchange w i t h E t 4 N + B r " . I t was re-
c rys ta l l i zed f r o m T H F - h e x a n e , a n d isolated i n 3 2 % y i e l d as a y e l l o w , 
air-stable so l id . 

T r a n s f o r m y l a t i o n reactions be tween various m e t a l f o r m y l a n d m e t a l 
c a r b o n y l c o m p o u n d s indicate the f o l l o w i n g order of s tabi l i ty of f o r m y l 
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12. C A S E Y A N D N E U M A N N Mechanistic Studies 137 

complexes re lat ive to the ir m e t a l c a r b o n y l precursors : [ ( C 6 H 5 ) 3 P ] 2 N + -
( C O ) 4 F e C H O - > E t 4 N + ( C O ) 9 R e 2 C H O - > E t 4 N + f m r w - [ ( C 6 H 5 0 ) 3 P ] ( C O ) 3 -

F e C H O " . T h e poss ib i l i ty that these transformylat ions p r o c e e d v i a 
decarbonyla t ion to g ive a m e t a l h y d r i d e , w h i c h then transfers h y d r i d e to 
a m e t a l c a r b o n y l , is e x c l u d e d since the reac t ion of E t 4 N + [ ( C 6 H 5 0 ) 3 P ] -
( C O ) 3 F e C H O - w i t h R e 2 ( C O ) i 0 or F e ( C O ) 5 is faster t h a n its d e c o m 
pos i t ion to ( C O ) 4 F e H " a n d since E t 4 N + ( C O ) 4 F e H " does not react w i t h 
R e 2 ( C O ) i o or ( C O ) 4 F e P ( O C 6 H 5 ) 3 u n d e r the react ion condit ions . 

[ ( C 6 H 5 0 ) 3 P ] ( C O ) 3 F e C H O " + R e 2 ( C O ) 1 0 

It 
( C 6 H 5 0 ) 3 P F e ( C O ) 4 + ( C O ) 9 R e 2 C H O - + F e ( C O ) 5 

It 
R e 2 ( C O ) i 0 + ( C O ) 4 F e C H O " 

Hydrogenation of Metal Carbene Complexes 

W e have s tudied the react ion of m o l e c u l a r h y d r o g e n w i t h t ransi t ion-
m e t a l carbene complexes as a m o d e l for the te rminat ion step i n the 
synthesis of hydrocarbons a n d alcohols f r o m C O a n d h y d r o g e n ( 1 3 ) . 

H R ' 

W e have f o u n d that react ion of ( C O ) 5 W C ( C 6 H 5 ) 2 w i t h H 2 (69 a t m ) 
at 1 0 0 ° C gives C H 2 ( C 6 H 5 ) 2 i n 4 0 % y i e l d . U n d e r these condit ions , 
( C O ) 5 W C ( C 6 H 5 ) 2 undergoes r a p i d C O dissociat ion as s h o w n b y 1 3 C O 
exchange studies. S i m i l a r l y ( C O ) 5 W C ( O C H 3 ) C 6 H 5 reacts w i t h H 2 (1.8 
a t m ) at 1 4 0 ° C to give m e t h y l b e n z y l ether i n 9 2 % y i e l d . A l k e n e s a n d 
ketones present as s ide-chain groups i n the metal-carbene complexes are 
not r e d u c e d u n d e r these react ion condit ions . 

A p p a r e n t l y , the react ion does not i n v o l v e a m e t a l h y d r o g e n a t i o n 
catalyst b u t involves a s toichiometr ic react ion of m o l e c u l a r h y d r o g e n w i t h 

C e H 5 C e H 5 

( C O ) 5 W = / H a > C H , 

\ 
C e H s 

2 

C 6 H 5 
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12. C A S E Y A N D N E U M A N N Mechanistic Studies 139 

a coord ina t ive ly unsaturated meta l carbene complex. T h i s impl ies that 
pho tochemica l hydrogena t ion of carbene complexes can be accompl i shed 
under m i l d condi t ions since photolysis of the meta l carbene complex can 
lead to the same coord ina t ive ly unsaturated intermediate . P r e l i m i n a r y 
experiments indica te that pho tochemica l hydrogenat ion can occur b e l o w 
r o o m temperature. 
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Carbon Monoxide-Metal Oxide Interactions 

Surface Site Requirements for 
Electron Transfer Processes 

KENNETH J. KLABUNDE, RICHARD A. KABA, 
and RUSSELL M. MORRIS 

Department of Chemistry, University of North Dakota, Grand Forks, ND 58202 

Electron transfer from metal oxide surfaces to CO can be 
quite facile, occurring at room temperature. This process 
can be important as an initial CO activation step in metal 
oxide catalyzed reduction schemes. We have attempted to 
clarify what types of metal oxides interact (MO + CO -> 
MO+ . . . CO-.) with CO in this way, and what surface 
features these active metal oxides possess. Only MgO, CaO, 
SrO, BaO, and ThO2 were electron transfer active. These 
oxides have in common the possession of both Lewis basic 
sites and one electron reducing site. It appears that CO is 
first adsorbed on Lewis base sites followed by slow migra
tion to electron transfer reducing sites. The studies leading 
to this conclusion are discussed. 

A ctive Sites on Metal Oxides for Electron Transfer Processes. N u m e r o u s 
studies have appeared throughout the l i terature d e a l i n g w i t h E S R 

studies of paramagnet i c centers generated o n meta l ox ide surfaces b y a 
var ie ty of methods. Scheme 1 summarizes some of this w o r k b u t is 
l i m i t e d to M g O , w h i c h serves as a n i l lus t ra t ive example . H i g h energy 
r a d i a t i o n (neutrons or y-rays) cause m a n y crysta l l ine defects w h e r e 
electrons can be t r a p p e d to f o r m paramagnet ic F or F ' centers ( b u l k 
defects) a n d S or S ' centers (surface defects) ( I ) . T h e F a n d S 
centers are " m e t a l excess" sites caused b y the presence of a n a n i o n 
v a c a n c y a n d then electron t r a p p i n g . T h e r e are corresponding V centers, 
w h i c h are cat ion vacancies that t rap posi t ive holes. It is p r o b a b l e that 

0-8412-0429-2/79/33-173-140$05.00/0 
© 1979 American Chemical Society 
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13. K L A B U N D E E T A L . CO-Metal Oxide Interactions 141 

Scheme 1. Paramagnetic Centers Generated on MgO 

M g O 

C O 

less energy is r e q u i r e d to f o r m a cat ion vacancy ( l e a d i n g to V centers) 
t h a n a n i o n vacancies ( l e a d i n g to S a n d F centers) (1). 

T h e chemistry of the t r a p p e d electron centers (S a n d F ) has been 
s tudied extensively w i t h a d d e d smal l molecules . I n par t i cu lar , o x y g e n 
a d d i t i o n has been s tudied i n some deta i l (2,3). M a n y m e t a l oxides other 
than M g O have been s tudied s i m i l a r l y (4-10). Ex tens ive w o r k has s h o w n 
that O " - , 0 2 ~ - , a n d 0 3 ' - can be obta ined b y interac t ing the F a n d S 
centers w i t h N 2 0 ( 3 ) , 0 2 , a n d N 2 0 ( w i t h 0 2 ~- present) respect ively (11, 
12,13). T h e O " - species is p r e p a r e d p a r t i c u l a r l y w e l l b y U V i r r a d i a t i o n 
of M g O i n the presence of H 2 ( 3 ) , f o l l o w e d b y N 2 0 a d d i t i o n . F u r t h e r 
more, several groups have b e g u n investigations of the chemistry of the 
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142 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 I I 

O " ' species f r o m the aspect of surface a n i o n - m o l e c u l e reactions (14 ,15) . 
I n par t i cu lar , a lkane dehydrogenat ion b y O - - o n M g O (14) a n d ethylene 
a n d ethylene oxide to f o r m H 2 C = C ~ - a n d H 2 C — C H 2 0 " radica ls have 
b e e n s t u d i e d (15,16). 0 2 , C O , a n d ethylene f o r m 0 3 ~ - , C 0 2 " - , a n d 
C 2 H 4 ~ - a c c o r d i n g to N a c c a c h e (16). T h e r e is m u c h fasc inat ing chemis try 
s t i l l to be invest igated r e g a r d i n g these k i n d s of interact ions. 

A n u m b e r of other molecules have been a l l o w e d to interact w i t h the 
F a n d S centers. E v e n C 0 2 c a n be r e d u c e d b y the centers (17,18,19). 
S i m i l a r l y , t h e r m a l l y act ivated a n d U V - a c t i v a t e d M g O exposed to S 0 2 

causes the f o r m a t i o n of t w o different S 0 2 ~ - radicals ( 2 0 ) . A l s o , H 2 S 2 ~ -
can be f o r m e d b y a d d i t i o n of H 2 S to U V - a c t i v a t e d M g O (21). T h u s , i t 
appears that the chemistry of O " - o n M g O a n d F a n d S centers o n M g O 
or other oxides are r i c h areas for investigations, a n d E S R is a p o w e r f u l 
too l to use i n these studies (22). 

G e n e r a l l y , i t appears that U V - a c t i v a t e d M g O is s imi lar i n chemis try 
to y - ray or n e u t r o n - b o m b a r d e d M g O (or other o x i d e s ) , a l t h o u g h there 
is s t i l l r o o m for more deta i led studies r e g a r d i n g U V w a v e l e n g t h d e p e n d 
ence a n d " q u a n t u m y i e l d " studies. H o w e v e r , there are gross differences 
b e t w e e n the act ive sites o n M g O generated t h e r m a l l y ( n o n p a r a m a g n e t i c ) 
a n d those generated b y i r r a d i a t i o n techniques (paramagnetic) . T h e r m a l l y 
generated sites are s t i l l " r e d u c i n g sites" i n the sense that e lectron transfer 
to a d d e d molecules takes place . A t the same t ime, however , b a c k b o n d i n g 
or back donat ion can a l l o w the r e d u c e d molecule to d r a i n back charge 
densi ty to the oxide surface b u t s t i l l m a i n t a i n a paramagnet ic b o n d i n g 
p ic ture . These act ive sites, whatever they look l ike , are selective. T h u s , 
0 2 does not react w i t h t h e r m a l l y generated act ive sites o n M g O to y i e l d 
paramagnet i c species ( 1 , 2 3 ) , nor does C 0 2 f o r m paramagnet ic species 
w h e n exposed to t h e r m a l l y act ivated M g O , a l t h o u g h C 0 2 is adsorbed 
( n o n p a r a m a g n e t i c a l l y ) at r o o m temperature to the extent of near m o n o 
layer coverage (1). 

I n a fasc inat ing paper , T e n c h a n d N e l s o n discuss t h e r m a l l y generated 
act ive sites o n M g O , a n d their e lectron transfer to adsorbed ni t ro c o m 
p o u n d s to f o r m paramagnet ic an ion radicals ( 24 ) . A c c o r d i n g to p r o t o n 
s p l i t t i n g anisotropy, i t was c o n c l u d e d that n i t robenzene lies flat o n the 
M g O surface after accept ing the electron. These authors discuss three 
possibi l i t ies for the m e c h a n i s m of the electron transfer, or i n p a r t i c u l a r 
the exact surface site r e q u i r e d . T h e y repor ted that adsorpt ion of H 2 0 or 
C 0 2 ( n o n p a r a m a g n e t i c a l l y ) comple te ly inhib i t s the electron transfer to 
ni tro compounds . T h e y consider three site poss ib i l i t ies : (1 ) t ransi t ion 
m e t a l i m p u r i t y ions; (2 ) electrons t r a p p e d at in tr ins ic defects ( F or S 
centers ) ; a n d (3 ) latt ice oxygen ions o n the surface. T h e y reject (1 ) 
because of the very l o w concentrations of t ransi t ion m e t a l ions vs. spins 
observed a n d (2 ) because F a n d S centers are E S R observable a n d 
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13. K L A B U N D E E T A L . CQ-Metdl Oxide Interactions 143 

essentially none are present o n t h e r m a l l y ac t ivated M g O . T h e y c o n c l u d e 
that (3 ) is the mechanism, w h i c h means that a n O r i o n must g ive u p one 
e lectron to the ni t ro c o m p o u n d . N o w the react ion O r O " + e " * s 

exothermic i n the gas phase b y ~ 6.5 e V (24,25,26), b u t i n the M g O 
latt ice the 0 = i o n should be great ly s tab i l i zed b y the c o u l o m b i c field. 
T h u s , the ease w i t h w h i c h O r gives u p a n electron w i l l d e p e n d greatly 
o n its degree of coordinat ion . T e n c h a n d N e l s o n conc lude that i f the 
c o o r d i n a t i o n of the 0 = i o n is correct, then c o m p o u n d s of e lectron affinity 
of 0.7 or greater can accept an electron ( s u c h as ni tro c o m p o u n d s ) , b u t 
molecules of < 0.5 e V ( s u c h as 0 2 ) cannot (24). 

T h u s , i n t h e r m a l l y act ivated M g O , a n d p r e s u m a b l y i n other oxides 
t h e r m a l l y act ivated that do not show F a n d S centers, w e have a c o m 
ple te ly different t y p e of act ive center t h a n i n i r rad ia te d samples ( F a n d 
S u n p a i r e d electron centers) . W h a t does this t h e r m a l l y generated act ive 
site look l ike? A n d w h a t does the " h o l e " left b e h i n d look l ike? V e r y 
l i t t le has been established c o n c e r n i n g these questions, except that i t is 
v e r y i m p r o b a b l e that t ransi t ion meta l impur i t i es p l a y a role (23,24,27, 
28,29). 

Electron Transfer to C O from Thermally Activated M g O and T h 0 2 . 
T h e classic w o r k of L u n s f o r d a n d Jayne i n 1966 first s h o w e d that C O 
adsorpt ion o n thermal ly act ivated M g O y i e l d e d a paramagnet ic species 
(30). T h i s paper reported that C O interacts i n such a w a y as to p r o d u c e 
a r a d i c a l w i t h u n i a x i a l anisotropy of the g factor, a n d w i t h b o n d i n g 
s imi lar to that be l i eved to exist i n m e t a l carbonyls (s t rong 7r-acceptor 
character is t ic of C O ) . T h e y observed values of 2.0021 for g u a n d 2.0055 
for gjL. It was p r o p o s e d that the r a d i c a l f o r m e d was ac tua l ly neutra l or 
even s l ight ly posi t ive o w i n g to the strong donat ion of a n electron p a i r to 
the M g O , a n d r e c e i v i n g i n re turn an electron i n an a n t i b o n d i n g ir o rb i ta l . 
F u r t h e r , L u n s f o r d a n d Jayne (30) b e l i e v e d that i r o n i o n impur i t i es w e r e 
necessary a n d were re lated to the electron transfer process ( c u r r e n t l y 
this is thought not to be true ( 2 7 ) . 

B r e y a n d co-workers extended these studies to t h e r m a l l y ac t ivated 
T h 0 2 , a n d observed several paramagnet i c species after C O a d d i t i o n ( 2 9 ) . 
These authors out l ine several models for the adsorpt ion process, as 
descr ibed i n Scheme 2. T h e y bel ieve that ( A ) is f o r m e d b y C O adsorp
t i o n o n a site w i t h a preexis t ing surface defect that has i m m e d i a t e l y 
avai lab le an u n p a i r e d electron (s imilar to the L u n s f o r d m o d e l (30)). T h e y 
bel ieve ( B ) a n d ( C ) are f o r m e d b y s low dif fusion of defects i n T h 0 2 

w h i c h finally reach the surface a n d react w i t h adsorbed C O to p r o b a b l y 
f o r m b r i d g e d C O r a d i c a l species. A f o u r t h E S R s ignal is p r o b a b l y 
a t t r ibuted to a C O + - species ( D ) , a l t h o u g h overa l l the species w o u l d 
p r o b a b l y be near ly neutra l . A n d w i t h C O + - , ( D ) c o u l d interact w i t h 0 = 

t o f o r m C O / - ( E ) (29). 
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Scheme 2. Assignment of CO Surface Structures to 
Observed ESR Signal (29) 

II II ^ 0= 
C C _—> C O ~ 

D 

.0 . 0 . O 
\\ // II 

C C c 

B C 

M e r i a u d e a u , Breysse, a n d C l a u d e l (31) also s tudied C O o n T h 0 2 

w i t h par t i cu lar emphasis o n the possible f o r m a t i o n of C O + since they h a d 
p r o p o s e d this species earl ier as a n intermediate i n the cata lyt ic o x i d a t i o n 
of C O ( 3 2 ) . 1 3 C O as w e l l as 1 2 C O experiments w e r e c a r r i e d out w i t h 
the conc lus ion that the o n l y species they can ascribe to a C O species has 
a n ax ia l symmetr i c s ignal s imi lar to ( C ) i n Scheme 2. U s i n g the s p i n 
densities obta ined f r o m their 1 3 C O w o r k , M e r i a u d e a u a n d co-workers 
(31) w e r e able to calculate that the C O r a d i c a l species has its u n p a i r e d 
e lectron i n an o r b i t a l of h i g h p character a n d spends 15 or 3 3 % of its 
t i m e a r o u n d the c a r b o n a tom ( t w o different paramagnet i c C O absorbates). 
T h e i r C O - s u r f a c e b o n d i n g interpretat ion depends o n the fact that a 
m a r k e d change i n e lectr ica l c o n d u c t i v i t y of the T h 0 2 d u r i n g C O c h e m i -
sorpt ion was f o u n d . T h e y bel ieve that the C O - T h 0 2 e lectronic exchange 
results i n the f o r m a t i o n of s l ight ly posi t ive C O adsorbates a n d a surface 
b e c o m i n g negat ive as a w h o l e to a d e p t h of a f e w atomic layers. T h i s 
creates energy-band curvature near the surface a n d accounts for the 
change i n e lectr ica l c o n d u c t i v i t y ( 3 1 ) . 

Thermally Activated Alkaline Earth Oxides (MgO, C a O , S r O , 
BaO) as Catalysts. I t is curious that t h e r m a l ac t ivat ion of a lka l ine earth 
oxides, besides p r o m o t i n g electron transfer processes, also leads to more 
act ive h y d r o g e n a t i o n a n d i somer izat ion catalysts. I n a n extremely s ignif i 
cant paper , H a t t o r i , T a n a k a , a n d T a n a b e (33) descr ibe M g O as a h y d r o 
genat ion catalyst a n d show that i t apparent ly operates i n a n i o n i c m o d e 
( H 2 -> H + + H " o n the surface) that a l lows D 2 u p t a k e into 1,3-butadiene 
w i t h o u t H - D s c r a m b l i n g to f o r m c i s -2 -butene- l , 4 -d 2 . A l k a l i n e earth 
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13. K L A B U N D E E T A L . CO-Metal Oxide Interactions 145 

oxides s h o w e d a n ac t iv i ty order of C a O > S r O > M g O > B a O > > B e O 
for this react ion w h e n ac t ivated be tween 8 0 0 ° - 1 0 0 0 ° C ( 3 4 ) . A l k e n e s c a n 
also be hydrogenated (35) b y these oxides b y u s i n g h igher reac t ion 
temperatures. O t h e r processes have also been s tudied w i t h the a lka l ine 
earth oxides as catalysts: i somer izat ion of alkenes (36,37,38), p o l y m e r i z a 
t i o n of styrene (39,40), esterif ication of b e n z a l d e h y d e (41), a n d H 2 - D 2 

exchange (28). 

Results and Discussion 

W h a t types of surface sites are i n v o l v e d i n these e lectron transfer 
a n d catalyt ic processes o n thermal ly ac t ivated a lka l ine earth oxides? 
T a n a b e a n d his co-workers bel ieve that L e w i s base sites a n d one-electron 
" r e d u c i n g sites" are b o t h impor tant a n d have s h o w n for C a O that one 
t y p e of site c a n be f a v o r e d over the other b y different t h e r m a l ac t ivat ion 
procedures (39,42). 

W e have used Tanabe's i d e a i n p r i n c i p l e for the quant i ta t ive s tudy of 
the n u m b e r of r e d u c i n g sites o n M g O . T h e measurements were m a d e b y 
d e t e r m i n i n g the n u m b e r of spins of C 6 H 5 N 0 2 ~ - f o r m e d o n M g O samples 
after each h a d been heat treated at a different temperature ( 4 0 0 ° - 1 0 0 0 ° C ) 
a n d then coo led to 2 5 ° C . T h e samples w e r e aged for several weeks to 
insure complete r a d i c a l a n i o n format ion . These experiments w e r e c a r r i e d 
out to : (1 ) determine i f the n u m b e r of r e d u c i n g sites generated b y heat 
treatment of M g O i n vacuo changed w i t h change i n temperature , as 
T a n a b e h a d f o u n d for heat treatment of C a O i n air ; a n d (2) to determine 
i f the C 6 H 5 N 0 2 ~ - f o r m a t i o n p a r a l l e l e d C O ' - f o r m a t i o n o n i d e n t i c a l l y 
treated M g O samples. F i g u r e 1 is a p lo t of re lat ive C O ' - f o r m a t i o n vs. 
absolute C 6 H 5 N 0 2 ' - f o r m a t i o n , b o t h vs. temperature of heat treatment. 
N o t e the excellent corre lat ion of C 6 H 5 N 0 2 " - p r o d u c t i o n w i t h C O " -
p r o d u c t i o n . W e bel ieve this is strong evidence that the same type of 
r e d u c i n g sites are i n v o l v e d i n b o t h s y s t e m s — C O a n d C 6 H 5 N 0 2 . I t 
remains to be seen i f other a lka l ine earth oxides w i l l behave s i m i l a r l y a n d 
i f other molecules w i l l behave s i m i l a r l y o n these oxides. These data also 
support our content ion that t ransi t ion m e t a l impur i t i es are not responsible 
for f o r m a t i o n of the r a d i c a l species observed. 

W e have de termined surface areas of the heat-treated M g O samples 
b y B E T methods. T h e values ranged f r o m 213 m 2 / g to 83 m 2 / g (83 m 2 / g 
at 3 0 0 ° C heat treatment, 213 at 4 0 0 ° , 139 at 5 0 0 ° , 140 at 6 0 0 ° , 130 at 
7 0 0 ° , 134 at 8 0 0 ° , 129 at 9 0 0 ° , a n d 122 at 1 0 0 0 ° C ) . D u r i n g the experi 
ment it appears that at 4 0 0 ° - 5 0 0 ° C the m a i n port ions of H 2 0 , 0 2 , C 0 2 , 
a n d other gases are desorbed i n vacuo. T h e surface area becomes l o w e r 
w i t h h igher heat treatment a n d then stabil izes at about 5 0 0 ° C , a n d this 
is w h e r e m a x i m u m r a d i c a l f o r m a t i o n ac t iv i ty was f o u n d . 
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40 
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Figure 1. Relative radical concentration (spins/g) in the MgO/CO (circles) 
system and absolute radical concentration (spins/g) of the MgO/nitroben
zene (triangles) system as a function of the heat treatment temperature of 
MgO. NB. The scales for the two systems are different; also some samples 
have not reached their maximum radical growth value, especially in the 

MgO/CO system. 

K n o w i n g the surface areas, w e w e r e able to calculate crystal l i te 
sizes a n d thereby determine the ratio of M g O surface to M g O interna l 
as 0.12. A l s o k n o w i n g the n u m b e r of spins of C 6 H 5 N 0 2 ~ - f o r m e d , w e w e r e 
able to calculate the n u m b e r of M g O surface molecules to C 6 H 5 N 0 2 ~ - at 
approx imate ly 15:1 ( for the 5 0 0 ° C heat treated s a m p l e ) . A l s o , a l t h o u g h 
more data is s t i l l needed, w e estimate the M g O surface molecule to C O " -
f o r m a t i o n as approx imate ly 400:1 for the same M g O sample. These 
results demonstrate that these e lectron transfer processes are major surface 
processes of s ignif icant importance a n d not s i m p l y caused b y m i n o r effects 
and/or s m a l l impur i t i es . 

Is M g O u n i q u e i n these e lectron transfer processes? A r e a lka l ine 
ear th oxides u n i q u e ? W e carr ied out studies o n a w i d e range of oxides, 
carbonates, hydroxides , a n d sulfides l o o k i n g for ac t iv i ty for f o r m a t i o n 
of paramagnet ic species w i t h C O . These w e r e a l l heat treated at 6 0 0 ° C 
or as h i g h as the ir m e l t i n g p o i n t or decompos i t ion p o i n t w o u l d a l l o w . 
T a b l e I lists the c o m p o u n d s s tudied . I t c a n be seen that o n l y the a l k a l i n e 
earth oxides a n d T h 0 2 w e r e f o u n d to be act ive. W h a t do these have i n 
c o m m o n that the other materials s tudied do not? M u c h previous w o r k 
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13. K L A B U N D E E T A L . CO-Metal Oxide Interactions 147 

indicates that these a l l possess f a i r l y strong L e w i s base surface sites as 
w e l l as " r e d u c i n g sites" (24, 42-46). I n a d d i t i o n to these, T h 0 2 also has 
L e w i s a c i d sites on its surface. N o n e of the other materials possess basic 
a n d r e d u c i n g sites together (47 ) . F u r t h e r m o r e , since the C O r a d i c a l 
f o r m a t i o n is s low c o m p a r e d w i t h C O adsorpt ion a n d since L e w i s acids 
such as C 0 2 po i son the surface towards any C O r a d i c a l format ion , w e 
bel ieve (27) that C O absorpt ion first takes place o n L e w i s base sites 
( 0 = sites) i n approximate monolayer coverage, m u c h l i k e T e n c h a n d 
N e l s o n (24) describe for H 2 0 or C 0 2 . W e also bel ieve that once the C O 
is adsorbed o n basic sites, s low m i g r a t i o n of C O to r e d u c i n g sites takes 
p lace (23,27). T h e order of ac t iv i ty for the C O r a d i c a l f o r m a t i o n is 
M g O > C a O > S r O > B a O ( v e r y w e a k ) (27). 

A s prev ious ly ment ioned , i t has been suggested b y earl ier workers 
(30) that i r o n impur i t ies p l a y an important par t i n the f o r m a t i o n of C O 
radicals o n M g O . T h e data i n T a b l e I suggests that this is not the case 
for our samples (i .e. , i t seems u n l i k e l y that i r o n impur i t i es w o u l d o n l y 
l e a d to r a d i c a l format ion i n the a lkal ine earth oxides a n d t h o r i u m o x i d e ) . 
F u r t h e r m o r e , our determinat ion of the i r o n content of the various samples 
( M g O , 0.0018% F e ; C a O , 0.0005% F e ; a n d S r O , 0 .0019% F e ) cer ta in ly 
d i d not reflect the observed order of ac t iv i ty of the a lka l ine earth oxides 
towards C O r a d i c a l f o r m a t i o n discussed earlier. T h u s , w e bel ieve i t is 
u n l i k e l y that i r o n impur i t ies p l a y a role i n the present w o r k . 

T h e E P R s ignal of the adsorbed C O r a d i c a l on M g O , F i g u r e 2, shows 
a n u n s y m m e t r i c g value . T h e s ignal is not destroyed u n t i l the sample is 
heated to > 1 5 0 ° C . C a O behaves qui te s imi lar ly . W a t e r a d d i t i o n at 
r o o m temperature to the C O r a d i c a l M g O system i m m e d i a t e l y causes a 
change i n the E P R s ignal (see F i g u r e 2 ) . T h e avai lable data suggest 

Table I. Oxides, Hydroxides, Carbonates, and Other Materials Tested 
for Activity for Formation of Paramagnetic Species" 

Active Non-Active 

M g O 
C a O 
S r O 
B a O 
T h 0 2 

B e O 
N a 2 0 (220 ° C ) 
N a 0 H ( 5 % ) : S i 0 2 

N a O H ( 2 5 0 ° C ) 
N a O O C H ( 1 9 0 ° C ) 
N a 2 C 0 3 

A1 2 0 8 

A l 2 0 3 ( 4 5 % ) : S i 0 2 

S i O a 

T i 0 2 

F e S ( 7 % ) : S i 0 2 

F e 2 O 3 ( 0 . 0 5 % ) : A l 2 O : '3 

G e 0 2 

Z n O 
Z r O ; 2 

L a 2 0 3 

C e 0 2 

N d 2 0 3 

E u 2 0 3 

D y 2 0 3 

U 0 3 / U 2 0 5 

P b O 
S n 0 2 

°A11 materials were heat treated at 600°C unless otherwise indicated in vacuo 
(10 - 6 Torr) for 12-18 hr before exposing to 150 Torr C O . 
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13. K L A B U N D E E T A L . CO-Metal Oxide Interactions 149 

that the H 2 0 (or D 2 0 ) is adsorbed i n the v i c i n i t y of the adsorbed r a d i c a l , 
c h a n g i n g its environment a n d thus the E P R s ignal rather t h a n f o r m i n g 
a n e w r a d i c a l . 

I n later publ i ca t ions w e w i l l descr ibe some C O r a d i c a l chemistry 
o n a lka l ine earth oxides w i t h reagents such as 0 2 , H 2 , H 2 0 , D 2 0 , a n d 
organics. A l s o , w e are testing M g O a n d C a O i n m o d e l c o m p o u n d reduc
t i o n sequences to determine i f r a d i c a l processes such as those descr ibed 
here are ac tual ly impor tant i n the C O - H 2 0 r e d u c i n g m e d i u m . 

Relationship to Catalysis, Coal Liquefaction, and 
Electron Movement in Metal Oxides 

U n d e r s t a n d i n g i n deta i l the chemistry of C O a n d C O - H 2 0 mixtures 
over m e t a l oxide surfaces has considerable importance for a n u m b e r of 
reasons: (1 ) C O - H 2 0 is a more effective r e d u c i n g m e d i u m relat ive to 
p u r e H 2 for r e d u c t i o n a n d d e p o l y m e r i z a t i o n of l o w rank coals w h e r e 
meta l oxides a n d other minerals can act as i n s i tu catalysts (48,49,50, 
51,52); (2 ) C O - H 2 0 is better t h a n H 2 for the r e d u c t i o n of some organic 
f u n c t i o n a l groups (53,54); (3 ) some meta l oxides, especial ly basic oxides, 
are used as promotors i n F i s c h e r - T r o p s c h catalyt ic chemistry a n d their 
role is not unders tood mechanis t i ca l ly (55,56,57); a n d (4) meta l oxides 
are of ten used as catalysts for the C O + H 2 0 <?± C 0 2 + H 2 water -gas 
shift react ion (e.g. , see Ref . 58; see also Ref . 5 9 ) . 

O u r w o r k a n d that of T e n c h (24) has s h o w n that the electron transfer 
sites o n these meta l oxides (e.g. , M g O a n d C a O ) are selective a n d yet 
present i n h i g h surface concentrat ion. P r e l i m i n a r y ac t ivat ion b y t h e r m a l 
or p h o t o c h e m i c a l ox ide means is r e q u i r e d , however . T h i s means that 
these processes can be related to p h o t o n - i n d u c e d electron transfer (60, 61, 
62, 63, 64) i n semiconductor m e t a l oxides i n that s imi lar surface sites m a y 
be r e q u i r e d (i.e., s imi lar coordinat ion geometr ies ) . 
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Structure and Reactivity of Ni(II)-d8 Complexes 
with Monodentate Tertiary Phosphine:CO 
Fixation 

C. SAINT-JOLY, M. DARTIGUENAVE, and Y. DARTIGUENAVE 

Laboratoire de Chimie de Coordination du CNRS et Université P. Sabatier, 
205 Rte de Narbonne, 31030 Toulouse, France 

Nickel(II) phosphine complexes have been reported to be 
efficient catalysts in carbonylation reactions. To investigate 
this reaction mechanism, we have studied the reaction of CO 
on the related Ni(II) complexes: NiX2(PMe3)n (n = 2,3) 
and [NiX(PMe3)m]BF4 (m = 3,4). Pentacoordinate carbonyl 
nickel(II) species (without reduction of Ni(II) to Ni(O)) were 
isolated (1) by direct substitution of PMe3 by CO in the 
pentacoordinate complex and (2) by addition of CO on the 
trans square-planar tetracoordinate complex. These com
pounds are trigonal-bipyramidal complexes with CO in 
equatorial position. The Ni-CO distance (1.73 Å) is the 
shortest reported Ni-CO distance. Since these carbonylation 
reactions can be viewed as substitution of an equatorial 
PMe3 by CO in a d8 TBP, they can be related to the substitu
tion reactions in square-planar d8 metal complexes. 

l ^ T u m e r o u s c a r b o n y l a t i o n reactions are k n o w n that are ca ta lyzed b y 
^ n i c k e l , p a l l a d i u m , a n d p l a t i n u m complexes. T h e reac t ion products 

c a n be a var ie ty of organic c o m p o u n d s such as esters, a ldehydes, etc. 
( 1 , 2 ) . S ince very f e w deta i led studies o n the possible m e c h a n i s m of 
these reactions have been repor ted , i t is c o m m o n l y assumed that a c y l m e t a l 
complexes are the basic intermediates i n the reactions. F o r example , 
Scheme 1 outl ines the m e c h a n i s m p r o p o s e d b y G a r r o u a n d H e c k for the 
p a l l a d i u m - c a t a l y z e d convers ion of arylhal ides into esters (1,2). 

0-8412-0429-2/79/33-173-152$05.00/0 
© 1979 American Chemical Society 
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14. S A I N T - J O L Y E T A L . Ni(II)-d8 Complexes 153 

Scheme 1 

P d X 2 ( P P h 3 ) 2 + C O + 2 n - B u O H -> P d ( C O ) ( P P h 3 ) 2 + 2 H X + ( n - B u O ) 2 C O 

P d ( C O ) ( P P h 3 ) 2 + R X - + P d R X ( P P h 3 ) 2 + C O 

P d R X ( P P h 3 ) 2 + C O - * P d ( R C O ) X ( P P h 3 ) 2 

P d ( R C O ) X ( P P h 3 ) 2 + n - B u O H - > P d H X ( P P h 3 ) 2 + n - B u C O O R 

P d H X ( P P h 3 ) 2 + C O - * P d ( C O ) ( P P h 3 ) 2 + H X 

neutra l ized b y N R 3 

I n the n i c k e l chemistry , attempts to isolate a c y l n i c k e l ( I I ) c o m p o u n d s 
have f a i l e d for a l o n g t ime (1,2,3,4). M o r e o v e r , the resul t ing organic 
c o m p o u n d s w e r e c a r b o n y l free, i n d i c a t i n g a n apparent ins tabi l i ty of the 
supposed a c y l n i c k e l ( I I ) intermediate (1,2,5,6,7). H o w e v e r , i n 1972 
P a n k o w s k i a n d B i g o r g n e (8 ) succeeded i n i so la t ing the pentacoordinate 
N i I 2 ( C O ) ( P M e 3 ) 2 complex , a n d i n 1973 K l e i n (5,6,7) p r e p a r e d the 
stable a c y l n i c k e l ( I I ) complexes N i X ( C H 3 C O ) ( P M e 3 ) 2 i n n o r m a l c o n d i 
tions of temperature a n d pressure. 

pentane 
N i X ( C H 3 ) ( P M e 3 ) 2 + C O > N i X ( C H 3 C O ) ( P M e 3 ) 2 

fast 
da PCO - 1635-1650 cm" 1 

X = Cl,Br,I 

T h e crysta l structure de terminat ion (9 ) shows the presence of a 
trans square-planar N i ( I I ) complex w i t h n o r m a l b o n d lengths a n d angles. 
T h e acety l p lane is p e r p e n d i c u l a r to the coordinat ion p lane of the N i ( I I ) . 
T h e N i - C distance of 1.84(1) A can be c o m p a r e d d i rec t ly w i t h the values 
of 1.82(3) a n d 1.80 A o b t a i n e d i n the N i ( 0 ) : N i ( C O ) 4 a n d N i 2 ( C O ) 6 -
( P 2 P h 4 ) complexes w h e r e TT back b o n d i n g is operat ive a n d to the m e a n 
va lue of 1.84 A obta ined for N i - C i n the N i ( I I ) complexes [ N i ( C N ) 5 ] 3 " 
(10) a n d 1.82(2) A i n N i I 2 ( C O ) ( F d m a ) (11) ( F d m a — ferrocene-1,1'-
b i s ( d i m e t h y l a r s i n e ) ) . I t is t e m p t i n g to relate the s tabi l iza t ion of the 
a c y l c o m p l e x N i X ( C H 3 C O ) ( P M e 3 ) 2 to the presence i n the m o l e c u l e of 
the ha l ide l i g a n d since K l e i n d i d not succeed, u n t i l n o w , to isolate stable 
acylcomplexes b y react ion of C O o n the N i ( C H 3 ) 2 ( P M e 3 ) 3 a n d [ N i -
( C H 3 ) ( P M e 3 ) 4 ] + complexes. 

Since the insert ion of C O i n a m e t a l - c a r b o n b o n d is a w e l l k n o w n 
react ion, its m e c h a n i s m is s t i l l not w e l l unders tood a n d the choice b e t w e e n 
C O insert ion i n a M - C b o n d or a l k y l m i g r a t i o n to the C O b o n d e d o n M 
is dif f icult (12). H o w e v e r , i n the o n l y repor ted example—the C H 3 - M n -
( C O ) 5 / C O system—the authors favor the second hypothesis . T h u s , i f 
the a c y l complex N i X ( C H 3 C O ) ( P M e 3 ) 2 is cons idered the result of m i g r a 
t i o n of the C H 3 l i g a n d to the C O group b o n d e d o n the n i c k e l center, a 
possible m e c h a n i s m for this react ion is r e p o r t e d i n F i g u r e 1. 
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154 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 I I 

Table I. Analytical Data and Physical Properties for 

C(%) 

Color MP(°C)a Calc. Found 

N i I 2 ( C O ) ( P M e 3 ) 2 

N i B r 2 ( C O ) ( P M e 3 ) 2 

N i C l 2 ( C O ) ( P M e 3 ) 2 

[ N i B r ( C O ) ( P M e 3 ) 3 ] B F 4 

[ N i C l ( C O ) ( P M e 3 ) 3 ] B F 4 

b r o w n 
red b r o w n 
red b r o w n 

orange 
orange 

° A l l melting points are uncorrected. 

160 
172 

17.07 
21.09 
27.14 
24.99 

17.03 
20.78 
26.92 
24.40 

unstable 

T h i s m e c h a n i s m is re lated to the l i g a n d replacement react ion i n 
square-planar d8 complexes (13) w h e r e the first step is a d d i t i o n o n a 
square-planar complex g i v i n g t w o t r i g o n a l - b i p y r a m i d a l isomers. Isomer 
1 is the more p r o b a b l e since m i g r a t i o n of the C H 3 g roup f r o m a n equa
t o r i a l site to another equator ia l site produces the square-planar l i g a n d 
arrangement that is observed exper imental ly . O n the other h a n d , i somer 
2 w o u l d p r o d u c e a n a p p r o x i m a t e l y te t rahedral l i g a n d arrangement, w h i c h 
is the exci ted state of the stable square-planar species ( 1 4 ) . 

A l t h o u g h , to o u r k n o w l e d g e , no pentacoordinate N i X R ( C O ) ( P R 3 ) 2 

complexes have been repor ted ( b u t some are w i t h P d ( I I ) or P t ( I I ) ) , b u t 
f o l l o w i n g H e c k their existence can be d e d u c e d f r o m the c h e m i c a l reac
tions. T h u s , w e have invest igated the re la ted react ion of C O w i t h the 
N i ( I I ) complexes : N i X 2 ( P M e 3 ) n ( n — 1,2; X — h a l i d e ) a n d [ N i X -

P M e 3 V C H 

N i ' + C O 

' P M e 3 

P M e 3 

CHq > ^ C O 

M e o P . 

PMeq 

C H 3 

M e 3 P 

NT 

P M e 3 

Figure 1. Possible mechanism for formation of acyl complex. Applica
tion of substitution mechanism on square planar d8 complexes. 
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14. S A I N T - J O L Y E T A L . Ni(II)-d8 Complexes 155 

X(%) 

Calc. Found Calc. Found Calc. Found 

3.69 
4.55 
5.86 
5.65 

3.56 
4.65 
5.82 
5.69 

12.57 
15.54 

12.57 
15.23 

51.52 
40.09 
22.89 

51.78 
39.88 
23.62 

( P M e 3 ) 4 ] B F 4 , k e e p i n g i n m i n d the previous isolat ion of the N i I 2 ( C O ) -
( P M e 3 ) 2 c o m p o u n d b y P a n k o w s k i a n d B igorgne . 

Besides N i I 2 ( C O ) ( P M e 3 ) 2 , f e w N i ( I I ) complexes of C O have been 
repor ted i n the l i terature : N i X ( C H 3 C O ) ( P M e 3 ) 2 (5,6,7,9); N i P h ( C O ) -
( P R 3 ) 2 (15); N i X ( C O ) ( ^ 3 - a l l y l ) (3); N i X ( C O ) fo5-C5H5) (4); N i I 2 ( C O ) -
( F d m a ) (11). T h e y are usua l ly p r e p a r e d b y ox idat ive a d d i t i o n o n N i ( 0 ) 
complexes . U s u a l l y , the repor ted attempts to isolate c a r b o n y l complexes 
of N i ( I I ) have l e d to r e d u c t i o n either i n the valence state of N i ( I I ) 
( N i ( I I ) - * N i ( 0 ) ) or i n the l i g a n d (16,17). These authors are u s e d to 
relate this apparent reluctance of N i ( I I ) to coordinate C O to t w o factors : 
(1 ) the relat ive stable a n d contracted 3d orbitals of N i ( I I ) i o n that render 
back donat ion into the c a r b o n y l 77* f u n c t i o n less effective; (2 ) the k ine t i c 
ins tab i l i ty of the c a r b o n y l complexes (15,16,17). W e w i l l , i n this s tudy, 
p u t the emphasis o n the second factor. 

A l l of the molecu lar c a r b o n y l N i ( I I ) complexes have been p r e p a r e d 
b y d i sso lv ing the molecu lar N i X 2 ( P M e 3 ) n ( X = C l , B r , I ; n = 2,3) c o m 
plexes i n benzene ( X = B r , I ) and/or i n e thanol ( X = C l , B r , I ) at r o o m 
temperature . T h e solutions r a p i d l y react w i t h C O at r o o m temperature 
a n d atmospheric pressure, w i t h a color change f r o m green-blue to green 
a n d b r o w n . B r o w n crystals of N i X 2 ( C O ) ( P M e 3 ) 2 , inso luble i n ethanol , 
are isolated b y filtration a n d w a s h e d w i t h e thanol saturated w i t h C O . 
W h e n p r e p a r e d i n benzene, a d d i t i o n of pentane saturated w i t h C O is 
necessary to prec ipi ta te the b r o w n complexes ( T a b l e I ) . 

R e a c t i o n of the cat ionic [ N i X ( P M e 3 ) 4 ] B F 4 complexes ( X = C l , B r , I ) 
w i t h C O was carr ied out i n a mixture of benzene-d ich loromethane at 
r o o m temperature a n d atmospheric pressure. C O is i m m e d i a t e l y absorbed 
a n d an i m p u r e b r o w n so l id c a n be prec ip i ta ted b y a d d i t i o n of pentane. 
H o w e v e r , recrysta l l izat ion of this b r o w n complex i n d ich loromethane 
saturated w i t h C O gives y e l l o w - t o - g o l d microcrystals of [ N i X ( C O ) -
( P M e 3 ) 3 ] B F 4 , w h i c h are stable enough to be isolated i n the presence of 
C O for X = B r . W h e n X = I, because of the dissociat ion of [ N i l -
( P M e 3 ) 4 ] B F 4 f o l l o w i n g the reac t ion : 
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156 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 I I 

C H C l 
2 [ N i I ( P M e 3 ) 4 ] B F 4 ^-4 N i l 2 ( P M e , ) 8 + [ N i ( P M e a ) 4 ] ( B F 4 ) a + P M e , , 

insoluble 

o n l y the molecu lar N i I 2 ( C O ) ( P M e 3 ) 2 was isolated ( 1 9 ) . 
A l l of these complexes have been character ized as t r u l y pentacoordi 

nate l o w s p i n N i ( I I ) complexes ( T a b l e I I ) . T h e m o l e c u l a r complexes 
are reasonably stable i n the so l id state a n d can be h a n d l e d i n a ir for a 
short t ime. T h e cat ionic complexes must be k e p t u n d e r C O to prevent 
dissociat ion. A l l are unstable i n solut ion, i f C O is not present i n excess. 

N i X 2 ( C O ) ( P M e 3 ) 2 ^ N i X 2 ( P M e 3 ) 2 + C O 

P M e 3 is a better l i g a n d than C O as s h o w n b y the reac t ion : 

N i X 2 ( C O ) ( P M e 3 ) 2 + P M e 3 ^± N i X 2 ( P M e 3 ) 3 + C O 

T o unders tand the C O fixation m e c h a n i s m at the N i ( I I ) center, i t is 
essential to determine the stereochemistry of the complexes. If, as i t is 
more l i k e l y , the t r i g o n a l - b i p y r a m i d a l geometry of N i X 2 ( P M e 3 ) 3 (18) 
a n d [ N i X ( P M e 3 ) 4 ] ( B F 4 ) (19) is preserved for the c a r b o n y l complexes , 
the p r o b a b l e isomers w i l l be those w i t h the halogens i n the equator ia l 
posit ions of the t r i g o n a l b i p y r a m i d , i n absence of spec ia l l i g a n d require 
ments (19,20). 

T a b l e I I . C h a r a c t e r i z a t i o n D a t a 

N i I 2 ( C O ) ( P M e 3 ) 2 

N i B r 2 ( C O ) ( P M e 3 ) 2 

N i C l 2 ( C O ) ( P M e 3 ) 2 

Mf(BM) 
(25°C)a 

0.64 

0.49 

0.34 

vcofcm 1 a / 

2015 s 

1965 w 
2010 s 

1960 w 
2005 s 
1955 w 

Dipole 
Moment0 

3.90 

3.95 

[ N i B r ( C O ) ( P M e 3 ) 3 ] B F 4 

[ N i C l ( C O ) ( P M e 3 ) 3 ] B F 4 

1.02 2030 s 

a I n the solid state, corrected from the diamagnetism of the ligands {15). 
6 In the solid state, as nujol mull. 
c In C 6 H 6 saturated with C O . 
d I n C H 2 C 1 2 saturated with C O ; positive shift downfield from 62.5% H 3 P 0 4 . (*) 

The slow exchange limit is not reached. 
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14. S A I N T - J O L Y E T A L . Ni(II)-d8 Complexes 

Scheme 2 

157 

X P M o 3 P M c 3 P M e : i X 

1 2 3 4 5 

F o r the m o l e c u l a r N i X 2 ( C O ) ( P M e 3 ) 2 complexes (Scheme 2 ) , o n l y 
isomer 2 is consistent w i t h the presence of one v c o v i b r a t i o n (2015 c m " 1 , 
X = I) a n d a s ingle 3 1 P { X H } N M R l ine at - 8 0 ° C (6.55 p p m , X = I). 
T h i s N M R l ine is i n the p p m range of ax ia l P M e 3 l i g a n d i n the N i ( I I ) 
pentacoordinate complexes [ N i X „ ( P R 3 ) 5 . n ] (29) as s h o w n i n F i g u r e 2. 
T h u s the presence of a s t i l l fast p h o s p h i n e exchange process at — 8 0 ° C 
(e i ther inter- or in t ramolecular ) is very u n l i k e l y since the 3 1 P { 1 H } N M R 
s ignal s h o u l d be i n b e t w e e n the P a x a n d P«, 3 1 P { 1 H } range. A n i d e n t i c a l 
resu l t—stab i l iza t ion of isomer 2—has been obta ined i n the exchange 
s tudy of P M e 3 b y P ( O M e ) 3 i n the N i X 2 ( P M e 3 ) 3 complexes, w h e r e the 
var iable - temperature 3 1 P { 1 H } N M R has s h o w e d subst i tut ion of the equa
t o r i a l P M e 3 b y P ( O M e ) 3 ( 2 2 ) . 

for the Carbonyl Ni(II) Complexes 

S1P{1H}FT NMR Molecular 
(-80°C)4 

6.55 

16.6 

21.6 
+ 2.4 ( - 8 0 ° C ) 
+ 15.7 ( - 1 2 0 ° C ) 
- 2 6 . 5 

+ 6.1 ( - 8 0 ° C ) 

Weight (g)' 

408 (398) 

436 (492) 

decomp 

decomp 

decomp 

Electronic Transitions 
(26°C,10* cm'1 (<•))< 

15.87(420); 19.03(1300); 
21.8(2400) 

28.7 
17.9(590) ; 21.9(1500) ; 

24.8(3600) 
29.6 

19.2(270) ; 22 .7(500) ; 26.7 

18.18 
25.5 

' In CeHe saturated with C O ; the calculated values are in parentheses. 
' In CH 2 C1 2 saturated with CO ( C n i = 10"2 M/L). 
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158 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 I I 

PMe^ equat. 

Ni(CN) 2L 3 

N i I 2 L 3 

3NiI 2(CO)L 2 

^ i B r 2 L 3 

3NiBr 2(CO)L 2 

N i C l 2 L 3 

NiCl 2(CO)L 2 

P0 4H 3 

^ N i l L j BF4 

',k^liBr(CO)L ] B F . 

\NiBrL 4] Li 4 

XNICIL 4]BF 4 

fyiCKCO)!^'] BF 4 

I 

i l l 

III 

I I 

I I I 

I I I 

I 

i l l 

ppm 
3 0 2 0 10 - 1 0 --20 - 3 0 

Figure 2. "PVIDFT NMR data at: (a) - 9 0 ° C ; (b) -80°C; (c) -120°C; (*) 
(CHzClt-CFLClFi) for the trigonal bipyramidal Ni(II)-PMes complexes in CHtCh 

solutions (P(OMe)s as reference) 

F o r the cat ionic complexes [ N i X ( C O ) ( P M e 3 ) 3 ] B F 4 (Scheme 3 ) , the 
presence of o n l y one v C o v i b r a t i o n i n the s o l i d state (vCo = 2030cm" 1 , 
X — B r ) a n d i n solut ion shows the existence of o n l y one isomer. T h e 
more p r o b a b l e is isomer 6 or 8, because of the h a l i d e preference for the 

Scheme 3 

O C -

P M c , " 
P M o , 

" B r 

P M c 3 

P M c , 

/ P M e ; 

O C — < 
P M c , I 

_ J L 

T 
B r 

C O 

, P M e 3 

P M o , 

T 
P M c a 

L 

C O 
, P M c 3 

B r 

6 7 8 9 
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14. S A I N T - J O L Y E T A L . Ni(II)-d8 Complexes 159 

equator ia l site. T h e 3 1 P { 1 H } N M R spectrum at — 8 0 ° C consists of one 
b r o a d l ine at 8 = 2.9 p p m ( X = B r ) , i n d i c a t i n g that the s low l i m i t 
exchange s t i l l has not been reached. T h e spec t rum is s t i l l not c o m p l e t e l y 
reso lved at - 1 2 0 ° C ( i n 1/1 C H 2 C 1 2 / C H C 1 F 2 so lut ion) b u t presents the 
shape expected for a n A B 2 spec t rum ( t w o lines at 8 = 17.5 p p m a n d 
— 26.5 p p m i n the ratio 2 : 1 ) . T h u s the lines are i n the p p m range 
expected for ax ia l a n d equator ia l phosphine l igands a n d the p r o b a b l e 
isomer is isomer 6, a result that agrees also w i t h the P ( O M e ) 3 subst i tut ion 
process o n the cat ionic [ N i X ( P M e 3 ) 4 ] B F 4 complexes ( 2 1 ) . 

These carbonyla t ion reactions can be v i e w e d as subst i tut ion of a n 
equator ia l l i g a n d P M e 3 b y C O i n a d8 t r i g o n a l b i p y r a m i d a n d thus c a n be 
re la ted to the w e l l - k n o w n subst i tut ion reac t ion i n p l a n a r d8 t rans i t ion 
m e t a l complexes ( 1 3 ) , the t r igona l b i p y r a m i d b e i n g the g r o u n d state a n d 
the square p l a n a r the transi t ion state or intermediate . 

T h e exper imenta l data thus can be expla ined b y the Schemes 4 a n d 5 : 

Scheme 4 

P M e 3 

- P M e 3 

+ P M e 3 ^ / 
B r 

P M c s 

B r 

P M e , 

+CO 

P M e 3 

C O — 
B r 

B r 

P M e 3 

P M e * 

P M e 

Scheme 5 

- P M e 3 + 

P M e 3 

B r 

P M e 3 + P M e 3 P M e 3 

P M e 3 

+CO 

- T O 

P M e 3 

P M e 3 

+ B r 
co—<T 

P M e 3 

P M e 3 

T h e S N 2 mechanism, w i t h a d d i t i o n of C O to the square-planar N i X 2 -
( P M e 3 ) 2 or [ N i X ( P M e 3 ) 3 ] B F 4 as the intermediate , is reasonable s ince : 
(1 ) the same N i X 2 ( C O ) ( P M e 3 ) 2 a n d [ N i X ( C O ) ( P M e 3 ) 3 ] B F 4 complexes 
have been o b t a i n e d b y ac t ion of C O o n the square-planar N i X 2 ( P M e 3 ) 2 

a n d [ N i X ( P M e 3 ) 3 ] B F 4 species w h i c h can be isolated; a n d (2) a d d i t i o n 
of excess P M e 3 prevents any C O fixation. H o w e v e r , because of the 
impor tance of solvent assistance, this m e c h a n i s m m a y not be u n i q u e , a n d 
the reactions are s t i l l u n d e r invest igat ion. 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

97
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
97

9-
01

73
.c

h0
14



160 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 I I 

Q P M e 3 

Figure 3. X-ray struc
ture of NiL(CO)(PMe3)2. 
Prima—regular TBP 
Ni-C = 1.73 A, the 
shortest reported Ni-C 
distance (Ni-C = 1.84 

A in Ni(CO)0 (18). 

1 
c o 

O P M e 3 

T h e s tructural de terminat ion of o n l y one pentacoordinate c a r b o n y l 
N i ( I I ) complex N i I 2 ( C O ) ( F d m a ) has been reported . I t is a t r i g o n a l 
b i p y r a m i d w i t h the t w o i o d i n e atoms i n equator ia l posit ions. B u t C O 
occupies an ax ia l site, a result that does not agree w i t h our conclusions o n 
N i X 2 ( C O ) ( P M e 3 ) 2 , but w h i c h can be at t r ibutable to the F d m a require 
ments. Therefore , i t was of interest to examine the crysta l structure of 
the re la ted N i I 2 ( C O ) ( P M e 3 ) 2 (22); i t crystal l izes f r o m ethanol i n b r o w n 
microcrysta ls , i n the P n m a system ( Z = 8) ( F i g u r e 3 ) . T h i s m o l e c u l e 
presents the characterist ic of h a v i n g a m i r r o r p lane w i t h the five atoms 
N i , P ( l ) , P ( 2 ) , C , a n d O , w h i c h is a m i r r o r p lane m of the space group. 
T w o considerations are i m p o r t a n t : (1 ) the n i c k e l a tom possesses a near ly 
regular t r i g o n a l - b i p y r a m i d a l coord inat ion w i t h the C O a n d t w o i o d i n e 
l igands o c c u p y i n g the equator ia l posit ions; (2 ) a very short N i - C O b o n d 
l e n g t h (1.73 A ) , w h i c h is to our k n o w l e d g e the shortest N i - C O distance 
ever reported, even shorter than i n N i ( 0 ) a n d N i ( I ) complexes a n d i n 
N i I 2 ( C O ) ( F d m a ) (1.84 A ) . T h i s can be re lated to apprec iable TT b a c k 
b o n d i n g i n the N i - C b o n d , w h i c h is expected to be more impor tant i n 
N i I 2 ( C O ) ( P M e 3 ) 2 w h e r e C O is equator ia l than i n N i I 2 ( C O ) ( F d m a ) 
w h e r e C O is axia l . T h i s can be expla ined since there is o n l y one C O 
g r o u p w i t h a strong 7r-bonding capac i ty w h i c h shares w i t h the t w o h a l i d e 
l igands ( w i t h l o w 7r-bonding requirements ) the same dxy, da?-y* m e t a l 
orbitals a n d thus has the exclusive use of the electrons of these orbitals 
( to prevent the a c c u m u l a t i o n of negative charge o n n i c k e l ) . T h i s result 
is i n agreement t w i t h the s tructural determinat ion of N i X 2 ( P M e 3 ) 3 c o m 
plexes w h e r e smaller , or at least equa l , N i - P e q b o n d lengths ( c o m p a r e d 
w i t h the N i - P a x distances) are observed (18), w h i l e i n [ N i ( P ( O R ) 3 ) 5 ] + + , 
the N i - P e q distances are longer than those i n the N i - P a x , as expected f r o m 
theoret ica l grounds ( 2 3 ) . 

Conclusion 

(1 ) T h e synthesis of n e w pentacoordinate c a r b o n y l N i ( I I ) c o m 
plexes, m o l e c u l a r N i X 2 ( C O ) ( P M e 3 ) 2 ( X = C l , B r , I ) a n d cat ionic [ N i X -
( C O ) ( P M e 3 ) 3 ] + ( X = C l , B r ) , shows that N i ( I I ) c a n react w i t h C O at 
r o o m temperature a n d atmospheric pressure w i t h o u t r e d u c t i o n of N i ( I I ) 
to N i ( O ) . 
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14. S A I N T - J O L Y E T A L . Ni(II)-d8 Complexes 161 

(2 ) T h e m e c h a n i s m is of S N 2 type , that is, a d d i t i o n of C O o n the 
square-planar species N i X 2 ( P M e 3 ) 2 or [ N i X ( P M e 3 ) 3 ] + gives the penta
coordinate c a r b o n y l complex . T h e solvent p lays a par t w h i c h is s t i l l 
u n d e r study. 

(3 ) T h e N i - C O b o n d is short, as can be s h o w n b y x-ray determina
t ion , b u t d e c a r b o n y l a t i o n of the complex remains easy, w h i c h is i n agree
ment w i t h the k inet i c ins tab i l i ty a lready repor ted for these complexes. 

(4 ) These exper imenta l results agree w e l l w i t h the first p a r t of the 
proposed m e c h a n i s m of f o r m a t i o n of a c y l N i ( I I ) complexes. 
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Binuclear Metal Complexes of Cofacial 
Diporphyrins 

C. K. CHANG 

Michigan State University, East Lansing, MI 48823 

A group of novel binuclear metal ligands composed of two 
alkyl porphyrins covalently linked in a cofacial configura
tion has been synthesized. The interplanar distance of the 
diporphyrins can be varied from 6.4 to 4.2 Å by changing 
the length of the linkage. The presence of exciton interac
tion in these dimers was evidenced by a substantial blue 
shift (10-30 nm) of the Soret peak. Both homo- and hetero
-dimetalloporphyrins have been prepared, e.g., Fe-Fe, C u -
Cu, Mg-Mg, Co-Co, and Fe-Cu. Dioxygen was found to 
form both 1:1 and 2:1 complexes with Co(II) and Fe(II) 
diporphyrins. The ring separation played a major role in 
determining the metal-to-oxygen ratio. Implications of the 
dimer studies on biological oxygen reduction and the "spe
cial-pair" chlorophylls are discussed. 

e recent ly have been d e v e l o p i n g the chemistry of a g r o u p of n o v e l 
* * b i n u c l e a r m e t a l l igands composed of t w o p o r p h y r i n s covalent ly 

l i n k e d i n a true p a r a l l e l conf igurat ion. These cofac ia l d i p o r p h y r i n s have 
great s ignif icance i n m a n y branches of chemistry . A s organic molecules , 
i n a d d i t i o n to b e i n g c h a l l e n g i n g synthet ic targets, they c a n present a 
m u l t i t u d e of propert ies b y the mere token of their size a n d b y the resu l t ing 
in terac t ion of the t w o 18 7r-electron p o r p h y r i n r ings . A s inorganic c o m 
pounds , they have the u n u s u a l c a p a b i l i t y of constra in ing t w o m e t a l ions 
at selected distances a n d thus can d isp lay interest ing propert ies ar i s ing 
f r o m m e t a l - m e t a l interact ions. F u r t h e r m o r e , f r o m the p o i n t of v i e w of 
b iochemis t ry , they represent a class of elaborately des igned b i o i n o r g a n i c 
models for m a n y essential b i o l o g i c a l systems; a m o n g these w e c i te : ( 1 ) 
" spec ia l p a i r " c h l o r o p h y l l m o d e l i n photosynthet ic u n i t ; ( 2 ) c h l o r o p h y l l 

0-8412-0429-2/79/33-173-162$05.0070 
© 1979 American Chemical Society 
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15. C H A N G Cofacial Diporphyrin Complexes 163 

aggregates m o d e l for s t u d y i n g exci tat ion energy transfer processes; ( 3 ) 
cytochrome oxidase m o d e l capable of m u l t i e l e c t r o n r e d u c t i o n of oxygen; 
( 4 ) monooxygenase m o d e l b y w h i c h m o l e c u l a r oxygen can be " a c t i v a t e d " 
v i a two-e lec tron transfer; a n d (5 ) p o l y n u c l e a r complexes w i t h cer ta in 
cata lyt ic ac t iv i ty . I t is no d o u b t that the s tudy of cofac ia l d i p o r p h y r i n s 
a n d their m e t a l complexes w i l l l e a d to some v e r y interest ing chemistry . 
I n this chapter our v e r y recent w o r k i n this area is s u m m a r i z e d , a n d some 
i n i t i a l findings concern ing their b i o l o g i c a l impl ica t ions are presented. 

Synthesis 

T h e compounds to be discussed i n c l u d e the f o l l o w i n g : 

Hex 

1 R = - C H 2 C H 2 C O N ( n - B u ) C H 2 C H 2 C H 2 - d — 6.4 A 

2 R — - C H 2 C O N ( n - B u ) C H 2 C H 2 C H 2 - d — 5.4 A 

3 R — - C H 2 C O N ( n - B u ) C H 2 C H 2 - d — 4.2 A 

w h e r e the t w o M s can b e i d e n t i c a l or different. A r a t i o n a l synthesis of 
these s tacked m a c r o c y c l i c compounds w o u l d b e based o n a n u m b e r of 
premises : ( 1 ) a p o r p h y r i n m o n o m e r c a r r y i n g d iagonal ly f u n c t i o n a l i z e d 
s ide chains (C2h s y m m e t r y ) s h o u l d be p r e p a r e d i n large quant i ty ; ( 2 ) the 
c o u p l i n g of the t w o p o r p h y r i n s s h o u l d be i n such a m a n n e r that the 
resultant d i m e r can consist of d iss imi lar p o r p h y r i n s and/or hetero m e t a l 
ions; a n d (3 ) the composi te d i p o r p h y r i n s s h o u l d have re la t ive ly h i g h 
so lub i l i ty a n d g o o d c h e m i c a l s tabi l i ty so that a w i d e range of experiments 
can be p e r f o r m e d i n solut ion. Since p o r p h y r i n s w i t h C2h symmetry can
not be obta ined b y m o d i f y i n g the natura l ly o c c u r r i n g type I X p o r p h y r i n s , 
our object ive at the outset of this w o r k was to find a p r a c t i c a l synthesis for 
p o r p h y r i n s h a v i n g the des ired f u n c t i o n a l groups. I t w i l l b e n o t i c e d that 
t e t r a a r y l p o r p h y r i n ( T P P ) derivat ives have not been selected because of 
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164 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 I I 

the poss ible steric h i n d r a n c e associated w i t h the v e r t i c a l benzene r ings 
w h i c h c a n prevent the f o r m a t i o n of a t ight ly spaced d imer . 

W e have discovered that the carboxydipyrromethene 6, w h i c h is 
more convenient ly p r e p a r e d t h a n the unsubst i tu ted analog 7, can b e bro-
m i n a t i v e l y decarboxyla ted a n d c y c l i z e d w i t h o u t i so la t ion to p o r p h y r i n s 
w i t h v e r y g o o d yie lds ( 1 , 2 ) . T h i s m e t h o d is especial ly attractive i n that 
the c y c l i z a t i o n can be p e r f o r m e d i n large scale (0.2 m o l ) a n d suffers no 
decrease i n y i e l d . T h i s feature c o m b i n e d w i t h the fact that most d i p y r r o -
methene precursors also can be p r e p a r e d i n large quanti t ies f r o m r e a d i l y 
ava i lab le materials have m a d e i t possible for the first t ime for p o r p h y r i n s 
w i t h e laborated subst i tut ion patterns to be real is t ica l ly p r e p a r e d i n a 
large scale ( S c h e m e 1 ) . 

Scheme 1 
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15. C H A N G Cofacial Diporphyrin Complexes 165 

L i A l H * CH 3 SO a Cl 

8 Rx = C H 2 C H 2 C 0 2 M c > R x = C H 2 C H 2 C H 2 O H > R x = C H 2 C H 2 C H 2 O S 0 2 C H ; 

or C H 2 C 0 2 M e o r C H 2 C H 2 O H or C H 2 C H 2 O S 0 2 C H 3 

R 2 = hcxyl R 2 = hexyl R 2 = hexyl 

40-60% 
10 or 11 

T h e p o r p h y r i n ester 8 was t h e n r e d u c e d a n d conver ted to the sec
o n d a r y amine b y R e a c t i o n 1 ( 3 ) . T h e c o u p l i n g of t w o p o r p h y r i n s v i a 
a m i d e f o r m a t i o n ( R e a c t i o n 2 ) was effected b y a h i g h d i l u t i o n , s l o w 
m i x i n g procedure that used a syringe p u m p ( I , 3 ) . T h e resul t ing d i p o r 
p h y r i n can consist of t w o diastereoisomers, 12 a n d 13 ; each, i n t u r n , c a n 
exist as a p a i r of enantiomers. At tempts to separate t h e m b y H P L C have 
not b e e n successful. 
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166 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 I I 

13 

M e t a l ions can be inser ted to the (diporphyrin l igands b y s tandard 
procedures . I f a m e t a l c o m p l e x of the d i a m i n e 10 or 11 was c o u p l e d 
w i t h a free base p o r p h y r i n , the resultant d i m e r w o u l d have o n l y one 
m e t a l i o n w h i l e subsequent m e t a l insert ion c o u l d l e a d to a m i x e d d i m e t a l 
system. U s i n g this approach , w e have successful ly p r e p a r e d C u - H 2 , 
F e - C u , M g - H 2 , a n d F e - M g d i p o r p h y r i n s . T h e s tabi l i ty of most of the 
d i m e t a l complexes appears rather s imi lar to the monomers . T h e M g - M g 
system, however , is more sensitive to a c i d . U p o n w a s h i n g w i t h d i l u t e 
acids, one M g is expe l led to g ive a more stable M g - H 2 d imer . 

T h e N M R spectra of the free base d i p o r p h y r i n s revealed v e r y s m a l l 
shifts for the p e r i p h e r a l substituents. T h i s is expected since the p sub-
stituents of one p o r p h y r i n f e l l i n the b l a n k reg ion of the anisotropic 
s h i e l d i n g of the second r i n g . T h e inner n i t r o g e n protons, however , w e r e 
sh i f ted dras t ica l ly to h i g h field, p r e s u m a b l y because of enhanced r i n g 

Table I. Characteristic Data 

Compound Soret Banda 

NMR N-H 
(CDCls) 

Fluorescence* 
Q(0fl) 

8 M e ester 398 n m 
(169.9 c m M ) 

- 3 . 8 8 619 n m 

1 D i m e r - 7 383 n m 
(191) 

- 6 . 2 8 628 n m 

2 D i m e r - 6 381 n m 
(209) 

- 6 . 6 8 630 n m 

3 D i m e r - 5 373 n m 
(201) 

- 8 . 5 8 630 n m 

° Absorption spectra recorded in C H 2 C l 2 at 23°C. 
6 77°K in toluene glass. 
• Fluorescence quantum yields assuming yield for etioporphyrin I = 0.09. 
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15. C H A N G Cofacial Diporphyrin Complexes 167 

current (3,4). T h e m a g n i t u d e of the shif t depends o n the r i n g separa
t ion . T h i s in terplanar distance c a n b e est imated b y s t u d y i n g the d i p o l a r 
in terac t ion of t w o paramagnet ic m e t a l ions (5 ) s u c h as C u 2 + ( I = 3/2) . 
T h e E P R spec t rum of the C u - C u d i p o r p h y r i n 3 is s h o w n i n F i g u r e 1. 
T h e t w o u n p a i r e d copper electrons are l o c a l i z e d large ly i n the p o r p h y r i n 
p l a n a n d cannot p a i r ; one can c lear ly see the t r iplet spec t rum w i t h the 
seven-l ine hyperf ine spl i t t ings as w e l l as the intense signals i n the nor
m a l l y f o r b i d d e n ha l f - f i e ld r e g i o n ( A M S — ± 2 ) (6,7,8). F r o m the appar 
ent zero- f ie ld s p l i t t i n g ( D ) o b t a i n e d f r o m the f u l l - f i e l d l ines, one can 
estimate the separation be tween the coppers to be 4.2 A . E P R parameters 
for other C u - C u d i p o r p h y r i n s are l i s ted i n T a b l e I. 

Exciton Interaction 

T h e absorpt ion m a x i m a of the d i p o r p h y r i n s ( T a b l e I a n d F i g u r e 2) 
d i f fered f r o m those of m o n o m e r i c p o r p h y r i n s i n that : ( 1 ) the Soret b a n d 
of d i p o r p h y r i n s sh i f ted to the b l u e ; (2 ) the v i s ib le bands shift s l ight ly to 
the r e d ; a n d ( 3 ) the Soret b a n d has a p r o m i n e n t r e d t a i l ex tending out 
to the 500 n m region . These spectra l abnormal i t ies can be unders tood i n 
terms of exci ton c o u p l i n g (4). I f a p a i r of degenerate d i p o l a r states 
( X , Y ) o n p o r p h y r i n A is to interact w i t h a s imi lar p a i r ( X ' , Y ' ) o n por 
p h y r i n B , the nature of the exci ton c o u p l i n g w i l l d e p e n d o n the d i m e r 
geometry. 

T h e . e n e r g y l e v e l d i a g r a m i n F i g u r e 3 shows the re la t ionship be
t w e e n the energy of a par t i cu lar t ransi t ion for an isolated molecule , A E 0 , 
a n d the energy of the a l l o w e d component of the same transi t ion i n the 

of Cofacial Diporphyrins 

CUr-Cu 
Zero-Field Splitting* 

Interplanar^ 
Separation 

0.094 

0.035 0.011 cm" 6.4 A 

0.021 0.0205 cm" 5.4 A 

0.007 0.0415 c m ' 4.2 A 

d E P R spectra were recorded on a Varian E-4 spectrometer, 77 °K in CH2CI2/ 
toluene. 

• Calculated according to Ref. 7. 
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15. C H A N G Cofacial Diporphyrin Complexes 169 

350 400 450 500 550 600 650 
WAVELENGTH (nm) 

Journal of Heterocyclic Chemistry 

Figure 2. (A) Diporphyrin 1 (solid line) vs. monomer 8 dipropionic acid ester 
(dotted line). (B) Diporphyrin 3 (solid line) vs. monomer 8 diacetic acid ester 

(dotted line) (A). 
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Dan DIMER 
MONOMER 

A 

B 

tt 

0) 
c 

UJ 

A E 0 

AE= AE0+AD+V 

Figure 3. Exciton splitting in a dimer 

d i m e r . T h e A D t e r m is the "solvent parameter " w h i c h represents the d i f 
ference i n the effect of so lvat ion o n the energy of the g r o u n d a n d exc i ted 
states. T h e exci ton c o u p l i n g b e t w e e n t w o p a r a l l e l t ransi t ion dipoles is 
bas ica l ly set b y E q u a t i o n 3, w h e r e /* a n d R are the d i p o l e m o m e n t a n d 

the p e r p e n d i c u l a r distance b e t w e e n the t w o dipoles , respect ively . G is a 
geometr ic factor re la ted to the or ientat ion of the t w o p o r p h y r i n planes . 

I n the case of the i d e a l i z e d geometry w i t h symmetry (no t i l t i n g 
a n d s l i d i n g of the t w o r i n g s ) , there is a h i g h e r energy, degenerate, a l l o w e d 
p a i r of exci ton states ( X + X ' a n d Y + Y ' ) a n d a l o w e r energy, f o r b i d d e n 
p a i r of states ( X — X ' a n d Y — Y ' ) , whose net t rans i t ion d i p o l e moments 
are e q u a l to zero. C o n s e q u e n t l y o n l y one l i n e w i l l b e observed i n the 
absorpt ion spec t rum, a n d i t is sh i f ted to the b l u e w i t h respect to the 
absorpt ion of the m o n o m e r . I n such case G equals u n i t y , a n d f r o m a v a i l 
ab le geometr ica l data one can estimate a range of magni tudes for the 
exc i ton c o u p l i n g t e r m V i n the d i p o r p h y r i n s . H o w e v e r , i f the d i m e r 
geometry deviates f r o m the symmetry , the t i l t i n g a n d s l i d i n g of the 
p o r p h y r i n planes w o u l d cause fluctuation of the h igher exc i ton levels as 
w e l l as d e v e l o p i n g intensi ty i n the l o w e r exc i ton states ( 9 ) . A l t h o u g h 
the intensi ty of the l o w e r exc i ton t rans i t ion (AE~) cannot c o m p a r e w i t h 
that of the A E + , A E ~ c a n be responsible for the appearance of the "Soret 
t a i l " i n the 450-nm reg ion . 

u 2 

V = — G 
(3) 
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15. C H A N G Cofacial Diporphyrin Complexes 171 

2000 c m " 1 < V < 6000 crrf 

6.4 A > R > 4.2 A 
(4) 

T h e above est imation is s u p p o r t e d fur ther b y spectral i n f o r m a t i o n 
s h o w n i n F i g u r e 2. L e t us first consider the b l u e shif t of the Soret b a n d 
( B state) . T o first approx imat ion , the B + b a n d s h o u l d occur at: 

w h e r e A E B ° is the Soret absorpt ion of monomer . A D usua l ly causes a r e d 
shift b u t its va lue is dif f icult to estimate. I n d i p o r p h y r i n 1, f r o m the A E B

+ 

at 384 n m a n d the r e d t a i l w h e r e the center of AEB~ b a n d p r o b a b l y oc
c u r r e d a r o u n d 480 n m , one c a n set an u p p e r l i m i t for the exci ton c o u p l i n g 
as hal f of this energy gap or V = 2500 c m * 1 , comparable w i t h the V ob
t a i n e d b y E q u a t i o n 3. I n d i p o r p h y r i n 3, w i t h a shortened R, V is enhanced 
m o r e t h a n threefold , a n d this was reflected b y the w i d e r separat ion of the 
b l u e m a x i m u m a n d the r e d ta i l . I n the v is ib le reg ion ( Q state) since the 
t ransi t ion d i p o l e strength is m u c h weaker than the B b a n d , the exci ton 
c o u p l i n g is m u c h smaller . H e r e the solvent r e d shift t e rm A D can be 
c o m p a r a b l e w i t h V i n m a g n i t u d e ; therefore, the s l ight r e d shift a n d the 
more di f fused b a n d shape poss ib ly is a result of b o t h the manifes tat ion of 
A D a n d inhomogeneous solvent b r o a d e n i n g ( 1 0 ) . 

T h e Soret b l u e shift appears to be a c o m m o n feature of most cofac ia l 
m e t a l d i p o r p h y r i n s as w e l l , a l t h o u g h the m a g n i t u d e of the shift varies 
f r o m m e t a l to meta l . C o l l m a n et a l . ( I I ) have synthesized a T P P type, 
face-to-face b i n a r y p o r p h y r i n w i t h 6.5 A separat ion a n d repor ted a 15-nm 
b l u e shift for the Soret peak. T h e characterist ic spectral shifts also have 
been observed i n z i n c p o r p h y r i n aggregates ( 1 2 ) , /x-oxo s c a n d i u m dimers 
( 1 0 ) , a n d sometimes even i n n o n r i g i d l y h e l d " c l a m s h e l l " dimers ( 1 3 ) . 
I n the past year, however , t w o other groups (14,15) have descr ibed 
br ie f ly the synthesis of s imi lar type d i p o r p h y r i n s , p r e s u m a b l y w i t h a r i n g 
separat ion i n the 6 A range a n d have repor ted the absence of the Soret 
b l u e shift . I n v i e w of the large b o d y of evidence d e v e l o p e d f r o m o u r 
w o r k , m e a n i n g f u l discussion of the d iscrepancy must awai t u n a m b i g u o u s 
proof of true cofac ia l geometry i n the latter t w o d i p o r p h y r i n s . 

F luorescence emission data of the d i p o r p h y r i n s also are g i v e n i n 
T a b l e I : the Q ( 0 , 0 ) b a n d is r e d shi f ted a n d fluorescence y i e l d is de
creased. A l t h o u g h some r e d u c t i o n i n & F is p r e d i c t e d b y the exci ton 
m o d e l ( 9 ) , the extent of q u e n c h i n g f o u n d i n the d i p o r p h y r i n s is cer ta inly 
impress ive . It is l i k e l y that the enormous r e d t a i l of the Soret b a n d f u r 
ther enhances the self q u e n c h i n g of the d i m e r fluorescence y i e l d . 

A # B
+ = A # B ° + A D + V (5) 
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172 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 I I 

Cation Radicals of the M g — M g Diporphyrin 

Elec t ro lys is of M g - M g d i p o r p h y r i n s i n C H 2 C 1 2 [ ( C J I o ^ N C K ^ 
or ( C 4 H 9 ) 4 N P F 6 as electrolyte] y i e l d e d var ious ox idat ion products (16). 
C y c l i c v o l t a m m e t r y s h o w e d that the first ox ida t ion peak for ( M g - M g ) * ± 
( M g - M g ) + + took place at about + 0 . 6 V (vs . A g / A g C l e lectrode) a n d 
that the second ox idat ion for ( M g - M g ) + + * ± ( M g - M g ) 4 + o c c u r r e d at 
about + 1-0 V . P a r t i a l electrolysis of the M g - M g d i p o r p h y r i n 1 i n de
gassed C H 2 C 1 2 at + 0 . 5 3 V ( s t o p p e d w h e n coulometer i n d i c a t e d that 
about 0.2 m o l a r equivalents of the d i m e r h a d been o x i d i z e d ) y i e l d e d a 
v io le t so lut ion w i t h an absorpt ion peak at 670 n m , b e l i e v e d to conta in 
( M g - M g ) + m o n o c a t i o n radicals . E P R measurements o n this so lut ion 
s h o w e d a s ignal , g = 2.003, w h i c h has a peak-to-peak separat ion of o n l y 
1 . 0 5 G ( F i g u r e 4 ) . U n d e r i d e n t i c a l condit ions , M g O E P + radicals w e r e 
f o u n d to have a l i n e w i d t h of 2.5 G (17). T h e extremely n a r r o w l i n e w i d t h 
of the d i m e r is surpr is ing , a n d w e speculate that o l igomer iza t ion of the 
m o n o c a t i o n radicals m a y have taken p lace i n solut ion. Nevertheless , the 
n a r r o w i n g i n E P R l i n e w i d t h c lear ly indicates that there is extensive elec
t r o n exchange be tween the t w o rings, s imi lar to the propert ies exh ib i ted 
b y i n v i v o spec ia l p a i r ( b a c t e r i o ) c h l o r o p h y l l s P700 (18) a n d P870 (19). 
F u r t h e r studies o n the propert ies of the i o n r a d i c a l species as a f u n c t i o n 
of the r i n g separat ion are b e i n g carr ied out. W e also have p r e p a r e d sev
era l M g - H 2 d i p o r p h y r i n s ; i t is expected that photolysis w o u l d p r o d u c e 
charge-separated M g + - H 2 " species s imi lar to the ( P A « ± P + A " ) d o n o r -
acceptor bacter ia photosynthet ic units ( 2 0 ) . 

Figure 4. EPR spectra of cation radicals of Mg-Mg-7 (1) and MgOEP. Elec
trolyses were carried out at + 0.53 V (vs. Ag/AgCl) in CH2Cl2 with BuANPF6 

as electrolyte. Spectra were recorded on a Varian E-4 instrument at 23°C. 
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15. C H A N G Cofacial Diporphyrin Complexes 173 

Figure 5. Midpoint reduction potentials of oxygen (ac
cording to Wang (25)) and multielectron transfer 

Multielectron Reduction of Molecular Oyxgen 

R e d u c t i o n of m o l e c u l a r oxygen is di f f icult f r o m the c h e m i c a l po in t of 
v i e w because one not on ly must come u p w i t h a m e c h a n i s m to react w i t h 
the t r ip le t g r o u n d state oxygen b u t also has to a v o i d the f o r m a t i o n of 
toxic, h i g h energy intermediates such as superoxide ( F i g u r e 5) (21). 
Nevertheless , nature has so lved this p r o b l e m marve l lous ly b y us ing m u l t i -
nuc lear m e t a l catalysts. T h e best example is p r o v i d e d b y cytochrome 
oxidase w h i c h contains t w o hemes a n d t w o copper ions a n d carries out a 
four-e lec t ron r e d u c t i o n of oxygen to h y d r o g e n (22). T h e i d e a of m u l t i -
e lectron r e d u c t i o n of oxygen can be r e a l i z e d i n m e t a l d i p o r p h y r i n s i f 
oxygen can f o r m a s a n d w i c h e d complex w i t h metals a n d receive electrons 
f r o m them. I n d e e d oxygen was f o u n d to f o r m either 1:1 or 2 :1 complexes 
w i t h C o ( I I ) a n d F e ( I I ) d i p o r p h y r i n s , d e p e n d i n g o n the m e t a l separat ion. 

W h e n a b u l k y l i g a n d , 1 - t r iphenylmethyl imidazo le , was m i x e d w i t h 
C o ( I I ) - C o ( I I ) d i p o r p h y r i n 1 (6.5 A g a p ) a n d exposed to oxygen, b o t h 
v i s ib le a n d E P R spectra d o c u m e n t e d the f o r m a t i o n of a d o u b l e ( 1 : 1 ) 
C o — 0 2 complex . T h e oxygenat ion can be s h o w n revers ib le : evacuat ion 
resul ted i n e l i m i n a t i n g the superoxo complex a n d res tor ing the C o ( I I ) 
s igna l ( F i g u r e 6 A ) . C o ( I I ) - C o ( I I ) d i p o r p h y r i n 3 (4.2 A g a p ) , o n the 
other h a n d , reacted complete ly i n a different w a y . A d d i t i o n of oxygen to 
the [ < £ 3 C I m - C o ( I I ) ] 2 complex at r o o m temperature instantaneously p r o 
d u c e d a species consistent w i t h the f o r m u l a t i o n of 2 C o / 0 2 (gasometry 
C o : 0 2 = 1 :0 .55) . T h i s complex , w r i t t e n as ju-peroxo [ C o - 0 2 - C o ] , is d i a -
magnet i c a n d has no E P R signals. W h e n a trace of I 2 was a d d e d to this 
solut ion, a w e l l - d e f i n e d isotropic spec t rum was obta ined ( F i g u r e 6 B ) 
consist ing of 15 l ines ( g i s o = 2.024 | A C o | = 10 G ) . S u c h a spec t rum 
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174 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 I I 

Figure 6. EPR spectra of oxygen-containing samples of 
[<j>sCImCo(II)]2 diporphyrins. (A) Upper trace: complex of 1 
with 1 atm of 02 at 77°K; bottom trace: after sample was 
evacuated at —20°C and recorded at 77°K. (B) Room tern-
perature spectrum of the dioxygen adduct of cobalt complex 
of 3 after addition of small amount of I2. This is a typical 
binuclear fi-superoxo dicobalt spectrum. All experiments were 

carried out in CH2Cl2/toluene mixtures. 

w o u l d be expected i f the //,-peroxo d i c o b a l t c o m p l e x became o x i d i z e d to a 
ft-superoxo d icobal t complex i n w h i c h the t w o equiva lent 5 9 C o n u c l e i 
w o u l d give a tota l of (2 X 2 X 7/2) + 1 = 15 lines ( 2 3 ) . T h e /*-super-
oxo f o r m u l a t i o n has fur ther been substantiated b y 1 7 0 experiments (24). 

B e h a v i o r of the i r o n complex of d i p o r p h y r i n s i n general paral le ls that 
of the cobal t system. O x y g e n a t i o n of five-coordinate [</> 3CIm-Fe(II)] 2 

complexes of 1 a n d 2 at — 4 5 ° C i n D M F or C H 2 C 1 2 resul ted i n a v i s i b l e 
s p e c t r u m (a = 562 n m , = 529 n m ) s imi lar to that of the oxygen a d d u c t 
of the " m y o g l o b i n act ive site m o d e l " (26 ,27,28) or the " c r o w n e d h e m e " 
(1). A d d i t i o n of oxygen to the same complex of 3 nevertheless resul ted 
i n instantaneous ox idat ion of the heme, even at — 4 5 ° C . P r e l i m i n a r y 
k i n e t i c measurements i n d i c a t e d that the rate of autox idat ion of this 
b is -heme is at least 10 3 t imes faster t h a n the m o n o m e r i c m y o g l o b i n site 
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15. C H A N G Cofacial Diporphyrin Complexes 175 

(29). T h i s is consistent w i t h the scheme that d i o x y g e n adds to the 
bis -heme to give a ju-peroxo d i m e r [ F e - 0 2 - F e ] w h i c h t h e n decomposes 
to y i e l d other F e ( I I I ) species (30). W i t h m o n o m e r i c hemes, f o r m a t i o n 
of the /x-peroxo complex is usua l ly the rate l i m i t i n g step (31,32). I n 
F e - F e 3, since the t w o i r o n ions are pos i t ioned at favorable distances, the 
energy barr ier l e a d i n g to the s a n d w i c h e d oxygen complex is l o w e r e d , 
thereby resul t ing i n a faster ox idat ion rate. 

T h e exceedingly fast autox idat ion rate exh ib i ted b y some of the m e t a l 
d i p o r p h y r i n s suggests that these complexes can be u s e d as a n efficient 
catalyst for the e lec t rochemica l r e d u c t i o n of oxygen. Several studies (33, 
34,35) have suggested the use of m e t a l phthalocyanines or p o r p h y r i n s 
s trongly absorbed o n various graphite surfaces as catalysts. A l t h o u g h a 
r e d u c t i o n i n the oxygen overpotent ia l general ly has been observed u s i n g 
these absorbed substances, problems i n r e p r o d u c i b i l i t y , s tabi l i ty , a n d 
ac t iv i ty over a w i d e range of p H s have b e e n a c k n o w l e d g e d . W e have 
e x a m i n e d the redox behavior of a n u m b e r of meta l , d i p o r p h y r i n - c o a t e d 
graphi te electrodes. P r e l i m i n a r y results i n d i c a t e d that the c u r r e n t - p o t e n 
t i a l (i-E) curves generated b y l inear sweep v o l t a m m e t r y i n oxygen-
saturated solutions w e r e rather s imi lar to those of m o n o m e r i c meta l lo -
p o r p h y r i n s ( F i g u r e 7) (36). N o explanat ion can be offered at present 

100/z.A 

(D / / \ 
F e - F e - 7 / N 

(3) / 
F e - F e - 5 / 

1 1 
D - 0 2 -0.4 -0.6 -OB -1.0 -12 V 

Figure 7. Linear sweep voltammograms of oxy
gen reduction by iron porphyrins deposited on 
carbon electrode in O . I N KOH, oxygen-saturated 

solution; 25°C, 20 mV'/sec 
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because of the complex i ty i n a n a l y z i n g the surface-coupled oxygen re duc 
t i o n m e c h a n i s m . H o w e v e r , experiments are u n d e r w a y to attach the 
catalyst covalent ly to electrode surface so as to m i n i m i z e the hetero-
geni ty of the surface. 

Prospect 

V a r i o u s lines for future deve lopment of the chemistry of cofac ia l 
d i p o r p h y r i n s can b e recognized . A p a r t f r o m the f e w areas w e have dis 
cussed i n this chapter , several other examples of invest igat ion can b e 
selected: (1) the coordinat ion a n d r e d u c t i o n of molecu lar n i t rogen a n d u n 
saturated organic compounds such as R u - N 2 - R u a n d R h - C H = C H - R h ; 
(2 ) the e lec t rochemica l a n d p h o t o c h e m i c a l reactions of M n - M n d i p o r 
p h y r i n s w i t h water , since b inuc lear manganese complexes are b e l i e v e d to 
p l a y important role i n the ox idat ion of water to give oxygen i n green p l a n t 
photosynthesis ; (3 ) the synthesis of m e t a l p o r p h y r i n s of n o v e l geometry. 
M a n y 2 :1 p o r p h y r i n - m e t a l compounds can be p r e p a r e d u s i n g d i p o r 
p h y r i n as l i g a n d . W e bel ieve that the study of d i p o r p h y r i n s can l e a d to 
m a n y c h a l l e n g i n g research areas w h i c h w i l l have signif icant i m p a c t o n 
b o t h f u n d a m e n t a l as w e l l as a p p l i e d research. 
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Homogeneous Oxidative Coupling Catalysts 

Products of the Oxidation of Copper (I) 
Chloride by Oxygen in Polar, Aprotic Media 

GEOFFREY DAVIES1, MOHAMED F. EL-SHAZLY, 
DEBORAH R. KOZLOWSKI, CHARLES E. KRAMER, 
MARTIN W. RUPICH, and ROBERT W. SLAVEN 

Department of Chemistry, Northeastern University, Boston, MA 02115 

The products of oxidation of Cu(I) chloride by oxygen in 
aprotic ligand/solvent systems are useful catalysts for a 
variety of oxidative coupling reactions of molecular oxygen. 
The ligand/solvent environment determines the nature of 
the products. The copper-reduced oxygen products ob
tained in pyridine are growing polymers with a pyridine
-stabilized CuO core, which can be separated from the py2-
CuCl2 co-product, and are the initiators for the oxidative 
coupling of phenols. Saturated, methylated amines are in
effective stabilizers of the copper-reduced oxygen interac
tion while amide and lactam ligands stabilize distinct clus
tered primary oxidation products. Cryoscopic measurements 
and a determination of the structure of a catalyst derivative 
with coordinated N-methyl-2-pyrrolidinone ligands are valu
able in furthering our understanding of the structure of the 
products formed in other ligand/solvent systems. 

' " "/uberbuhler (1) has p o i n t e d to a n e e d for systematic studies of the 
ox idat ion of C u ( I ) species b y oxygen i n non-aqueous ( a p r o t i c ) 

m e d i a . S u c h investigations w o u l d c o m p l e m e n t w h a t is a l ready k n o w n 
about the corresponding reactions i n aqueous solut ion (1,2) a n d also 
m i g h t p r o v i d e use fu l clues concern ing the C u T - o x y g e n interact ion at the 
h y d r o p h o b i c sites (3,4) b e l i e v e d to b e present i n copper oxidases. I t is 

1 Author to whom reprint requests should be sent. 

0-8412-0429-2/79/33-173-178$05.00/0 
© 1979 American Chemical Society 
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16. D A V I E S E T A L . Homogeneous Oxidative Coupling Catalysts 179 

reasonable to expect at least a f o r m a l resemblance b e t w e e n the products 
of ox idat ion of C u ( I ) i n such m o d e l systems a n d the rest ing state of 
such mul t i centered copper oxidases as ascorbic a c i d oxidase a n d the 
laccases ( 4 ) . A n impetus for research o n m o d e l systems is that the p r o d 
ucts of ox idat ion of C u ( I ) ch lor ide i n solvents l i k e p y r i d i n e w i l l cata lyze 
the oxidat ive c o u p l i n g of phenols b y m o l e c u l a r oxygen, as do i n v i v o 
copper oxidases ( 5 ) . 

O u r studies of the products of ox idat ion of C u ( I ) c h l o r i d e b y oxygen 
i n aprot ic solvent systems were p r o m p t e d b y frustrated attempts (6) to 
extend their a b i l i t y (7) to catalyze R e a c t i o n 1 to the corresponding 
oxidat ive c o u p l i n g of subst i tuted p-phenylenediamines (8), R e a c t i o n 2. 

T h u s , w h e n the products of ox idat ion of C u ( I ) ch lor ide b y oxygen i n 
p y r i d i n e were used as catalysts for R e a c t i o n 2, the m o l e c u l a r weights of 
the azo-polymer products obta ined w e r e too l o w to a l l o w their f a b r i c a t i o n 
into use fu l n e w materials . H o w e v e r , the high-temperature s tabi l i ty a n d 
other desirable propert ies of these polymers (6,8) encouraged us to 
investigate the nature of such catalyst systems i n deta i l w i t h the goal of 
i m p r o v i n g their efficiency a n d specif ic i ty i n oxidat ive c o u p l i n g processes. 

O u r w o r k was first concentrated on catalyst ident i f i cat ion i n p y r i d i n e 
since the ox idat ion of C u ( I ) ch lor ide b y oxygen i n this solvent has a 
r e p r o d u c i b l e s toichiometry over a w i d e range of exper imenta l c o n d i 
tions (6), a n d the react ion mix ture also catalyzes the oxidat ive c o u p l i n g 
of acetylenes (9 ) a n d phenols (10-16). A s a result of this w o r k i n p y r i 
d ine , w e have extended our studies to other so lvent/l igand systems to 
better u n d e r s t a n d the interest ing catalyt ic products . O n e major goal of 
our research is to discover l i g a n d systems that s tabi l ize h i g h l y act ive, 
isolatable ox idat ive c o u p l i n g catalysts for s t ructural a n d mechanis t i c 
studies. A s a result, greater substrate specif ic i ty i n homogeneous c o u p l i n g 
processes than that f o u n d for the p y r i d i n e catalyst system m i g h t b e 
achieved. T h e results then m i g h t have some b e a r i n g o n analogous 
copper -ca ta lyzed reactions i n v i v o . 

T h i s chapter is d i v i d e d into f o u r m a i n sections. F i r s t w e s u m m a r i z e 
the catalyt ic a n d other properties of the products of ox idat ion of C u ( I ) 
c h l o r i d e b y oxygen i n p y r i d i n e . T h e results i n this system suggest f o u r 
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180 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 I I 

m a i n synthet ic routes to o x i d i z e d C u ( I ) ch lor ide ox idat ive c o u p l i n g 
catalysts, w h i c h have been a p p l i e d i n a s tudy of p y r i d i n e derivat ives , 
amines, amides, a n d lactams as potent ia l in i t i a tor - s tab i l i z ing l igands . 
Requirements for effective in i t ia tor s tabi l izat ion are i n d i c a t e d , a n d the 
l i k e l y impl ica t ions of the first s t ructura l i n f o r m a t i o n on the cata lyt ic 
species f o r m e d i n these systems ( w i t h a lac tam l i g a n d ) are discussed. 

Reaction of Cu(I) Chloride with Oxygen in Pyridine 

T h e s toichiometry of the react ion of C u ( I ) c h l o r i d e w i t h oxygen i n 
p y r i d i n e at 5 ° - 8 0 ° C w i t h m o l a r p y r i d i n e : c o p p e r ratios > 0.5 is g i v e n b y 
R e a c t i o n 3 (6,17,18,19). T h e react ion products can be separated b y 

4 C u C l + 0 2 ^ 2 C u C l 2 + 2 " C u O " (3) 

G P C ( p y r i d i n e eluant (17,18)); the b r o w n component , " C u O , " w h i c h 
initiates the oxidat ive c o u p l i n g of 2 ,6 -d imethylphenol (10-16), R e a c t i o n 
4, has the cryoscopic properties of p o l y m e r i c species w i t h C u O units that, 

for their existence i n solut ion, d e p e n d on a large excess of p y r i d i n e . P M R 
measurements on concentrated in i t ia tor solutions (17) p r o v i d e evidence 
for s t a b i l i z i n g coordinated p y r i d i n e , w h i c h is also obvious f r o m attempts 
to isolate s o l i d in i t ia tor species for s t ructura l character izat ion. T h u s , 
evaporat ion of separated in i t ia tor solutions gives insoluble , inac t ive 
C u ( I I ) oxide, w h i c h also is p r o d u c e d w h e n pyr id ine-sa turated a ir or 
oxygen is passed over s o l i d C u ( I ) ch lor ide . C u ( I I ) oxide f o r m a t i o n is 
obvious ly a major d r i v i n g force i n R e a c t i o n 3, w i t h p y r i d i n e p r o v i d i n g 
temporary in i t ia tor s tab i l iza t ion t h r o u g h coordinat ion at the C u O centers. 
R e a c t i o n 3 is essentially i rrevers ible . At tempts at revers ing i t w i t h C u ( I ) -
specific l igands s u c h as 2 ,9 -d imethyl - l , 10 -phenanthro l ine l e a d to o x i d a 
t i o n of the subst i tut ing l i g a n d rather t h a n to the release of m o l e c u l a r 
oxygen (17). 
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16. D A V I E S E T A L . Homogeneous Oxidative Coupling Catalysts 181 

The unusual, featureless spectra of dilute initiator solutions in pyri
dine (which are typical of analogous products in other amine systems) 
are little affected by long standing at room temperature or by heating 
(Figure 1); however, a steady decrease in reactivity towards pyridine 
solutions of water, HC1, or HC10 4 is observed on standing and leads to 
the development of long induction periods (Figure 2) in the oxidative 
coupling of 2,6-dimethylphenol (Reaction 4) (18). This undesirable 
property is attributed to continuing initiator polymerization that leads, 
on prolonged heating, to species which, like Cu(II) oxide, are insoluble 
in pyridine. 

Dissolution of Cu(I) chloride in pyridine before exposure to oxygen 
leads to a reaction with the stoichiometry of Reaction 3 but at much 
lower rates than are observed with solid CuCl (see above) or with slur
ries of CuCl in mixtures of pyridine and methylene chloride or o-dichlo-
robenzene (in which CuCl is virtually insoluble) (6,10,17). In addi
tion, the products from predissolved CuCl are inferior as catalysts for 

350 4 0 0 4 5 0 500 

WAVELENGTH, nm 

Figure 1. Spectral changes which occur on heating chro-
matographically separated, pyridine-stabilized "CuO" initia
tor species (4.2 X 10'4 g-atom Cu/L) in pyridine at 100°C. 

Data from Ref. 18. 
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182 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 I I 

TIME, minutes 

Figure 2. Development of induction periods 
in the oxidative coupling of 2,6-dimethylphe-
nol as catalyzed by "CuO" species in pyridine. 
Percentage theoretical oxygen uptake vs. time 
in the presence of freshly prepared, unsepa-
rated products from Reaction 3 in pyridine (O) 
and the same product mixture heated at 60°C 
for 13 days (#). Reaction conditions: 3.5 
mmol 2,6-dimethylphenol and 0.4 mmol total 
copper in 50 mL pyridine under 1 atm 02 at 

25°C. Data from Ref. 18. 

p h e n o l i c c o u p l i n g c o m p a r e d w i t h those obta ined f r o m slurries. T h i s 
s t rongly suggests that c o o r d i n a t i o n of m o l e c u l a r oxygen a n d one p y r i d i n e 
l i g a n d per C u ( I ) center [ f rom our t i t ra t ion experiments i n o-dichloro-
benzene (17)] is necessary for R e a c t i o n 3 to p r o c e e d a n d that coordina
t i o n of oxygen is b l o c k e d i n d isso lved C u ( I ) species, w h i c h have a v e r y 
h i g h affinity for p y r i d i n e (20). T h e spectra of o x i d i z e d s lurry products 
r e m a i n v i r t u a l l y u n c h a n g e d f r o m the earliest stages of R e a c t i o n 3 i n 
p y r i d i n e . 

T h e u s u a l tools for character izat ion of C u ( I I ) complexes are not 
a p p l i c a b l e to the in i t ia tor species i n p y r i d i n e . T h u s , aside f r o m the facts 
that act ive init iators cannot be isolated as solids a n d that their spectra 
consist of an intense, featureless charge transfer b a n d w h i c h extends 
t h r o u g h the v i s i b l e spectral r e g i o n ( F i g u r e 1 ) , the species are neutra l 
(17), E S R - n o n d e t e c t a b l e (17), a n d cannot b e r e d u c e d at a d r o p p i n g 
m e r c u r y cathode i n the range 0 - ( — 1.65 V ) (vs. S C E , p y r i d i n e solvent, 
a n d t e t r a e t h y l a m m o n i u m perchlorate as e lectrolyte) (18). 

T h r e e i m p o r t a n t requirements are not satisfied b y the products of 
R e a c t i o n 3 i n p y r i d i n e . F i r s t , a l t h o u g h the chromatographica l ly separated 
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16. D A V I E S E T A L . Homogeneous Oxidative Coupling Catalysts 183 

" C u O " consist i tuent is a g o o d oxidat ive c o u p l i n g in i t ia tor a n d catalyst, i t 
cannot be isolated intact f r o m solut ion . Second, the catalyst solutions 
u n d e r g o deac t iva t ing p o l y m e r i z a t i o n on s tanding or heat ing . F i n a l l y , the 
cata lyt ic products are nonspecif ic i n ox idat ive processes. W e have ex
t e n d e d our w o r k to other l igand/solvent systems i n a n at tempt to satisfy 
these goals : to date w e have invest igated close to 40 other systems chosen 
f r o m groups of p y r i d i n e derivat ives , amines, amides, a n d lactams (Tab les 
I, I I , a n d I I I ) . 

T h e f o l l o w i n g four general synthet ic approaches have b e e n used, 
based o n our experience w i t h the parent p y r i d i n e system. 

Direct Synthesis (DS). L i k e p y r i d i n e , l i q u i d l igands , s u c h as 2, 3 ,4 , 
10, 27, 32, 35, a n d 36 can b e u s e d as solvent m e d i a for C u C l ox idat ion . 
I n a l l of these systems, the p r o d u c t solutions conta in species that catalyze 
o x i d a t i v e c o u p l i n g reactions of oxygen. E x p e r i m e n t a l problems w i t h 
these l igands i n c l u d e the h i g h affinity of amides a n d lactams for water , 
w h i c h is p a r t i c u l a r l y t roublesome i n G P C of p r o d u c t solutions ( l i g a n d 
used as e luant) a n d leads to p r o d u c t decompos i t ion (17,18). U n d e r 
str ingent exper imenta l condit ions , lack of success i n chromatographic 
separations can b e e q u i v o c a l i n those cases w h e r e o n l y one ox ida t ion 
p r o d u c t is ac tual ly f o r m e d or w h e r e s l o w e q u i l i b r i a exist b e t w e e n di f 
ferent p r o d u c t species. I n some cases (e.g. w i t h 32 l i g a n d / e l u a n t ) , v e r y 
s m a l l y ie lds of chlor ide-free in i t ia tor solut ion fractions c a n be o b t a i n e d 
f r o m the l e a d i n g sample edge e l u t i n g f r o m l o n g (16 feet) G P C co lumns . 
H o w e v e r , as w i t h p y r i d i n e , s u c h fractions f r o m monodentate l igands 
i n v a r i a b l y p r o d u c e either inso lub le C u ( I I ) oxide (e.g. , w i t h 35) or n o n -
stoichiometr ic , h i g h l y water-sensit ive products (e.g. w i t h 27 or 32). 

A l t h o u g h exper imenta l ly dif f icult a n d restr icted, this a p p r o a c h does 
a l l o w e l i m i n a t i o n of those l igands that are ox idat ive ly unstable i n the 
presence of C u ( I ) c h l o r i d e ox idat ion products a n d excess oxygen. 

Ligand Exchange ( L E ) . T h e products of R e a c t i o n 3 i n p y r i d i n e can 
b e c leanly separated b y G P C w i t h p y r i d i n e as the eluant; the products 
are potent ia l precursors. H o w e v e r , despite the fact that P M R evidence 
( p y r i d i n e p r o t o n b r o a d e n i n g ) m i g h t suggest the existence of l ab i l e coor
d i n a t e d p y r i d i n e at in i t ia tor centers, w e have been unsuccessful i n pre 
p a r i n g other in i t ia tor species t h r o u g h subst i tut ion of p y r i d i n e b y other 
l igands i n p y r i d i n e . W i t h some l igands (e .g. 9 a n d 11) there is l i t t le 
ev idence for exchange even o n l o n g s tanding of i n i t i a t o r / l i g a n d mixtures 
i n p y r i d i n e , despite the fact that very stable copper complexes w i t h the 
subst i tut ing l i g a n d are to be expected i n some cases. 

T h i s L E approach , w h i l e attract ive i n that i t avoids the c o m p l i c a t e d 
p r o d u c t mix ture w h i c h m i g h t arise i f unseparated products f r o m R e a c t i o n 
3 are u s e d as precursors, suffers f r o m the disadvantage that the pre
cursors require a large excess of p y r i d i n e for so lut ion stabi l i ty . I n a d d i -
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t ion , unless the subst i tut ing l i g a n d induces in i t ia tor d e p o l y m e r i z a t i o n , 
the products w i l l be p o l y m e r i c (18). 

In Situ Generation (ISG). I f React ions 5 a n d 3 c o u l d b e c o m b i n e d 
i n a sui table aprot ic solvent, then the use of catalyt ic amounts of C u ( I I ) 

2Cu° + 2 C u n - » 4 C u x (5) 

4 C u J + 0 2 - » 2 C u n + 2 " C u O " (3) 

2Cu° + 0 2 - » 2 " C u O " (6) 

i n R e a c t i o n 6 w o u l d e l iminate the n e e d for chromatographic separat ion 
of the products of R e a c t i o n 3. E x p e r i m e n t s i n p y r i d i n e , 2 7 , 3 2 , a n d 35 
w i t h copper f o i l or sponge s h o w that this c o m b i n a t i o n of processes 
ac tua l ly occurs, b u t the use of cata lyt ic ( < 1 a t o m % ) amounts of C u C l 2 

gives rates of oxygen u p t a k e w h i c h are v e r y m u c h less t h a n those for 
C u C l ox idat ion u n d e r s imi lar exper imenta l condit ions . T h e result o f 
these l o w rates of oxygen uptake is c lear ly seen i n p y r i d i n e , w h e r e the 
rate of R e a c t i o n 5 is the highest : l o n g i n d u c t i o n periods i n the ox idat ive 
c o u p l i n g of phenols are observed. W e have s h o w n prev ious ly that this 
effect is a t t r ibuted to in i t ia tor p o l y m e r i z a t i o n (18). A l s o w o r t h n o t i n g 
is the fact that theoret ical oxygen uptake i n this m o d e takes near ly three 
weeks i n 32 u n d e r t y p i c a l ( m i l l i m o l a r C u ° ) condi t ions a n d gives a b r o w n 
so lut ion w h i c h is inact ive for the oxidat ive c o u p l i n g of 2 ,6 -d imethylphe-
n o l . W e suspect that init iators p r o d u c e d b y I S G i n 32 also r e a d i l y 
p o l y m e r i z e i n solut ion since C u C l 2 c luster incorpora t ion protects i n i t i a 
tors f r o m this deac t ivat ing process (see b e l o w ) . 

Ligand/Solvent Combinations (LS). E x t e n s i o n of our search f o r 
effective s t a b i l i z i n g l igands for c o p p e r - o x y g e n species demands the use 
of s o l i d l igands a n d thus creates the n e e d for sui table solvent m e d i a . 
A l t h o u g h w e have only recent ly b e g u n to f u l l y appreciate the p o t e n t i a l 
ro le of the solvent i n the course of C u ( I ) ch lor ide ox idat ion , w e h a v e 
f o u n d that o-dichlorobenzene a n d methylene c h l o r i d e serve as v i a b l e 
solvent m e d i a for m a n y L S systems. T h e latter solvent has p a r t i c u l a r 
advantages i n that i t has a l o w affinity for water , is easily evaporated to 
af ford s o l i d products , a n d causes sufficient s w e l l i n g of s t y r e n e / d i - v i n y l -
benzene gel -permeat ion resins to give efficient chromatographic separa
tions. H o w e v e r , the f o l l o w i n g observations indicate that the range of 
solvents m a y have to be extended as m o r e l i g a n d systems are explored . 

(1 ) In i t ia tor species i n p y r i d i n e prec ipi ta te a n d decompose to C u ( I I ) 
ox ide o n a d d i t i o n of o-dichlorobenzene b u t are soluble i n M e t h y l e n e 
ch lor ide . 
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16. D A V I E S E T A L . Homogeneous Oxidative Coupling Catalysts 185 

(2 ) Insoluble C u ( I I ) oxide is the o n l y observed c o p p e r - o x y g e n 
p r o d u c t of R e a c t i o n 3 i n neat 19 or i n mixtures of this l i g a n d w i t h 
methylene chlor ide , b u t the use of o-dichlorobenzene instead of m e t h y l 
ene ch lor ide gives homogeneous p r o d u c t solutions w h i c h ge l o n s tanding 
(consistent w i t h in i t ia tor p o l y m e r i z a t i o n ) a n d are too unstable for chro
m a t o g r a p h i c separation. 

T h e rates of ox idat ion of C u C l i n p y r i d i n e / m e t h y l e n e c h l o r i d e m i x 
tures are h igher than those i n neat p y r i d i n e , perhaps because of less 
extensive p y coord ina t ion of C u ( I ) sites, w h i c h w o u l d interfere w i t h 
oxygen coordinat ion p r i o r to ox idat ion (see a b o v e ) . 

Substituted Pyridine Ligands (Table I) 

F o l l o w i n g our p a r t i a l success w i t h p y r i d i n e as the l igand/solvent 
m e d i u m , w e extended our w o r k to the f o r m a l l y aprot ic p y r i d i n e d e r i v a 
tives i n T a b l e I, u s i n g the D S , L E , or L S ( s o l i d l igands o n l y ) approaches. 
These l igands were chosen to effect steric a n d electronic variat ions at 
the in i t ia tor centers; p y r i d i n e l igands w i t h N - g r o u p pendants w e r e used 
as potent ia l c a p p i n g l igands i n a n attempt to b l o c k in i t ia tor p o l y m e r i 
za t ion . 

I n room-temperature D S syntheses w i t h these l igands, react ion of 
C u ( I ) c h l o r i d e w i t h oxygen of ten proceeds i n at least t w o stages, the 
first of w h i c h conforms to R e a c t i o n 3, a n d the remainder of w h i c h are 
associated w i t h l i g a n d oxidat ion . I n some cases ,e.g. w i t h 3, C u ( I ) a n d 
l i g a n d ox idat ion proceed at comparable rates. L i g a n d 4 produces a near ly 
inso lub le p r o d u c t mixture t h r o u g h R e a c t i o n 3; a l t h o u g h the supernatant 
so lut ion catalyzes the oxidat ive c o u p l i n g of 2 ,6-methylphenol , i t is too 
d i l u t e to make in i t ia tor separat ion a p r a c t i c a l propos i t ion . 

I n b o t h D S a n d L E approaches, l i g a n d ox idat ion is observed for a l l 
l igands except 9, 11, a n d 12 ( L E ) , for w h i c h there is no evidence for 
l i g a n d exchange even u n d e r reflux condi t ions . L E w i t h 5 ( w h i c h is 
expected to be a stronger ?r-acid than p y ) u n d e r n i t rogen does l e a d to 
some subst i tut ion (spectra l changes) , b u t this l i g a n d dissociates f r o m 
the in i t ia tor products i n acetone, benzene, a n d methylene ch lor ide , leav
i n g inso luble C u ( I I ) oxide. T h e c o m p l i c a t e d chromatographic behavior 
of L E products obta ined w i t h 5 is consistent w i t h s l o w exchange of p y 
a n d concurrent p o l y m e r i z a t i o n of products . 

L E w i t h l i g a n d 6 consumes 1.5 m o l 0 2 per m o l of l i g a n d a n d gives 
a green so lut ion w h i c h is an inact ive ox idat ive c o u p l i n g catalyst. L E 
w i t h l igands 7 a n d 8 gives r e d p r o d u c t solutions after the c o n s u m p t i o n 
of 2.5 a n d 3.5 m o l 0 2 per m o l of l i g a n d , respect ively . F o r l igands 6, 7, 

a n d 8, oxygen uptake rates are highest for 8, suggest ing i n i t i a l ox ida t ion 
at the b e n z y l i c C H 2 g roup. G P C ( p y r i d i n e e luant ) provides no evidence 
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186 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 

Table I. Pyridine Derivatives 

P R O P E R T I E S I I 

P h 
I 

C = 0 

2 3 4 5 

0 0 N 
| 

N N 1 N 

P h P h C H 2 C H 2 

6 7 
l 

P h 8 P h 

11 12: R = H 1 3 : R ^ = M e 

for azobenzene format ion (see R e a c t i o n 1) a n d gives b r o w n , copper-
c o n t a i n i n g solids o n a d d i t i o n of concentrated H C 1 to b r o w n c o l u m n 
fractions ( H C 1 r a p i d l y converts in i t ia tor species i n p y r i d i n e to soluble 
C u C l 2 ) . 
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16. D A V I E S E T A L . Homogeneous Oxidative Coupling Catalysts 187 

O u r investigations w i t h 1 1 , 12, a n d 13 s tem f r o m our earl ier be l ie f 
(17) that the cata lyt ic p r o d u c t f r o m R e a c t i o n 3 i n p y r i d i n e was a p y r i -
d ine -coord ina ted C u ( I ) peroxide . L E w i t h l igands 11 a n d 13 m i g h t 
reverse R e a c t i o n 3 because the C u ( I ) complexes w i t h these l igands are 
v e ry stable (21). H o w e v e r , in i t ia tor species i n p y r i d i n e show l i t t le 
affinity for 11 (see above) ( a l t h o u g h r a p i d exchange is observed for 
C u ( I ) c h l o r i d e ox idat ion products i n 32 a n d 3 5 ) . W e are current ly 
inves t igat ing L S synthesis of in i t ia tor derivat ives w i t h 1 1 , 3 2 , 34, 3 5 , 3 6 , 
N , N - d i m e t h y l n i c o t i n a m i d e , l - m e t h y l - 2 - p y r i d o n e a n d N , N - d i e t h y l - 3 - t o l u -
amide . L i g a n d 12 gives a large n u m b e r of nonsto ichiometr ic products i n 
L E a n d 13 is o x i d i z e d s l o w l y d u r i n g l i g a n d exchange. T h e chromato-
g r a p h i c a l l y separated products f r o m L E w i t h 13, w h i l e spectral ly s i m i l a r 
to the C u ( d m p ) 2

+ moie ty ( b r o a d spectral m a x i m a b e t w e e n 400 a n d 450 
n m i n p y r i d i n e ) , i n v a r i a b l y have h i g h oxygen contents consistent w i t h 
l i g a n d oxidat ion . 

S i m p l e subst i tuted p y r i d i n e derivatives are too easily o x i d i z e d i n the 
D S a n d L E modes to be use fu l as in i t ia tor stabil izers . W e are current ly 
invest igat ing 9 a n d 11 i n the L S mode. P r e l i m i n a r y results indicate that 
9 acts as a s t a b i l i z i n g l i g a n d for in i t ia tor species, w h i c h can be isolated 
b y ge l permeat ion chromatography. 

Amine Ligands (Table II) 

D S w i t h l igands 14, 1 5 , 16, a n d 17 gives green or b lue p r o d u c t 
mixtures that are very w e a k oxidat ive c o u p l i n g catalysts after i so lat ion 
as solids. O x y g e n uptake is r a p i d w i t h these l igands . L i g a n d s 2 4 a n d 25 
are unsui table for use because they are too easily air o x i d i z e d . C o n 
s u m p t i o n of m o r e t h a n the theoret ical 0.25 m o l 0 2 p e r m o l of C u ( I ) 
w i t h l igands 18, 2 0 , a n d 22 i n D S or L S modes demonstrates the neces
sity for r e m o v a l of protons f r o m a l l N - H groups for successful in i t ia tor 
s tabi l izat ion . F o r example, w h i l e l i g a n d 22 consumes 4 m o l 0 2 per m o l 
of l i g a n d i n methylene ch lor ide , l i g a n d 23 conforms to the expected 
C u ( I ) c h l o r i d e ox idat ion s toichiometry (see Reac t ion 3 ) . 

L i g a n d s 19 a n d 21 g ive the highest rates of solution-phase C u ( I ) 
ch lor ide ox idat ion so far observed i n the absence of l i g a n d ox idat ion . 
T h e products i n D S or L S (methylene ch lor ide solvent) w i t h these 
l igands are inso luble solids a n d the respective C u ( I I ) complexes, whereas 
L S (o -d ich lorobenzene) gives homogeneous p r o d u c t solutions that con
t a i n h i g h l y act ive oxidat ive c o u p l i n g catalysts. H o w e v e r , these latter 
solutions ge l o n s tanding or concentrat ion ( p r e c l u d i n g G P C separat ion) 
a n d u l t imate ly p r o d u c e the same solids as obta ined i n D S or L S ( m e t h y l 
ene c h l o r i d e ) . These solids are very p o o r oxidat ive catalysts a n d s h o w 
essentially no affinity for the amine l igands . 
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188 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 I I 

Table II. Amine Ligands 

N H 2 — C H 2 — C H 2 — N H 2 

14 

( M e ) 2 N — C H 2 — C H 2 — N ( M e ) 2 

15 

N H 2 — C H 2 — C H 2 — C H 2 — N H 2 C H 3 — C H — C H 2 — N H 2 

N H 2 

16 17 

N 
i 

R 

18: R = H 

19: R = M c 

R 

R 

N 

R 

I 
R 

20: R = H 

21: R = M e 

22: R = H 
23: R = M e 

N N 
R 

24: R = H 

25: R = M e 

C y c l a m , 22, a n d tetramethy Icy c l a m , 23, w e r e chosen for s tudy be
cause they c o m b i n e the desirable propert ies of 19 a n d 21 ( r a p i d C u ( I ) 
c h l o r i d e ox ida t ion reduces the t ime ava i lab le for in i t ia tor p o l y m e r i z a t i o n ) 
w i t h the potent ia l s t a b i l i z i n g inf luence of a macrocyc le . L i g a n d 23 is 
interest ing i n that the f o u r m e t h y l groups are o n the same side of the 
near-planar N 4 core i n m e t a l complexes (22, 23) a n d thus m i g h t prevent 
in i t ia tor p o l y m e r i z a t i o n t h r o u g h a "p icke t fence" effect (24). T h e p r o d -
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16. D A V I E S E T A L . Homogeneous Oxidative Coupling Catalysts 189 

ucts of the r a p i d ox idat ion of C u ( I ) ch lor ide i n the presence of a n e q u i -
m o l a r quant i ty of 23 i n methylene ch lor ide or o-dichlorobenzene are a n 
insoluble f o r m of C u ( I I ) oxide ( IR max at 460 cm" 1 ) , the C u ( I I ) complex 
of 2 3 , a n d free l i g a n d . 

M e t h y l - s u b s t i t u t e d amines l i k e 19, 2 1 , a n d 23 can be expected to 
give rise to re lat ively r a p i d C u ( I ) ch lor ide ox idat ion since, b e i n g harder 
l igands than p y r i d i n e s a n d amides, they preferent ia l ly s tabi l ize the C u ( I I ) 
o x i d a t i o n state of the m e t a l (25). W h a t is evident here is that the p l a n a r 
geometry a n d strong cr character of 23 are not compat ib le w i t h the re
quirements of the copper - reduced oxygen interact ion despite an extremely 
strong tendency for m e t a l chelat ion b y the l i g a n d . T h e latt ice energy of 
C u ( I I ) ox ide is sufficient to enable its ready p r o d u c t i o n rather t h a n the 
f o r m a t i o n of a m a c r o c y c l i c " C u O " center. S i m i l a r effects a n d rates of 
C u C l ox ida t ion are observed o n ox ida t ion of p r e f o r m e d C u L C l or of 
slurries of C u C l i n the L S m i x t u r e ( i n contrast w i t h the results for p y r i 
d i n e n o t e d a b o v e ) . T h e in i t ia tor p o l y m e r i z a t i o n f o u n d for p y r i d i n e , 19, 
a n d 21 as l igands indicates that monodentate n i t rogen l igands are ineffec
t ive i n b l o c k i n g this process. 

Amides and Lactams (Table III) 

It has been k n o w n for some t ime that l igands 2 7 , 3 5 , a n d 36 c a n b e 
used for direct synthesis of o x i d i z e d C u ( I ) ch lor ide solutions w h i c h are 
use fu l catalysts for oxidat ive c o u p l i n g processes (26,27). A m i d e a n d 
lac tam l igands conta in the n i t rogen atoms of amines ( w h i c h general ly 
promote C u ( I ) ox idat ion , see above) a n d also serve as c r u d e models for 
the p e p t i d e l i n k of proteins, w h i c h is the general environment of copper 
f o u n d i n oxidases (28). 

T h e need for methy la t ion of a l l N - H groups a n d the necessary absence 
of ac id ic protons is again demonstrated b y the ready o x i d a t i o n of 2 6 , 3 1 , 
a n d 33 l igands i n the D S , L E , a n d L S modes. A t t e m p t e d chromatogra
p h y of the products obta ined i n 27 ( commerc ia l G P C resins, 27 as eluant) 
gave gave very poor separations, the best b e i n g obta ined w i t h B i o r a d 
B iobeads S X - 8 resins ( n o m i n a l exclusion l i m i t 1000 d a l t o n s ) . S m a l l 
amounts of chlor ide-free mater ia l c o u l d be obta ined f r o m the l e a d i n g 
edge of e l u t i n g samples, b u t the solids ob ta ined o n evaporat ion w e r e 
extremely water sensitive a n d gave i r r e p r o d u c i b l e ana ly t i ca l results, 
usua l ly w i t h h i g h copper contents a p p r o a c h i n g those of C u ( I I ) oxide. 

N o n e of the oxidat ion products f o r m e d i n the presence of 2 7 , 2 9 , 3 2 , 
3 4 , 3 5, a n d 36 can be c leanly separated b y G P C . Spectra l a n d polaro-
g r a p h i c analyses of p r o d u c t solutions give no evidence for discrete 
C u ( I I ) ch lor ide f o r m a t i o n (29) ( i n sharp contrast to the results ob ta ined 
i n 19 a n d to p y r i d i n e (17,18)). T h i s evidence indicates that different 
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190 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 II 

Table III. Amide and Lactam Ligands 

0 
II / 

R i — C — N 
\ 

R2 

R 2 

2 6 : Ri= = H ; R 2 = M e 
2 7 : Ri= = R 0 = M e 
2 8 : Ri= = M e ; R 2 = P h 
2 9 : Ri= = P h ; R 2 = M e 
3 0 : Ri= = R 2 = P h 

N 
I 

R 

0 
l 

R 

3 1 : R = H 

3 2 : R = M e 

3 3 : R = H 

34 : R = M e 

M e 2 S . O 

35 

( ( M e ) 2 N ) ) 3 P O 

36 

ox idat ion products are u l t imate ly f o r m e d i n the presence of amide l igands 
o n the one h a n d a n d amines o n the other. T w o other observations sup
port this conclus ion . F i rs t , the properties of the products obta ined w i t h 
amides seem far less t ime-dependent a n d second, R e a c t i o n 4b and/or the 
p r o d u c t i o n of l o w molecu lar w e i g h t polymers f r o m 2 ,6 -d imethylphenol 
seems f a v o r e d over p o l y p h e n y l e n e oxide f o r m a t i o n ( R e a c t i o n 4 a ) . 

L i g a n d s 28 a n d 30 do not promote C u ( I ) ch lor ide ox idat ion i n the 
L S m o d e (methylene ch lor ide or o -d ich lorobenzene) . L i g a n d 32 p r o 
vides ox idat ion products w h i c h are far less sensitive to water than any 
obta ined w i t h the other l igands l i s ted i n T a b l e I I I . T h e o x i d a t i o n of C u ( I ) 
ch lor ide i n 32 ( D S ) produces a b r o w n , cata lyt ica l ly act ive so lut ion w h i c h 
resists a l l attempts at separation. P r e c i p i t a t i o n of the products b y a d d i 
t i o n of g l y m e results i n a y e l l o w - g r e e n s o l i d w i t h a n E S R spec t rum 
i d e n t i c a l to that of the p r o d u c t so lut ion a n d different f r o m that of C u C l 2 

i n 32 ( F i g u r e 3 ) . If this s o l i d is prec ip i ta ted , w a s h e d w i t h g lyme, a n d 
a l l o w e d to stand as a s lurry for 7—20 days, remarkable transformations 
are observed. T h e y e l l o w s o l i d splits into t w o sections, the l o w e r of 
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Figure 3. ESR spectra of the following: (A) CuCl2 

in frozen L = 32; (B) product of oxidation of Cu(I) 
chloride by oxygen in 32 (precipitated solid or solu
tion in 32); (C) solid Cu!tCl6Llt(OH2). Spectra ob

tained with a Varian E-9 spectrometer at —100°C. 

w h i c h is b r o w n a n d the u p p e r of w h i c h is a pale-green gel . B r o w n -
orange catalyt ic crystals s l o w l y appear i n the l o w e r section. A n a l y s i s of 
these crystals gives the e m p i r i c a l f o r m u l a C u 4 C l 6 L 4 0 ( O H 2 ) ; their E S R 
spec t rum is i n c l u d e d i n F i g u r e 3. T h e stoichiometry for format ion of 
this p r o d u c t is g i v e n b y R e a c t i o n 7 ( L = 3 2 ) . 

12 C u L C l + 3 0 2 + 6 H 2 0 -> 2 C u 4 C l c L 4 0 ( O H 2 ) + 4 C u L ( O H ) 2 (7) 

A s i n d i c a t e d i n this equat ion, the gelatinous green phase that accom
panies crysta l g r o w t h is a C u ( I I ) h y d r o x i d e complex . T h e structure 
(30) of the crystal l ine p r o d u c t is s h o w n i n F i g u r e 4. 
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192 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 I I 

Figure 4. An ORTEP-II view of the geometry of the catalytically active clus
ter L3CuJtOCl6(OH2) • L(L = N-methyl-2-pyrrolidinone) (30) 

T h e room-temperature magnet ic m o m e n t of a g r o u n d sample of the 
crystals is 2.2 /xB (1.92 /xB at 77°K, F a r a d a y b a l a n c e ) , consistent w i t h the 
five-coordinate C u ( I I ) centers of the structure (31,32,33,34). L o w -
temperature magnet ic measurements are b e i n g under taken to assess the 
extent of exchange c o u p l i n g be tween the m e t a l centers. S m a l l crystals 
that have appeared i n homogeneous p r o d u c t solutions i n 32 also are 
b e i n g invest igated, a n d w e are current ly u s i n g the above technique i n 
a n attempt to obta in crystal l ine products w i t h 27, 29 , 34, 35, a n d 36 as 
l igands . 

If L 3 C u 4 C l 6 ( 0 ) O H 2 • L is a l l o w e d to s tand i n excess 32, ca ta lyt ica l ly 
inac t ive L 4 C u 4 C l 6 0 is p r o d u c e d . T h e latter also c a n be synthesized b y a 
l i terature procedure (33). E v i d e n t l y , a t e r m i n a l oxygen atom is a re
q u i r e m e n t for catalyt ic ac t iv i ty i n these clusters (30). 

It is of interest to consider the m e c h a n i s m of ox idat ion of slurries of 
s o l i d C u ( I ) ch lor ide i n the presence of monodentate l igands such as 
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16. D A V I E S E T A L . Homogeneous Oxidative Coupling Catalysts 193 

p y r i d i n e a n d 32 a n d to explore the re lat ionship b e t w e e n the crysta l l ine 
d e r i v a t i v e a n d the p r i m a r y p r o d u c t of ox idat ion . 

T h e structure of s o l i d C u ( I ) ch lor ide ( z i n c b lende , a0 = 5.406 A 
(35)) is compat ib le w i t h the format ion of a c lustered product . W e have 
s h o w n cryoscopica l ly i n 32 that the p r i m a r y p r o d u c t of ox idat ion is a 
stable tetrameric cluster, R e a c t i o n 8 ( l igands omi t ted) (30). B a s e d o n 

our observations a n d on results obta ined i n other systems (1) , w e favor 
a n inner-sphere m e c h a n i s m for R e a c t i o n 8. A s s u m i n g s imi lar p r i m a r y 
c lustered products i n a l l cases, i t is evident that p y r i d i n e does not sta
b i l i z e the p r i m a r y p r o d u c t cluster, w h i c h undergoes fracture to g ive t w o 
discrete products , see R e a c t i o n 3. H o w e v e r , as n o t e d earlier, coordinated 
p y r i d i n e does p r o v i d e l i m i t e d s tabi l i ty to the resul t ing C u - O - C u - O core. 
P o l y m e r i z a t i o n of in i t ia tor species, React ions 9 a n d 10, p r e s u m a b l y is 

( - C u - O - C u - O - ) m + ( - C u - 0 - C u - 0 - ) » - » ( - C u - O - C u - O - ) m + w (10) 

a l l o w e d b y the existence of lab i le -coordinated p y r i d i n e (see above) a n d 
strongly nuc leophi l i c -exposed oxygen atoms [we have f o u n d that even 
h i g h l y p o l y m e r i z e d init iators are s ignif icantly stronger prot i c bases than 
is p y r i d i n e (18)]. 

Saturated amines such as 19 s tabi l ize nei ther the p r i m a r y cluster 
nor the C u - O - C u - O core p r o d u c e d o n cluster fracture . H o w e v e r , w e 
have isolated a l i g a n d class ( the amides) w h i c h stabilizes c lustered 
products that can serve as u s e f u l models for the active sites of copper 
oxidases. 

Acknowledgment 

T h i s w o r k was s u p p o r t e d b y N a t i o n a l Science F o u n d a t i o n G r a n t 
C H E 7 5 2 2 4 5 3 , w h i c h is grateful ly a c k n o w l e d g e d . O u r u n d e r s t a n d i n g of 
these cata lyt ic copper species has been greatly i m p r o v e d b y a s t ructural 
determinat ion of the catalyst der ivat ive w i t h N - m e t h y l - 2 - p y r r o l i d i n o n e 
b y M e l v i n R. C h u r c h i l l a n d F r a n k J . Rote l la , w h o graciously c o n t r i b u t e d 
their results p r i o r to p u b l i c a t i o n . T h e exper imenta l assistance of Jack 
Treger , R i c h a r d H i m m e l w r i g h t , R a y m o n d H o o v e r , W i l l i a m Reiff , E d 
w a r d So lomon, a n d E d w a r d W i t t e n is also great ly apprec ia ted . 

( C u C l ) , + ~ 0 2 -> j C u 4 C l 4 0 2 (8) 
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Novel Cleavage and Oligomerization Reactions 
of Nickel(0) Complexes 

Applications to Homogeneous Deoxygenation 
and Desulfurization 

JOHN J. EISCH and KYOUNG R. IM 

Department of Chemistry, State University of N e w York at Binghamton, 
Binghamton, N Y 13901 

The ease of interaction of Ni(0) complexes with organic 
substrates has been shown to depend upon both the ligands 
on nickel and the solvent. The presence of α,α'-bipyridyl 
with the Ni(0) complex and the alkyne led to the isolation 
of a nickelacyclopropene, an observation in accord with the 
recently proposed metallocyclic pathway for the Ni(0)-cata-
lyzed trimerization of alkynes. Allylic and benzylic ethers 
and epoxides have been observed to undergo oxidative 
insertion of Ni(0) into their C-O bonds with solvent 
(TMEDA > THF > Et2O > C6H6) and ligand (Et3P > 
Ph3P; α,α'-bipy > COD) effects consistent with an electron
-transfer attack by Ni(0). With such sulfur heterocycles as 
dibenzothiophene, phenoxathiin, phenothiazine, and thian
threne, a 1:1 admixture of (COD)2Ni with α,α'-bipyridyl gave 
as the principal product the desulfurized, ring-contracted 
cyclic product. 

By r e p l a c i n g certa in heterogeneous t ransi t ion meta l catalysts b y h o m o -
geneous or p o l y m e r - b o n d e d catalysts, m a n y impor tant reactions, s u c h 

as hydrogenat ion , unsaturated h y d r o c a r b o n o l igomer iza t ion , a n d h y d r o 
f o r m y l a t i o n , show signif icant gains i n stereo-, regio- , a n d loco-select ivi ty 
(1,2) ( L o c o - is suggested as a prefix to denote the m o l e c u l a r site ( f u n c 
t i o n a l g r o u p ) at w h i c h a g i v e n react ion occurs selectively ( L a t i n , locus: 
p l a c e or s i te ) . T h e term, chemospecif ic , w h i c h has a lready been suggested 

0-8412-0429-2/79/33-173-195$05.00/0 
© 1979 American Chemical Society 
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for this s i tuat ion (2 ) does not seem to c a l l to m i n d the i n t e n d e d meaning.) 
A s par t of a long-range, p h y s i c a l organic invest igat ion of t ransi t ion m e t a l 
ox idat ive addit ions , the present s tudy has examined the insert ion reactions 
of N i ( 0 ) complexes into var ious re la t ive ly weak ir a n d cr bonds . C h o s e n 
for p a r t i c u l a r attention w e r e the a lkyne TT b o n d a n d the carbon-hetero-
a tom a bonds ( C - E , w h e r e E = O , S, X , or a m e t a l l o i d ) . B y unders tand
i n g the inf luence of l igands a n d solvents o n the rate a n d extent of such 
stoichiometr ic insertions, w e hope to deve lop such reactions into ra t ional ly 
f o u n d e d cata lyt ic processes. F o r example, the cata lyt ic scission of C - S 
bonds, present ly effected w i t h h y d r o g e n a n d heterogeneous catalysts at 
e levated temperatures (3,4,5,6,7), m i g h t be achievable at a m u c h l o w e r 
temperature w i t h a n appropr ia te soluble t ransi t ion m e t a l complex . S u c h 
m i l d d e s u l f u r i z i n g condit ions m i g h t m e a n savings of t ime a n d energy for 
i n d u s t r i a l processes used i n d e s u l f u r i z i n g coa l -der ived fuels a n d chemicals . 
I n a d d i t i o n , agents capable of c l e a v i n g C - S bonds at l o w temperatures 
c o u l d be va luable i n selectively d e g r a d i n g the macrostructures of var ious 
coals themselves into fragments manageable for s tructural studies. T h e 
increas ing rel iance of the i n d u s t r i a l nations o n coa l for energy a n d for 
chemicals raises the p r o b l e m of desu l fur iza t ion to n e w p r o m i n e n c e . 
Indeed , since the days of S o d o m a n d G o m o r r a h , the presence of su l fur 
a n d its oxides i n the environment has been r e c o g n i z e d as a serious p r o b 
l e m for h u m a n communit ies . 

Interaction of Ni(0) Complexes with Alkynes 

Recent studies on the a l l y l a t i o n of alkynes w i t h bis (7r-allyl) n i c k e l 
have revealed that the N i ( 0 ) generated i n this process causes the t r i m e r i -
z a t i o n a n d , m o r e impor tant ly , the reduct ive d i m e r i z a t i o n of a p o r t i o n of 
the a lkyne ( 8 ) . A deuterolyt ic w o r k - u p l e d to the t e r m i n a l l y di -deuter -
ated diene ( 5 ) , s u p p o r t i n g the presence of a n icke lo le precursor ( 4 ) 
(Scheme 1) . T h e further interact ion of 4 w i t h 1, either i n a D i e l s - A l d e r 
fashion ( 6 ) or b y a lkyne insert ion i n a C - N i b o n d ( 7 ) , c o u l d l e a d to 
the c y c l i c t r imer 8 after extrusion of N i ( 0 ) , thereby a c c o u n t i n g for the 
t r i m e r i z i n g ac t ion of N i ( 0 ) o n alkynes. T h i s detect ion of d i m e r 5 t h e n 
p r o v i d e d impetus for the synthesis of the u n k n o w n n icke lo le system to 
learn i f its propert ies w o u l d a c c o r d w i t h this p r o p o s e d react ion scheme. 
Therefore , E , E - l , 4 - d i l i t h i o - l , 2 , 3 , 4 - t e t r a p h e n y l - l , 3 - b u t a d i e n e (9) was 
treated w i t h bis ( t r i p h e n y l p h o s p h i n e ) n i c k e l ( I I ) c h l o r i d e or 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 ) n i c k e l ( I I ) c h l o r i d e to f o r m the n icke lo le 10 (9) 
(Scheme 2 ) . T h e n icke lo le reacted w i t h d i m e t h y l acetylenedicarboxylate 
to y i e l d 11 a n d w i t h C O to p r o d u c e 12. F i n a l l y , i n k e e p i n g w i t h the 
hypothesis offered i n Scheme 1, 10a d i d act as a t r i m e r i z i n g catalyst 
t o w a r d d iphenylace ty lene ( 1 3 ) to y i e l d 14. 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

97
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
97

9-
01

73
.c

h0
17



17. E I S C H A N D I M Novel Cleavage, Oligomerization Rxns 

Scheme 1 

R — C = C — R - f ( C H 2 = = C H C H 2 ) 2 N i 

197 

R R 

C H 2 = C H C H 2 C H 2 C H ^ = C H 2 

1 

R R 
\ / 
C — C 
// w 

R — C C — R 
\ / 

Ni 

D C 1 

R R 

C — C 
/ / x 

R _ C C — R 
\ / 

D D 

R — G E = C — R 

t 
R 

R 

Ni 
R 

R 

R 

or 

R 

6 

T h e p r o f o u n d effect of l igands o n the course of a l k y n e — N i ( 0 ) inter
actions was observed w i t h b i s ( l , 5 - c y c l o o c t a d i e n e ) n i c k e l ( 0 ) ( 1 5 ) . A l 
t h o u g h heat ing 13 i n hexane w i t h 15 b r o u g h t about r e d u c t i v e d i m e r i z a -
t i o n a n d t r i m e r i z a t i o n , a c o m b i n a t i o n of 15 a n d 1 e q u i v of a,«'-t>ipyridyl 
(cf . i n f r a ) gave a b l a c k s o l i d ( 1 6 , I R b a n d at 1770 c m " 1 ) whose protolysis 
u n d e r a n a r g o n atmosphere w i t h 8 5 % H 3 P 0 4 y i e l d e d o n l y cis-st i lbene 
( 1 7 ) . S i m p l e exposure of a s lurry of 16 to a i r regenerated 13. O n the 
other h a n d , treatment of 16 w i t h 6N H C 1 u n d e r argon p r o d u c e d a b r i c k -
c o l o r e d s o l i d (18) whose protolysis w i t h g l a c i a l acet ic a c i d i n a i r p r o 
d u c e d o n l y frans-st i lbene ( 1 9 ) . W h e n the b l a c k s o l i d 16 was t reated 
ins tead w i t h a sequence of 6 N - D C 1 a n d g l a c i a l o-deuterioacetic a c i d , 
«,a '-dideuterio-trans-sti lbene was obta ined . T h e f o r m u l a t i o n of 16 as a 
n i c k e l a c y c l o p r o p e n e is s u p p o r t e d b y the 1770 c m " 1 b a n d , w h i c h resem
bles that characterist ic of other meta l locyc lopropenes (10). T h u s , as 
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198 INORGANIC COMPOUNDS W I T H U N U S U A L PROPERTIES n 

Scheme 2 

P h P h 

// V 
P h _ C C — P h 

\ / 
L i L i 

1 L 2 N i C l 2 

( M e O , C — C = 

, C 0 2 M e 

C O , M e 

P h P h 

,c—c 
P h — q C — P h 

' V \ N i 

L „ 

10 

\ 10a 

P h 

P h — C = C — P h 

13 

N c - c ( 
P h — ( 5 ^ V - P h 

b 

12 
a: L = P h 3 P 
b: L = ( P h 2 P C H 2 - ) 2 

10a as ca ta lys t 

14 

p o r t r a y e d i n Scheme 3, the presence of b i p y r i d y l seems to arrest the 
a l k y n e - N i ( O ) in terac t ion at the 1:1 stage (16). W h e n 16 was heated i n 
T H F w i t h two or more equivalents of d i m e t h y l acetylenedicarboxylate 
(21), 20 a n d the c y c l o t r i m e r of 21 w e r e isolated. F o r the cata lyt ic 
c y c l o t r i m e r i z a t i o n of a lkynes, accord ing ly , this f i n d i n g supports a step
w i s e passage f r o m a 1:1 (e.g. , 16) to a 2 :1 or n icke lo le a d d u c t ( i n this 
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17. E I S C H A N D I M Novel Cleavage, Oligomerization Rxns 199 

Scheme 3 

P h 
P h — C = C — P h ( C O D ) 2 N i y \ 

13 

P h 

( C 5 H 4 N ) 2
 7 C = C 

T H F \ / 
. N i . 

•NC ' ; N 

° 2 y P h — C ^ C — P h 

D C l 
' A r 

16 
H 3 P O 4 

P h P h i 

D N i C l — L » 

18 

D O A c 

c = c 
/ \ 

D P h 

19 

A r 
P h P h 

\ / 

17 

( M e 0 2 C — C ^ ) 2 

C 0 2 M e 

C 0 2 M e 

P h Y 1 c ° 2 M e 

C 0 2 M e 

20 

case, 4 , w h e r e R i a n d R 2 = P h a n d R 3 a n d R 4 = C 0 2 M e ) to a 3 :1 a d d u c t 
(8 a n d 20 , v i a 6 or 7 ) . M o r e impor tant ly , these results can m e a n that 
b i p y r i d y l fosters oxidat ive a d d i t i o n onto the a lkyne TT b o n d a n d stabil izes 
the N i ( I I ) - l i k e n icke lacyc lopropene intermediate ( 1 6 ) , b o t h b y its back-
b o n d i n g a n d chela t ing propert ies . 

Insertions of Ni(0) Complexes into Carbons-Oxygen Bonds 

F u r t h e r evidence for the foster ing effect of donor l igands o n the 
oxidat ive addi t ions of N i ( 0 ) was g a i n e d f r o m a cleavage s tudy of ethers 
a n d epoxides. A l l y l i c ethers, s u c h as a l l y l p h e n y l ether ( 2 2 ) , u n d e r w e n t 
smooth insert ion of N i ( 0 ) w i t h either 15 i n T H F or te t rak i s ( t r i e thy l -
p h o s p h i n e ) n i c k e l ( O ) ( 2 3 ) i n benzene (Scheme 4 ) . T h e f o l l o w i n g reac
t i v i t y trends are n o t e w o r t h y : ( 1 ) as to solvent, T M E D A > T H F > > 
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Scheme 4 

. 0 . 

22 

C H , + L„Ni° 

C H 
M 
C H , 

15 : L„ = 2 C 0 D 
2 3 : L„ = 4 E t 3 P 

0 — N i 
i 

C H , 

O H 

C H 2 H C L | 
I ^ 

C H 

+ C H 3 C H = C H o 

C 6 H 6 ; (2 ) as to l igands, ( C O D ) 2 N i + b i p y > ( C O D ) 2 N i ; a n d (3 ) as 
to ether, P h O C H 2 C H — C H 2 > > P h - 0 - C H 2 P h > > M e O C H 2 P h ( I I ) . 
T h e f o r m a t i o n of s m a l l amounts ( < 5 % ) of o- a n d p-a l ly lphenols is con
sistent w i t h the i n t e r m e d i a c y of a l l y l a n d phenoxy r a d i c a l pairs i n these 
N i ( 0 ) insertions. [The f o r m a t i o n of ca . e q u a l amounts of o- a n d p - a l l y l -
phenols is not reconci lab le w i t h a c o m p e t i n g t h e r m a l C l a i s e n rearrange
ment , w h e r e exclusively the o - a l l y l p h e n o l is p r o d u c e d ( I I ) ] . 

C o r r o b o r a t i v e evidence for this mechanis t i c v i e w was a c q u i r e d f r o m 
a s tudy of a spec ia l case of ethers, n a m e l y the epoxides ( I I ) . I n this 
instance, C - O b o n d cleavage is f o l l o w e d b y e l i m i n a t i o n of N i O (Scheme 
5 ) . T h e scope of the react ion a n d the influence of N i ( 0 ) reagents are 
i n f o r m a t i v e : (1) subst i tuted styrene oxides a n d other epoxides b e a r i n g 
adjacent TT systems (e.g., d i e t h y l ds-2 ,3-epoxysuccinate) undergo deoxy-
genation, b u t saturated epoxides (e.g., c i s - l , 2 - e p o x y o c t - l - y l ( t r i m e t h y l 
s i lane) seem to b e inert ; (2 ) the deoxygenat ion appears to b e a stepwise 
process, for either cis- or £rans-/Mrimethylsilylstyrene oxide (24 or 25) 
eventual ly y i e l d the same compos i t ion of olefins 26 a n d 27 ( ~ 9 5 : 5 ) ; 
however , the rat io of olef inic isomers f r o m 24 at s m a l l convers ion was 
60:40 (26:27); (3 ) a l t h o u g h ( C O D ) 2 N i i n T H F or ( P h 3 P ) 4 N i i n b e n 
zene do not r e a d i l y react w i t h 24, either a 1:1 m i x t u r e of ( C O D ) 2 N i a n d 
b i p y r i d y l i n T H F or ( E t 3 P ) 4 N i i n benzene quant i ta t ive ly f o r m 26 a n d 27 
( 9 5 : 5 ) . N o w , the nonstereoselect ivity of the k i n e t i c a l l y c o n t r o l l e d p r o d 
uct compos i t ion ( range of 26:27 = 60:40 to 95 :5) indicates a stepwise 
r u p t u r e of the C - O epoxide bonds , so that intermediates l ike 28 a n d 29 
can interconvert before N i O e l i m i n a t i o n . T h u s , b o t h the smooth deoxy
genat ion of 24 a n d 25 a n d the s lower convers ion of 27 in to 26 seem 
most l i k e l y to occur v i a s ingle e lectron transfer f r o m N i ( 0 ) to the epoxides 
or to the ole f in 27, respect ively . T h e other observations, s u c h as the 
accelerat ing effect of electron-attract ing ir systems o n the epoxide a n d of 
strong donor l igands o n n i c k e l ( b i p y r i d y l o r E t 3 P ) , are also consistent 
w i t h such a n electron-transfer m e c h a n i s m . 
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Scheme 6 

( C 0 D ) 2 N i b i p y C O D 

28 

T h e efficacy of a 1:1 c o m b i n a t i o n of ( C O D ) 2 N i ( y e l l o w ) a n d 
b i p y r i d y l can b e ascr ibed to the f o r m a t i o n of a,c/-bipyridyl ( r ; 2 - l ,5 -cyclo-
o c t a d i e n e ) N i ( O ) (28) ( p u r p l e i n T H F ) , w h i c h N M R studies have 
s h o w n to be f o r m e d u n d e r these condit ions (12) (Scheme 6 ) . Reagent 
28 is ev ident ly a m u c h more reactive e lectron donor. A Japanese research 
g r o u p has demonstrated the effectiveness of this N i ( 0 ) source i n f o r m i n g 
cycloalkanes f r o m a,<o-dihaloalkanes (13). Studies i n this laboratory also 
have a d d u c e d evidence for r a d i c a l processes i n these a l k y l h a l i d e reac
tions. T h u s , w h e n /?,/?,/?-triphenylethyl b r o m i d e was treated w i t h 28 i n 
T H F a n d the react ion m i x t u r e subsequent ly w o r k e d u p w i t h D C 1 , o n l y 
undeutera ted 29 a n d 30 w e r e f o r m e d . S ince any organonicke l precursor 
w o u l d have y i e l d e d deuterated 29 or 30, i t is clear that radicals were 
generated (31 a n d 32) that a c q u i r e d h y d r o g e n f r o m the T H F before 
or after a 1 ,1-phenyl shif t (14) (Scheme 7 ) . T a k e n together w i t h the 
absence of d e u t e r i u m i n 30, the p h e n y l shift is especial ly diagnost ic of 
the in termediacy of r a d i c a l 31 ( 1 5 ) . 

Scheme 7 

( C e H 5 ) 3 C - C H 2 - B r - M L ) ( C 0 H r > ) 3 C — C H 2 — > ( C 6 H g ) 2 C - C H 2 C 6 H 5 

• N i B r 
28 31 T H F T H F 32 

( C 6 H 5 ) 3 C — C H 3 ( C 6 H s ) 2 C H C H 2 C e H B 

29 30 
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17. E I S C H A N D I M Novel Cleavage, Oligomerization Rxns 203 

Desulfurization and Hydrodesulfurization of Sulfur Heterocycles 

T h e forego ing ins ight into the m e c h a n i s m of N i ( 0 ) insert ion reac
tions p r o v e d most h e l p f u l i n d e v e l o p i n g soluble d e s u l f u r i z i n g agents for 
aromat ic sulfides (16). A s test substrates for N i ( 0 ) desul fur izat ions , 
heterocycles 33, 34, 35, a n d 36 were chosen since these are t y p i c a l of the 

35 36 

stable organosul fur compounds f o u n d as contaminants i n l i q u i d fuels 
a n d organic chemicals d e r i v e d f r o m coal . Q u i c k l y i t became evident 
that the b i p y ( C O D ) N i reagent was again superior to ( C O D ) 2 N i for 
inser t ing into a C - S b o n d ; b u t a net single C - S insert ion l e a d i n g to 37 
( a n d u p o n protolysis to 38) t u r n e d out to b e a m i n o r p a t h w a y ( < 5 % ) 
(Scheme 8 ) . W i t h t w o equiv of 28 i n T H F at 5 0 ° C , the major p r o d 
uct f o r m e d b y treatment w i t h 6N H C 1 or w i t h L i A l H 4 was b i p h e n y l 
( 3 9 ) i n a 5 5 - 7 5 % y i e l d . W h e n the react ion was c o n d u c t e d for shorter 
periods at l o w e r conversion, b o t h 39 a n d b i p h e n y l e n e 40 were detected. 
T h e nature of intermediate (s ) 41 w i l l b e discussed b e l o w w h e n a d d i 
t i o n a l results p e r m i t some general izat ion. 

T h e behavior of heterocycles 34, 3 5, a n d 36 t o w a r d b i p y ( C O D ) N i 
a n d was instruct ive (Scheme 9): here complete desul fur iza t ion was the ex
c lusive course, w i t h r i n g contract ion ( 4 2 ) b e i n g the preponderant out
come for 34 a n d 35. O n l y traces of the h y d r o d e s u l f u r i z e d p r o d u c t 43 
w e r e f o r m e d . T h i a n t h r e n e was conver ted into d ibenzoth iophene ( 3 3 ) , 
whose fur ther reactions f o l l o w e d those d e p i c t e d i n Scheme 8. 

I n the w o r k - u p of such r i n g contractions, i t was f o u n d that a br ie f 
(10 m i n ) treatment of the react ion m i x t u r e w i t h L i A l H 4 , f o l l o w e d b y 
hydrolys is , was a m o r e r a p i d , h i g h e r - y i e l d i n g procedure t h a n treatment 
w i t h 6N H C 1 . W h e n , o n the other h a n d , 1 e q u i v of L i A l H 4 was a d d e d 
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Scheme 8 

5 5 - 7 5 % 

Scheme 9 
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17. E I S C H A N D I M Novel Cleavage, Oligomerization Rxns 205 

to 2 e q u i v of 28 before i n t r o d u c i n g the heterocycle substrate, subsequent 
hea t ing l e d exclusively to the h y d r o d e s u l f u r i z e d p r o d u c t for 3 3 , 3 4 , a n d 
3 5 . T h i a n t h r e n e ( 3 6 ) gave b o t h 33 a n d 39 ( S c h e m e 10) . 

T h e r i n g contract ion observed w i t h a l l of these heterocycles ( 4 0 a n d 
4 2 ) , taken together w i t h the i n a b i l i t y of ( C O D ) 2 N i alone to effect desul 
f u r i z a t i o n , indicates that b i p y ( C O D ) N i operates p r i n c i p a l l y b y a n elec
tron-transfer m e c h a n i s m rather t h a n b y inser t ion i n a C - S b o n d (cf . l o w 
y i e l d of 3 8 ) . S ince 2 e q u i v of 28 are m o r e effective, p r i o r coordinat ion 
of one N i ( 0 ) at su l fur seems to be i m p o r t a n t (Scheme 11). T h a t b i p h e n y l -

Scheme 11 

ene is a k i n e t i c a l l y contro l led p r o d u c t i n the desu l fur iza t ion of d i b e n z o -
th iophene (see Scheme 8) suggested that i t must be subsequent ly 
rec leaved b y the fur ther ac t ion of N i ( 0 ) complexes. T h i s poss ib i l i ty was 
ver i f i ed i n a separate experiment b y t reat ing samples of b iphenylene , i n 
t u r n , w i t h ( C O D ) 2 N i , ( E t 3 P ) 4 N i , b i p y ( C O D ) N i , a n d ( C O D ) 2 N i + 
L i A l H 4 . ( L i A l H 4 alone d i d not attack 4 0 . ) A l l of these reagents i n w a r m 
T H F c leaved b i p h e n y l e n e a n d y i e l d e d , u p o n hydrolys i s , b i p h e n y l (14). 

M o r e in format ive about the manner i n w h i c h these n i c k e l reagents 
c leave b i p h e n y l e n e ( 4 0 ) w e r e reactions i n w h i c h deuterated h y d r i d e or 
p r o t o n sources were used. T h u s , treatment of 4 0 w i t h ( E t 3 P ) 4 N i i n b e n 
zene, f o l l o w e d b y w o r k - u p w i t h 1 2 N D C 1 u n d e r argon, gave a 70:30 
m i x t u r e of 2 , 2 ' - d i d e u t e r i o b i p h e n y l ( 4 3 ) a n d 2 - d e u t e r i o b i p h e n y l ( 4 4 ) . 
A s imi lar r u n c o n d u c t e d i n T H F gave a 30:70 ratio of 43 a n d 4 4 . T h e 
deuterated b i p h e n y l s presuppose organonicke l precursors 45 a n d 4 6 
(Scheme 12) , w h i c h must also be the precursors 4 1 of the b i p h e n y l 
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Scheme 12 

4 0 

S H = C 6 H 6 

T H F 

45 

D C 1 

7 0 % 

3 0 % 

4 6 

D C 1 

V 

D 

4 4 

3 0 % 

7 0 % 

f o r m e d f r o m dibenzoth iophene (see Scheme 8 ) . T h e larger amount of 
monodeutera ted b i p h e n y l ( 4 4 ) i n T H F suggests that r a d i c a l i n t e r m e d i 
ates m a y be a t tacking the solvent, a better h y d r o g e n atom donor t h a n 
benzene. T h a t a s ignif icant amount of 4 4 is f o r m e d , even i n benzene, 
m a y m e a n that a E t 3 P l i g a n d can serve the source of the h y d r o g e n (14). 

W h e n the cleavage of b i p h e n y l e n e was c o n d u c t e d w i t h a 2 :1 rat io 
of L i A l D 4 a n d ( C O D ) 2 N i i n T H F at 25 ° C , treatment w i t h H 2 0 gave a 
65:35 mix ture of b i p h e n y l ( 3 9 ) a n d 2 , 2 ' - d i d e u t e r i o b i p h e n y l ( 4 3 ) 
(Scheme 13) . T h i s result s h o w e d that at least one - th i rd of the h y d r o -
genolysis of 4 0 h a d o c c u r r e d before hydrolys i s . A s imi lar r u n that was 
w o r k e d u p w i t h D 2 0 gave a 35:65 mixture of 39 a n d 4 3 . A c c o r d i n g l y , 
another one- th i rd of the b i p h e n y l originates f r o m a meta l lo le ( 4 7 , M = 
N i or A l ) a n d the last one - th i rd of 39 must arise b y h y d r o g e n abstract ion 
f r o m the solvent (Scheme 13) (14). 

T h e exact nature of the reagents generated b y a d m i x i n g v a r y i n g 
ratios of ( C O D ) 2 N i or b i p y ( C O D ) N i w i t h L i A l H 4 remains to b e ascer
ta ined . F o r a 2 :1 ratio of L i A l H 4 a n d ( C O D ) 2 N i , some u n p u b l i s h e d 
w o r k suggests the f o r m a t i o n of a composi t ion , L i 2 ( A l H 3 • N i • A 1 H 3 ) 
(17). H o w e v e r , the most effective rat io of b i p y ( C O D ) N i a n d L i A l H 4 

for h y d r o d e s u l f u r i z i n g 3 3 , 3 4 , 3 5 , a n d 36 appears to be 2 :1 . F o r the 
present, i t seems reasonable to suggest that s u c h combinat ions c a n i n v o l v e 
an ion ic n i c k e l or A l - N i bonds . 
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17. E I S C H A N D I M Novel Cleavage, Oligomerization Rxns 207 

Scheme 13 

\ ^ ( C O D ) 2 N i ' 

T H F , 2 5 ° C 39 

43 47 

A l t h o u g h the forego ing results u n a m b i g u o u s l y prove that some of the 
d e s u l f u r i z a t i o n of d ibenzoth iophene proceeds v i a b i p h e n y l e n e as a n 
intermediate , i t remains to be established whether this is the p r i n c i p a l 
p a t h w a y to 39 ( w i t h 45 a n d 46 as precursors ) . O n g o i n g studies h o p e 
to settle this quest ion b y the d e s u l f u r i z a t i o n of 2 ,7 -d imethyld ibenzoth io -
phene ( 4 8 ) ; i f the corresponding b i p h e n y l e n e ( 4 9 ) were the p r i n c i p a l 
precursor of the b i t o l y l , one m i g h t expect to o b t a i n a p p r o x i m a t e l y e q u a l 
amounts of the m,m'~ a n d p - p ' - b i t o l y l s (5 0 a n d 5 1 ) . I f d e s u l f u r i z a t i o n 
w o u l d l e a d d i rec t ly to nickeloles (cf. 4 5 ) a n d b i p h e n y l y l n i c k e l d e r i v a 
tives (cf . 4 6 ) , then p , p ' - b i t o l y l s h o u l d be the p r i n c i p a l outcome (Scheme 
14) . 

Scheme 14 

50 51 
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Prospects for Further Developments 

T h e achievement of d e s u l f u r i z i n g re la t ive ly stable aromatic sulfides 
w i t h N i ( 0 ) complexes under s to ichiometr ic condi t ions n o w sets the stage 
for a study of catalyt ic processes u n d e r a n atmosphere of h y d r o g e n . A n 
unders tanding of the nature of such homogeneous reagents, w h i c h are 
effective u n d e r m i l d condit ions ( 2 5 ° - 5 0 ° C u n d e r 1 a t m ) , c a n guide the 
des ign of s imi lar homogeneous catalysts. A c c o r d i n g l y , not o n l y n i c k e l 
complexes b u t also those soluble complexes of i r o n , cobalt , m o l y b d e n u m , 
t i t a n i u m , a n d tungsten meri t close attention i n the search for n e w , h o m o 
geneous d e s u l f u r i z i n g catalysts. These metals are especial ly p r o m i s i n g 
since most of t h e m have been f o u n d effective as heterogeneous h y d r o -
d e s u l f u r i z i n g catalysts at elevated temperatures ( 3 , 4 , 5 , 6 , 7 ) . A k e y 
p r o b l e m to be solved i n pass ing f r o m the stoichiometr ic to the cata lyt ic 
system w i l l be the regenerat ion of the m e t a l complex f r o m the m e t a l 
sulf ide u n d e r m i l d condit ions . 

E v e n as stoichiometr ic reagents, such n i c k e l complexes as b i p y -
( C O D ) N i have a lready demonstrated their va lue i n d e s u l f u r i z i n g a n d 
r ing-contrac t ing processes, i n h y d r o d e s u l f u r i z a t i o n , i n selective deoxygen-
at ion of epoxides, a n d i n the contro l led cleavage of a l l y l ethers. T h e i r 
a b i l i t y to f o r m metal locyclopentadienes f r o m biphenylenes or f r o m thio-
phenes can develop into a va luab le al ternative route to such react ive 
m e t a l heterocycles. 

F i n a l l y , the chemistry u n c o v e r e d i n s t u d y i n g the m o d e of act ion of 
these N i ( 0 ) reagents lends s trong support to a n electron-transfer v i e w of 
their reactions. I n a d d i t i o n , the finding that d ibenzoth iophene divests 
itself of sulfur , at least par t ia l ly , t h r o u g h the re la t ive ly s tra ined b i p h e n 
ylene a n d the react ive d ibenzonicke lo le intermediates , is u n u s u a l . I t 
demonstrates that nature is often more tortuous i n its react ion paths than 
the h u m a n m i n d can readi ly imagine . 
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Gaseous Evolution of Molecular Hydrogen and 
Oxygen in Photochemical Splitting of Water 
by Platinized Chlorophyll a Dihydrate 
Polycrystals 

Laboratory Simulation of the Primary Light 
Reaction in Plant Photosynthesis 

L . GALLOWAY, D . R. FRUGE, and F. K . FONG 

Department of Chemistry, Purdue University, West Lafayette I N 47907 

The proposal that (Chl a•2H2O)2 is the photoreaction center 
Chl a aggregate for the water splitting reaction in plant 
photosynthesis led us to the belief that chlorophyll dihydrate 
polycrystals can be used in efficient water photolysis in vitro. 
In this chapter, the observation of gaseous evolution under 
white light illumination of platinized chlorophyll dihydrate 
polycrystals is described. The photoelectrolytic products 
were determined to be molecular hydrogen and oxygen by 
diffusion pyrolysis and mass spectrometry. The photochemi
cal activity of (Chl a∙2H2O)n is attributed to the presence 
of water in Chl a aggregation via the C9 keto C = O • • • 
H(H)O • • • Mg bonding interaction. The demonstration of 
the decomposition of water by (Chl a∙2H2O)n lends support 
to the suggestion that a single photosystem in plant photo
synthesis may be capable of splitting water in vivo. 

" R e c e n t l y w e reported C h i a photoga lvanic effects a t t r ibutable to water 
v sp l i t t ing reactions that result f r o m i l l u m i n a t i o n of the c h l o r o p h y l l a 

d i h y d r a t e aggregate ( C h i a - 2 H 2 0 ) w ( I ) . T h e p h o t o o x i d a t i o n of ( C h i 
a - H 2 0 ) w > 2 b y water was subsequent ly observed i n E S R experiments 

0-8412-0429-2/79/33-173-210$05.00/0 
© 1979 American Chemical Society 
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18. G A L L O W A Y E T A L . Photochemical Splitting of H20 211 

( 2 ) . H o w e v e r , the q u a n t u m efficiency of the observed effects was l o w , 
a n d w e were unable to detect the discharge of h y d r o g e n b y direct 
ana ly t i ca l means. I n this chapter, w e describe the condit ions u n d e r w h i c h 
w e were successful i n b r i n g i n g about gaseous h y d r o g e n evolut ion at tr ib
utable to water sp l i t t ing i n a photoelectrolyt ic c e l l conta in ing p l a t i n i z e d 
c h l o r o p h y l l polycrystals ( C h i a - 2 H 2 0 ) n . T h e demonstrat ion of water 
photoelectrolysis b y the c h l o r o p h y l l is of interest because of the role of 
C h i a i n p lant photosynthesis . It is also t o p i c a l i n v i e w of the current 
search for a direct process for harvest ing solar energy to p r o d u c e gaseous 
h y d r o g e n for f u e l . C o n s i d e r a b l e attention has been focused o n n-type 
semiconduct ing photoanodes s u c h as T i 0 2 a n d S r T i 0 3 (3,4,5). H o w e v e r , 
these materials operate i n the near U V w a v e l e n g t h region w h e r e the 
solar radiant energy densi ty is l o w . I n contrast, the ac t ion spect rum of 
the photoreact iv i ty of ( C h i a - 2 H 2 0 ) n w i t h water spans the v is ib le a n d 
far r e d w a v e l e n g t h regions ( J ) . T h e polycrystals of c h l o r o p h y l l a d i 
hydrate thus became our p r i m e target for invest igat ion. 

I n our earl ier p h o t o c h e m i c a l convers ion experiments, the c h l o r o p h y l l 
was p l a t e d o n a s h i n y p l a t i n u m electrode ( I ) . T h e photo ly t i c reactions 
w e r e detected b y measur ing the electron f l o w i n an external c i r cu i t of a 
l i q u i d junc t ion photovol ta ic c e l l consist ing of the P t - C h l a half ce l l a n d 
a C h i a-free hal f c e l l . It occurred to us that the q u a n t u m efficiency of 
this assembly can be l i m i t e d b y the poor contact be tween the smooth 
m e t a l surface a n d the c h l o r o p h y l l . I t appears that o n l y those C h i a 
molecules i n direct contact w i t h p l a t i n u m are effectively engaged i n the 
p h o t o c h e m i c a l process. I n this context, J a c k i Roettger of this laboratory 
has demonstrated recently that a n increase i n the C h i a thickness of the 
P t - C h l a electrode has no systematic effect on the c e l l performance . W e 
a c c o r d i n g l y sought to overcome the p r o b l e m of l o w q u a n t u m efficiency 
b y f i l l i n g i n the crevices that separate the polycrys ta l l ine C h i a aggregates 
f r o m each other a n d f r o m the smooth m e t a l electrode surface b y finely 
d i v i d e d p l a t i n u m particles . 

Preparation of Platinized (Chi a • 2H20)n Electrode. The Effect of 
Oxygen on the Photovoltaic Activity 

A shiny P t f o i l was p l a t i n i z e d b y pass ing a 30 m A current for 10 m i n 
t h r o u g h a 7 X 1 0 " 2 M chloropla t in ic a c i d solut ion conta in ing 6 X 1 0 " 4 M 
l e a d acetate. A layer of po lycrys ta l l ine c h l o r o p h y l l , c o n t a i n i n g 1.5 X 1 0 1 7 

C h i a molecules , was deposi ted o n the p l a t i n i z e d electrode surface, u s i n g 
the procedure descr ibed b y T a n g a n d A l b r e c h t (6). T h e C h i a-plated 
electrode then was p l a t i n i z e d again i n the same ch loropla t in ic a c i d solu
t ion , except that the 30 m A current was passed for o n l y 15 seconds. 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

97
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
97

9-
01

73
.c

h0
18



212 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 I I 

T h e act ion spectra of the photovol ta ic response (1) of the p l a t i n i z e d 
C h i a electrode at p H = 7, measured i n a c e l l (see F i g u r e 1) u s i n g as 
the second ha l f - ce l l a p l a t i n i z e d electrode not covered w i t h C h i a, are 
g i v e n i n F i g u r e 2. T h e 740-nm m a x i m u m of the spectral response s h o w n 
i n F i g u r e 2 confirms that ( C h i a - 2 H 2 0 ) n (7,8) is p r i m a r i l y responsible 
for the observed photovol ta ic effects. U n d e r an argon atmosphere the 
observed response of the C h i a c e l l is photocathodic . A remarkable 
change was observed w h e n the electrolyte solut ion was saturated w i t h 
oxygen. T h e photoga lvanic current reversed i n s ign. O n p u r g i n g the 
oxygen-saturated solut ion w i t h argon, the o r i g i n a l photocathodic response 
was restored. 

T o enhance the photovol ta ic response, the p H values ( I ) of the C h i 
a a n d C h i a-free hal f cells w e r e m a i n t a i n e d at 3 a n d 11, respect ively, i n 
another experiment . A f t e r the half cells w e r e degassed b y the passage 

TO MASS SPECTROMETER 

t t 

Ar 

Figure 1. The platinized Chi a cell. The Chi a-free electrode 
is used as a half cell in a liquid-junction photovoltaic cell. In 
photolytic reaction, only the platinized Chi a electrode is used 
in the production of molecular hydrogen and oxygen from water. 
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18. GALLOWAY ET AL. Photochemical Splitting of H20 213 
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Figure 2. Effect of oxygen in the photovoltaic response of the platinized 
Chi a electrode, (a) /\, Electrolyte purged with argon gas, measure
ments made under a positive pressure of Ar; (b) O , electrolyte saturated 
with oxygen; (c) •, oxygen removed by passage of argon gas through 
the electrolyte solution for 30 min. The ordinate units are given in 10"2 

electrons per incident photon. The efficiency of the liquid junction cell 
was calculated by dividing the photovoltaic response (electrons sec'1) 

by the incident photoresponse (photons sec'1). 

of argon gas for about 30 minutes , the photovol ta ic response of the c e l l 
was m o n i t o r e d w i t h the entire o u t p u t f r o m the 1000 W tungsten-halogen 
l a m p focused o n the p l a t i n i z e d C h i a electrode. A n i n i t i a l photocurrent 
of about 1.5 /AA was obta ined. A f t e r t w o hours of cont inuous i l l u m i n a t i o n , 
a reversal i n s ign of the photocurrent was observed, poss ib ly indica t ive of 
a b u i l d u p i n the oxygen content of the electrolyte solut ion. 

T h e p o w e r of the rad ia t ion inc ident o n the sample was de termined , 
u s i n g a L a s e r Prec i s ion radiometer , to be 1.7 W . A p p r o x i m a t e l y one ha l f 
of this p o w e r occurs b e y o n d 800 n m , out of the r e a c h of C h i a photo
chemistry . T h e observed photocurrent , 1.5 ^ A , amounts to a convers ion 
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214 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 I I 

efficiency of about 10~6, a ssuming that the average energy of the photo-
c h e m i c a l l y act ive photons is 2 V . T h e peak m o n o c h r o m a t i c q u a n t u m 
efficiency at 740 n m is 4 X 10" 3 (see F i g u r e 2 ) . I n the "green g a p " w h e r e 
the C h i a absorpt ion is weak, the average monochromat i c convers ion 
efficiency is about 8 X 10" 4. T h e average q u a n t u m efficiency u s i n g 
m o n o c h r o m a t i c l i g h t is thus three orders of m a g n i t u d e greater t h a n that 
obta ined u s i n g w h i t e l ight . It was f o u n d (10) that at a n inc ident flux 
corresponding to the 1.7 W i n c i d e n t p o w e r , the photoresponse of the 
P t - C h l a c e l l observes a semil inear flux dependence . T h e monochromat i c 
i n c i d e n t fluxes used i n the exper iment represented i n F i g u r e 2 were 
^ 1 0 1 4 photons s e c _ 1 c m " 2 , at w h i c h the photoresponse varies l inear ly 
w i t h flux. It is evident f r o m F i g u r e 2 of Ref . 10 that a l inear extension 
of the low-f lux photoresponse data at the m a x i m u m avai lable p o w e r of 
the source w o u l d extrapolate to a q u a n t u m efficiency about 10 3 t imes 
h igher than that observed. 

Gaseous Evolution of Molecular Hydrogen and Oxygen. Mass 
Spectrometric and Pyrolytic Analyses 

Qualitative Observations. C o n t i n u e d i l l u m i n a t i o n of the c e l l w i t h 
a n open external c i rcui t l e d to the observat ion of gaseous e v o l u t i o n 
f r o m the P t - C h l a electrode, notab ly the f o r m a t i o n of gas bubbles 
i n the i l l u m i n a t e d area f o l l o w e d instantaneously the repos i t ioning of the 
i l l u m i n a t e d area. T o e l iminate the poss ib i l i ty that the gas bubbles m a y 
have resulted f r o m the degassing of a rgon because of heat ing b y the 
l ight source, the c e l l was p u r g e d w i t h h e l i u m a n d the experiment was 
repeated u n d e r a pos i t ive pressure of h e l i u m . T h e so lubi l i ty of h e l i u m 
i n water increases w i t h increas ing temperature , b e i n g 0.94 a n d 1.21 
m L / 1 0 0 m L water at 2 5 ° a n d 7 5 ° C , respect ively. Gaseous evo lut ion 
was again observed u n d e r i d e n t i c a l i l l u m i n a t i o n condit ions . W h e n the 
C h i a-free p l a t i n i z e d p l a t i n u m electrode was i l l u m i n a t e d u n d e r these 
condit ions , no signs of b u b b l i n g were detected. 

Mass Spectrometric Analysis. A f t e r the p l a t i n i z e d C h i a electrode 
i n the ce l l s h o w n i n F i g u r e 1 was i l l u m i n a t e d for 30 minutes , the gaseous 
content over the electrolyte solut ion was evacuated d i rec t ly into the 
sample chamber of a C o n s o l i d a t e d E l e c t r o d y n a m i c s C o r p . 21-110-B mass 
spectrometer. T h e resul t ing mass spectrum is s h o w n i n F i g u r e 3. I n 
a d d i t i o n to the expected H e + l ine at mass 4, a s trong peak at mass 2 
w i t h a n attendant trace peak at mass 3 was observed. T h e latter peaks 
are respect ively a t t r ibuted to H 2

+ a n d to the t r ia tomic i o n H 3
+ (11,12). 

These identif icat ions w e r e conf i rmed b y u s i n g p u r e h y d r o g e n a n d h e l i u m 
as source. T h e gaseous content above the electrolyte solut ion i n the C h i 
a-free c e l l also was a n a l y z e d b y mass spectrometry after a s imi lar l i g h t 
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18. G A L L O W A Y E T A L . Photochemical Splitting of H20 

0 4 8 12 16 20 24 28 32 

215 

CO 
z 

UJ 

2 

Sample 
a> 

X 

• + o 
X ZCM z + o o x 

(M 
I 

•2SL 

+ 

I X 
o 

+ CV, 
O 

+ 

X • 
I + 

+ + 
. CVJ ro 

CM O 

O 
I 

12 16 20 24 

MASS NUMBER 

Figure 3. Mass spectrometric determination of the gaseous prod
ucts of the photoelectrolytic process, (a) Gaseous sample collected 
from illuminated platinized Chi a cell; (b) gaseous content over 
a similarly irradiated, platinized electrode in the absence of Chi 
a. Molecular hydrogen and oxygen, the two main products of 
the water splitting reaction, are readily manifested by the lines 
observed at masses 2 and 32 in (a). Helium gas was used to purge 
the cell prior to the light reaction. See text for a more detailed 

analysis. 

treatment of the C h i a-free p l a t i n i z e d electrode. N o lines at masses 2 
a n d 3 were detected (see c o m p a r i s o n i n F i g u r e 3 ) . S m a l l quantit ies of 
H 2

+ are k n o w n to a c c o m p a n y h y d r o c a r b o n fragments at masses 13, 15, 25, 
26, 27, a n d 29. These fragments are f o u n d to occur i n s imi lar intensi ty 
ratios i n b o t h the sample a n d b lank determinat ions s h o w n i n F i g u r e 3. 
T h e poss ib i l i ty that the observed H 2

+ l ine m a y h a v e or ig inated f r o m 
h y d r o c a r b o n f ragmentat ion is thus r u l e d out. T h e intense mass 32 l ine 
i n the sample spectrum is a t t r ibuted to a i r leakage t h r o u g h the external 
leads a d m i t t e d into the sample c e l l v i a epoxied metal -glass joints for 
the measurement of the photovol ta ic response. B y e l i m i n a t i n g these joints 
w e were able to reduce the mass 32 l ine to a l e v e l at w h i c h a quant i ta t ive 
eva luat ion of the oxygen evo lved c a n be m a d e i n terms of a statist ical 
d i s t r i b u t i o n of isotopic oxygen ( 1 3 ) . 
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216 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 I I 

M a s s spectrometric analyses of the photo ly t i c products f r o m var ious 
mixtures of H 2

1 6 0 , D 2
i e O , a n d H 2

1 8 0 are c o m p a r e d w i t h the corresponding 
mass spectra of e lec t ro lyzed samples c o n t a i n i n g i d e n t i c a l i sotopic mixtures 
i n F i g u r e s 4, 5, a n d 6. T h e results of an experiment u s i n g 1:1 D 2 0 - H 2 0 
are s h o w n i n F i g u r e 4. I n this experiment argon gas was used to p u r g e 
the ce l l p r i o r to the l ight react ion. If w e assume that the observat ion of 
the mass 4 ( D 2

+ ) l ine has resulted f r o m water s p l i t t i n g a n d use the mass 
20 ( D 2 0 + ) l i n e as an in terna l reference for ca l ibra t ion , w e estimate, f r o m 
a compar i son of the relat ive intensity ratios of l ines at masses 20 ( D 2 0 + ) 

I ' I D 2 0 - H 2 0 

0 4 8 12 16 2 0 22 
1 i i i i i i i i i i i 

>-

CO 

LU 

3 h ; 

Htf 

Photolysis H20,0D 

HDCtHjO* 

- 1 —10 

Ort 

Nf 0 + 

Electrolysis 

UJ 
cr Blank 

4 8 12 16 20 
MASS NUMBER 

22 

Figure 4. Comparison of the mass spec
trometric determination of the photolytic 
products of 1:1 DiO-HtO with that of con
ventional electrolysis. Under comparable 
instrumental settings, the lines at masses 3 
and 4 are not observed in the blank. Argon 
gas was used to purge the cell prior to the 
light reaction. Note changes in scale in the 

low-mass region. 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

97
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
97

9-
01

73
.c

h0
18



18. G A L L O W A Y E T A L . Photochemical Splitting of H20 
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Electrolysis 

HD+ 
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H2+ HP4 D2+ 
2 3 4 
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Figure 5. Comparison of the 
mass spectra of the products of 
the photolysis and electrolysis 
of 3:1 D20-H20. Argon gas 
was used to purge the cell prior 

to the light reaction. 

a n d 4 ( D 2
+ ) observed i n the p h o t o l y t i c a n d electrolyt ic runs , that water 

photolysis occurs at a rate of 9 X 10" 6 m o l h r " 1 , cor responding to a gaseous 
( h y d r o g e n a n d oxygen) evo lut ion rate of 0.3 m L h r - 1 . A significant l i n e 
at mass 2 is present i n the blank. W e at tr ibute this to the f ragmentat ion 
of D 2 0 to D + a n d O D + , w h i c h is consistent w i t h the observat ion of w a t e r 
fragments at masses 17, 18, a n d 19 i n the photo ly t i c , e lectrolyt ic , a n d 
b l a n k runs. I n the blank, the lines at masses 3 a n d 4 are not observed 
u n d e r settings s imi lar to those of the p h o t o l y t i c a n d electrolyt ic experi 
ments. W e w e r e unable to detect the H + s ignal at mass 1 o n account of 
ins t rumenta l l imitat ions . 

T h e above considerations suggested the use of h i g h e r ins t rumenta l 
resolut ion so that the interference at mass 2 f r o m D 2 0 f ragmentat ion 
c o u l d be dif ferent iated f r o m the H 2

+ l ine . T h e results of a h igher resolu-
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34 35 
I I — 

, 6 0 , 8 0 * Photolysis 
33.994 

34 35 36 
MASS NUMBER 

Figure 6. Comparison of mass spectrometric analyses of the 
photolytic and electrolytic products using 5:1 H2160-Hi180. 
The occurrence of the 35Cl* and 1H35Cl+ lines is attributable to 
the presence of KCl in the aqueous electrolyte. Helium gas 

was used to purge the cell prior to the light reaction. 

t i o n determinat ion of the molecu lar species H 2
+ , H D + , a n d D 2

+ o b t a i n e d 
i n the photolysis a n d electrolysis 3 :1 D 2 0 - H 2 0 are s h o w n i n F i g u r e 5. 
T h e D + l ine was s ignif icant ly r e d u c e d o n f reez ing the sample p r i o r to the 
evacuat ion of the gaseous contents of the c e l l into the mass spectrometer. 
T h i s observat ion corroborates the suppos i t ion that the D + l ine was 
observed as a result of water f ragmentat ion. I n a separate experiment , 
i n w h i c h h e l i u m gas was used to purge the c e l l p r i o r to the l ight react ion, 

36 
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18. G A L L O W A Y E T A L . Photochemical Splitting of H20 219 

the presence of molecular o x y g e n i n the p h o t o c h e m i c a l sp l i t t ing of water 
is ascertained b y u s i n g 5 :1 H 2

1 6 0 - H 2
1 8 0 (see F i g u r e 6 ) . T h e occurrence 

of the lines at masses 34 ( 1 6 0 1 8 0 + ) a n d 35.998 ( 1 8 0 2
+ ) compares w e l l w i t h 

the corresponding lines observed for the electrolyt ic sample. B o t h l ines 
are absent i n a b l a n k r u n i n w h i c h the C h i a-free electrode i n F i g u r e 1 
was treated u n d e r condit ions i d e n t i c a l to those of the p h o t o l y t i c 
experiment . 

Quantitative Determination by Diffusion Pyrolysis. I n an at tempt 
to q u a n t i f y the rate of the p h o t o c h e m i c a l water - sp l i t t ing process, w e 
des igned a p y r o l y t i c apparatus, s h o w n schematica l ly i n F i g u r e 7, that 
a l l o w e d us to determine the quant i ty of the h y d r o g e n gas p r o d u c e d b y 
photolysis b y b u r n i n g it i n a stream of oxygen gas carr ied b y gaseous 
h e l i u m . T h e leve l of b a c k g r o u n d oxygen i n the h e l i u m flow was registered 
as a current u s i n g the H e r s c h oxygen indica tor ( 1 5 ) . Gaseous h e l i u m 
was admi t ted t h r o u g h the entire apparatus at a constant flow rate u n t i l 
the oxygen current reached a steady-state va lue . A t this p o i n t the valves, 
denoted b y open circles i n F i g u r e 7, were adjusted so that the h e l i u m flow 
was d i rec ted a long a p a t h w a y ( m a r k e d b y arrows i n F i g u r e 7) that b y 
passed the sample c e l l . 

W i t h b o t h valves above a n d b e l o w the p l a t i n i z e d C h i a electrode 
c losed, the photo ly t i c react ion was a l l o w e d to carry o n for a k n o w n 
d u r a t i o n of t ime. A f t e r a br ief p e r i o d ( ^ 1 m i n ) of coo l ing , the v a l v e 
at (a ) was opened. T h e distance between (a ) a n d ( b ) (at w h i c h p o i n t 
the gas l ine reached the h y d r o g e n a n d oxygen reactor) was 45 c m . T h e 
h y d r o g e n a n d oxygen p r o d u c e d b y w a t e r photolysis di f fused a long the 

Figure 7. The diffusion pyrolysis apparatus. The arrows indicate the direction 
of helium flow during operation. 
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h e l i u m flow. M o l e c u l a r h y d r o g e n , b e i n g 16 times l ighter t h a n oxygen, 
a r r i v e d at ( b ) approx imate ly f o u r t imes as q u i c k l y as the p h o t o l y t i c 
oxygen , c a u s i n g a r e d u c t i o n i n the b a c k g r o u n d oxygen current l e v e l as 
it was b u r n e d b y the p l a t i n u m heat ing c o i l i n the h y d r o g e n a n d oxygen 
reactor (see F i g u r e 8 ) . O n deple t ion of h y d r o g e n t h r o u g h combust ion , 
the oxygen current l eve l was restored to the steady-state b a c k g r o u n d 
leve l . Subsequent ly , the s lower d i f fus ing oxygen f r o m the p l a t i n i z e d C h i 
a c e l l reached the oxygen indicator , resu l t ing i n a n increase i n the oxygen 
current . 

I n F i g u r e 8, the p y r o l y t i c analyses of t w o photolysis experiments i n 
w h i c h the p h o t o c h e m i c a l react ion was car r ied out for five a n d 15 minutes 
( respect ive ly s h o w n i n F i g u r e s 8a a n d 8b) are c o m p a r e d w i t h a corre-

I 1 — I — I — I — I — I — I — I — I — I — I 1 

a 

T I M E (min) 

Figure 8. Comparison of pyrolytic analyses of the 
photolysis and electrolysis of water at pH = 3. 
(aJo) Illumination of the Pt-Chl a sample with the 
entire output of a 1000 W tungsten-halogen lamp 
for 5 and 15 min, respectively, (c) Lower, hydro-
gen generated by passing 10 mA for 20 sec; m i d 
dle, oxygen generated by passing a current of 10 
mA for 20 sec; upper, sum of middle and lower 

curves. 
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18. G A L L O W A Y E T A L . Photochemical Splitting of H20 221 

s p o n d i n g analysis of h y d r o g e n a n d oxygen generated b y electrolysis ( F i g 
ure 8c) i n w h i c h the C h i a-free ( b l a n k ) hal f c e l l i n F i g u r e 1 acted as a 
counter electrode. F i r s t , the b l a n k electrode was used as the anode i n the 
electrolysis, so that h y d r o g e n was p r o d u c e d i n the absence of l ight i n 
the enclosed sample ce l l w i t h the P t - C h l a electrode operat ing as the 
cathode. A f t e r a 10 m A current was passed for 20 seconds, the sample c e l l 
was opened so that the h y d r o g e n gas was a d m i t t e d i n t o the h e l i u m flow 
t o w a r d the h y d r o g e n a n d oxygen reactor. T h e expected r e d u c t i o n i n the 
oxygen current was observed after a t ime l a g s imi lar to that observed i n 
the photo ly t i c experiments. 

O n c o m p l e t i o n of the electrolyt ic h y d r o g e n measurement, the sample 
c e l l was flushed w i t h h e l i u m to get r i d of any h y d r o g e n that r e m a i n e d 
i n the electrolyte. W i t h the b lank electrode operat ing as a cathode "and 
the P t - C h l a electrode as the anode, the entire procedure descr ibed i n 
the p r e c e d i n g p a r a g r a p h was repeated for a n a l y z i n g the oxygen p r o d u c e d 
b y electrolysis i n the sample ce l l . T h e s u m m a t i o n of these t w o analyses 
resul ted i n the c u r r e n t - t i m e p lo t g iven i n F i g u r e 8c, w h i c h is c o m p a r e d 
w i t h the corresponding plots obta ined i n the p h o t o l y t i c experiments. T h e 
results s h o w n i n F i g u r e 8 w e r e ob ta ined at a h e l i u m flow rate of 28 
bubbles per m i n u t e through 0.25 i n . i . d . glass tubings i n the flow indicator . 
T h e observed H 2 : 0 2 rat io appears to b e greater i n the p r o d u c t f r o m 
photolysis ( F i g u r e 8a, 8b) than f r o m electrolysis ( F i g u r e 8 c ) . I n 
extended w o r k c o m p l e t e d after the ora l presentat ion of this paper , w e 
o b t a i n e d evidence that p l a t i n u m itself can be responsible for the descr ip
t i o n of water i n a t h e r m a l react ion of the p l a t i n u m w i t h water , i n w h i c h 
the products are h y d r o g e n a n d some ox idat ion c o m p o u n d of p l a t i n u m 
(14). 

Discussion 

O u r m o d e l for the C h i a - H 2 0 photoelectrolyt ic c e l l was based (16) 
o n the p- type semiconductor propert ies (17,18) of ( C h i a - 2 H 2 0 ) w 

(8,9). T h e exper imenta l behavior descr ibed above can be e x p l a i n e d b y 
cons ider ing the polycrys ta l l ine c h l o r o p h y l l as a s e m i c o n d u c t i n g cathode 
a n d the finely dispersed p l a t i n u m part ic les as a meta l l i c anode i m m e r s e d 
i n an a c i d i c aqueous electrolyte a c c o r d i n g to the descr ip t ion of W r i g h t o n 
(4), M a v r o i d e s ( 5 ) , O h n i s h i (19), a n d their co-workers . I n dark e q u i l i 
bra t ion , there is an energy b a n d b e n d i n g at the C h i a surface, p r o d u c i n g 
a Schottky barr ier at the C h i a-e lectrolyte interface. E lec t ron-ho le pairs 
generated at the semiconductor surface b y l i g h t absorpt ion across the 
b a n d gap leads to a separation b y the electric field of the barr ier , 
e l i m i n a t i n g w a s t e f u l r e c o m b i n a t i o n back reactions. E lec t rons are trans-
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222 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 I I 

ferred f r o m the cathode surface to the H + / H 2 free energy l eve l of the 
aqueous phase, l ibera t ing h y d r o g e n i n the reac t ion : 

2 C h l a + 2 H 2 0 -> 2 C h l a + + H 2 + 2 0 H " 

T h e holes move into the b u l k of ( C h i a • 2 H 2 0 ) 2 a n d are t h e n t ransmit ted 
t h r o u g h the p l a t i n u m anode, to the H 2 0 / 0 2 l e v e l of the electrolyte, g i v i n g 
off oxygen i n the reac t ion : 

2 C h l a + + H 2 0 2 C h l a + ^ 0 2 + 2 H + 

T h e photoox idat ion of ( C h i a - 2 H 2 0 ) n > 2 b y water recent ly has b e e n 
establ ished b y E S R observations ( 2 ) . 

R has been noted recent ly (2,7,16) that a m o n g k n o w n aggregates 
of c h l o r o p h y l l (8,9,20-28) ( C h i a - H 2 0 ) 2 ( A ) a n d ( C h i a - 2 H 2 0 ) n > 2 

( B ) are d is t inguished b y their a b i l i t y to be p h o t o o x i d i z e d i n the presence 
of water , g i v i n g rise to wel l - charac ter ized photovol ta ic behavior (1,7,16). 
Signif icant ly , i t was suggested that the p h o t o o x i d i z e d d i h y d r a t e aggregate, 
( C h i a • 2 H 2 0 ) n

+ , not ( C h i a • H 2 0 ) 2
+ , is sufficiently strong an oxidant to 

be readi ly r e d u c e d b y water ( 2 ) . T h e p h o t o c h e m i c a l ac t iv i ty of C h i a -
H 2 0 aggregates has been a t t r ibuted to photoact ivated p r o t o n shifts (31, 
32) be tween the m a g n e s i u m - b o u n d water molecule a n d the c a r b o n y l 
group to w h i c h it is h y d r o g e n b o n d e d , resul t ing i n the acquis i t ion b y 
the m a g n e s i u m atom of a negat ive charge (31,32). T h e m a g n e s i u m a tom 
b e i n g conjugated to r i n g V , the negative charge it acquires d u r i n g photo-
ac t ivat ion is expected to be r e a d i l y t ransmit ted v i a vr-electron resonance 
to the C 9 keto group, w h i c h is p r e s u m a b l y the site at w h i c h the electron 
leaves b o t h aggregates ( A ) a n d ( B ) d u r i n g the p r i m a r y l ight react ion. 
W e can thus rat ional ize the apparent ly symbiot i c roles of the m a g n e s i u m 
atom a n d the r i n g V cyclopentanone r i n g i n the p h o t o c h e m i c a l ac t iv i ty 
of ( A ) a n d ( B ) . W e note that the charge transfer m e c h a n i s m descr ibed 
here appears to be feasible on ly i n ( A ) a n d ( B ) . I n C 2 C h i a dimers 
i n w h i c h the C = 0 • • • H ( H ) O • • • M g interactions i n v o l v e the C 9 keto 
gro up (22, 23, 26, 27, 28) as i n the d i m e r of C h i a p o l y h y d r a t e (26) or i n 
covalent ly l i n k e d dimers (22,23) i n w h i c h the C I O C = O • • • H ( H ) -
O - • • M g interactions are sterical ly f o r b i d d e n (26,27), d e r e a l i z a t i o n of 
the negative charge a c q u i r e d b y the m a g n e s i u m atom i n photoac t iva t ion 
to the C 9 keto c a r b o n y l is expected to be s tab i l ized b y the water p r o t o n 
to w h i c h the c a r b o n y l group is h y d r o g e n b o n d e d . It has been repor ted 
that, u n l i k e ( C h i a - H 2 0 ) 2 a n d ( C h i a - 2 H 2 0 ) n , the C 9 - l i n k e d C 2 s y m 
m e t r i c a l d i m e r can only be p h o t o o x i d i z e d i n the presence of an a d d e d 
electron acceptor, such as tetranitromethane (28). 
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18. G A L L O W A Y E T A L . Photochemical Splitting of H20 223 

T h e present demonstrat ion of the p h o t o c h e m i c a l sp l i t t ing of w a t e r 
b y ( C h i a • 21120)^ lends support to the recently proposed photosynthesis 
m o d e l i n w h i c h a single photosystem m a y be capable of the i n v i v o water 
s p l i t t i n g react ion v i a a t w o - p h o t o n ac t ivat ion m e c h a n i s m ( 1 ) . It was at 
one t ime c o m m o n l y be l ieved that t w o C h i a photosystems are r e q u i r e d 
i n b r i n g i n g about water spl i t t ing a c c o r d i n g to the so-cal led "series scheme" 
or " Z scheme" of photosynthesis . At tempts to achieve p h o t o c h e m i c a l 
s p l i t t i n g of water i n v i t ro based (see, for example, Ref . 33) on the series 
scheme have not thus far been brought to f r u i t i o n . 

C u r r e n t efforts i n this laboratory are concerned w i t h d e t e r m i n i n g 
the q u a n t u m requirement for the i n v i t ro water - sp l i t t ing react ion a n d 
the p o w e r efficiency of the p h o t o c h e m i c a l convers ion. T h e effects of 
o x y g e n on the photovol ta i c ac t iv i ty of the p l a t i n i z e d C h i a electrode 
s h o w n i n F i g u r e 2 can be related to s imi lar effects observed earl ier (1). 
M o l e c u l a r oxygen appears to exert an i n h i b i t i v e role i n C h i a • H 2 0 l ight 
reactions. T h i s role can be responsible, i n part at least, for the observed 
accelerat ion of the apparent photo ly t i c rate at temperatures at w h i c h 
oxygen is insoluble i n water . It is k n o w n that the manganese i o n plays 
a par t i n the evolut ion of oxygen i n plant photosynthesis (34). It m a y be 
possible to find the i n v i t ro analog for the i n v i v o manganese i o n effect. 
It appears reasonable to suppose that success i n a c h i e v i n g h i g h l y efficient 
p h o t o c h e m i c a l sp l i t t ing of water u l t imate ly can d e p e n d o n the extent to 
w h i c h w e are capable of unders tanding a n d d u p l i c a t i n g the i n v i v o l i g h t 
react ion i n the laboratory. 
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Further Studies of the Spectroscopic Properties 
and Photochemistry of Binuclear Rhodium(I) 
Isocyanide Complexes 

KENT R. MANN and HARRY B. G R A Y 

Arthur Amos Noyes Laboratory of Chemical Physics, 
California Institute of Technology, Pasadena, CA 91125 

The position of the lowest allowed electronic transition 
(1a2u --> 2a1g in D4h) in Rh2L42+ (L = binucleating isocya
nide) depends on the rotameric configuration of the complex 
[553 nm in Rh2(bridge)42+ (eclipsed); 515 nm in Rh2(TM4-
bridge)42+ (30° staggered)]; the Rh(I)-Rh(I) distances are 
3.26 and 3.25 Å, respectively. Reaction of Rh2(bridge)42+ 
(or Rh22+) with H2 in dilute aqueous acidic solutions yields 
Rh4H24+ (λmax = 780 nm). The Rh4H24+ species also is pro
duced by low-temperature (—60°C) irradiation (λ > 520 
nm) of 6M HCl solution of HRh2Cl2+ (λmax = 578 nm). The 
possible role of Rh4H24+ as an intermediate in the H2-pro-
ducing photoreaction of HRh2Cl2+ (HRh2Cl2+ 

Rh2Cl22+ + H2) is discussed. 

Our interest i n the electronic structures a n d spectroscopic propert ies of 
square p lanar complexes of d8 ions w i t h π-acceptor l igands dates 

back 15 years ( 1 ) . T h e w o r k repor ted i n this chapter grew out of studies 
of the spectroscopic propert ies of R h ( I ) isocyanides w h i c h w e i n i t i a t e d 
i n 1973. O n e discovery w e m a d e early i n these studies was that R h -
( C N R ) 4 + complexes aggregate i n solut ion, y i e l d i n g discrete b inuc lear , 
t r inuclear , a n d even h igher o l igomers (2,3). W e became i n t r i g u e d w i t h 
the spectroscopic propert ies of these o l igomer ic R h ( I ) species a n d 
d e c i d e d to prepare a p a r t i c u l a r b i n u c l e a r complex , R h 2 ( b r i d g e )4 2 + 

( b r i d g e = 1 ,3 -di i socyanopropane) , for deta i led s tudy (4). B o t h the 

0-8412-0429-2/79/33-173-225$05.00/0 
© 1979 American Chemical Society 
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spectroscopic propert ies a n d the redox chemistry of R h 2 ( b r i d g e ) 4
2 + 

t u r n e d out to be interest ing (4,5,6,7), a n d w e have c o n t i n u e d our 
investigations of this system as descr ibed here in . 

Structural and Spectroscopic Properties 

T h e p r o t o t y p a l complex , R h 2 ( b r i d g e ) 4
2 + , a n d s imi lar complexes are 

synthesized easily b y s low a d d i t i o n of the b i n u c l e a t i n g i socyanide l i g a n d 
to a d ich loromethane solut ion of [ R h ( C O D ) C l ] 2 to give , i n the case of 

[ R h ( C O D ) C l ] 2 + 4 bridge - » R h 2 ( b r i d g e ) 4 C 1 2 + 2 C O D (1) 

b r i d g e , a dark b lue prec ipi ta te , R h 2 ( b r i d g e ) 4 C 1 2 . O t h e r salts c a n be 
m a d e b y metathet ica l reactions. T h e x-ray crysta l structure analysis of 
R h 2 ( b r i d g e ) 4 ( B P h 4 ) 2 revealed the presence of discrete R h ( b r i d g e ) 4

2 + 

cations a n d B P h 4 " anions (8). A v i e w of the structure of R h 2 ( b r i d g e ) 4
2 + 

is s h o w n i n F i g u r e 1. E a c h R h C 4 un i t is v e r y closely square p lanar , a n d 
the l i g a n d b o n d angles a n d b o n d lengths are qui te close to values f o u n d 
for other R h ( I ) i socyanide complexes ( 3 ) . T h e R h - R h distance is 
3.264 A . 

T h e close contact of the t w o planar R h ( C N R ) 4
+ units results i n some 

very interest ing spectroscopic propert ies . T h e electronic absorptions of 
lowest energy can be in terpre ted satisfactori ly us ing the m o l e c u l a r o r b i t a l 

Figure 1. View of the structure of Rh2(bridge)i
2+; 

the Rh-Rh distance is 3.264 A (from a crystal 
structure analysis of Rh2(bridge)4(BPh^)2) (7) 
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19. M A N N A N D G R A Y Binuclear Rh(I) Isocyanide Complexes 227 

_2a 2 u (orb 2 ) 

u 2 u . X a 2 u 

"2a l g (or a,) 

d z * ( a l g ) ^ ^ dz*(a l g) 

"Ia1g (or a,) 

IVIL4 IM] IM] Ml_4 Journal of the American Chemical Society 

\J \J Figure 2. Relative energies of se
lected molecular orbitals in binu
clear Rh(I) complexes of D 4 h or 

D 4 h D 4 h (D4cP D 4 h D 4 d symmetry (2) 

energy leve l d i a g r a m s h o w n i n F i g u r e 2. T h e strongest in termonomer 
electronic interactions i n v o l v e the orbitals that extend p e r p e n d i c u l a r to 
the molecular p lane , namely , alg(dz*) a n d a2u[pz, i r * ( C N R ) ] . 

I n the m o n o m e r i c units a l g is the H O M O a n d a2u the L U M O . Inter
ac t ion of the t w o a l g orbitals causes their sp l i t t ing into a b o n d i n g (lalg) 
a n d a n t i b o n d i n g (la2u) set. S i m i l a r sp l i t t ing of the u p p e r set occurs to 
give b o n d i n g (2alg) a n d a n t i b o n d i n g (2a2u) orbitals . I n b o t h cases the 
u p p e r a n d l o w e r sets conta in orbitals of the same symmetry , a l l o w i n g 
considerable m i x i n g that leads to s tabi l iza t ion of the l o w e r set (lalg, 
la2u) relat ive to the u p p e r set (2alg, 2a2u). S ince the l o w e r set is filled, 
a p a r t i a l b o n d i n g interact ion exists be tween the t w o R h ( C N R ) 4

+ 

fragments . 

T h e lowest a l l o w e d electronic t rans i t ion i n the b inuc lear complex 
is la2u -> 2alg, w h i c h is p r e d i c t e d to be at substantial ly lower energy t h a n 
the corresponding transi t ion i n R h ( C N R ) 4

+ monomers . E l e c t r o n i c absorp
t ion a n d emission spectra for R h 2 ( b r i d g e ) 4

2 + i n C H 3 C N solut ion are 
s h o w n i n F i g u r e 3. T h e intense (e = 14,500) b a n d at 553 n m i n the 
absorpt ion spectrum is assigned 1Alg -» 1A2u (la2u - » 2alg), a n d the 656 
n m emission peak is 1A2u -» 1Alg ( T ^ 2 n s e c ) . 

Spectra l data for several b inuc lear R h ( I ) complexes are g i v e n i n 
T a b l e I. T h e data show that l engthening the carbon c h a i n i n the l i g a n d 
back bone shifts the b a n d to h igher energy. O u r recent determinat ion 
(8 ) of the structure of R h 2 ( T M 4 - b r i d g e ) 4

2 + ( T M 4 - b r i d g e = 2 ,5 -d imethyl -
2,5-diisocyanohexane) shows that the rotameric conf igurat ion of the 
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228 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 I I 

3 0 28 26 2 4 2 2 2 0 16 14 12 

- 3 - 1 
v x 10 (cm )-

Journal of the American Chemical Society 

Figure 3. Absorption ( ) and emission ( ) spectra of Rh2(bridge)^-
(BPhj,)2 in acetonitrile solution at 25 ± 2°C (6) 

l igands is a n impor tant inf luence o n the pos i t ion of the lowest a l l o w e d 
electronic transi t ion. I n this complex the t w o l i g a n d planes are rotated 
a w a y f r o m a n ec l ipsed conf igurat ion b y about 30° ( F i g u r e 4 ) , b u t the 
R h - R h distance is near ly the same as f o u n d i n R h 2 ( b r i d g e ) 4

2 + (3.254 A ) . 
T h e b l u e shift of the la2u - » 2a± t ransi t ion i n R h 2 ( T M 4 - b r i d g e ) 4

2 + to 515 
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19. M A N N A N D G R A Y Binuclear Rh(I) Isocyanide Complexes 229 

Table I . Absorption and Emission Spectral Data" 

Complex 

R h 2 (bridge) 4
2 t 

R h 2 ( 4 - b r i d g e ) 4
2 + 

R h 2 ( T M 4 - b r i d g e ) 4
2 t 

R h 2 ( C Y C L 0 5 - b r i d g e ) 4
2 + 

Lowest 
Absorption 
Band (nm) 

553 
526 
515 
423 

Emission 
(nm) 

656 
634 
614 
583 

N 

III 
C 

N 

III 
C 

( C Y C L 0 5 - b r i d g e ) 

"25 ± 2°C in acetonitrile solution. 

CME4 
C6 

C M E 3 

CMEI 

CME2 

Figure 4. View of the structure of Rh2(TM4-
bridge)^; the Rh-Rh distance is 3.254 A (from 
a crystal structure analysis of Rh2(TM4-bridge)Jf-
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230 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 I I 

n m is best expla ined i n terms of the smaller sp l i t t ing of the 2alg, 2a2u set. 
Less sp l i t t ing w o u l d be expected because of the m u c h smaller over lap of 
the C N R TT* components of 2alg a n d 2a2u i n the observed conf igurat ion. 

Thermal Reactions 

T h e R h 2 ( b r i d g e ) 4
2 + complex (abbrev ia ted R h 2

2 + ) a n d its derivat ives 
undergo a var ie ty of very interest ing t h e r m a l reactions, e.g., 

C l 2 

R h 2
2 + > C l R h 2 C l 2 + A m a x — 338 n m (2) 

y e l l o w 

H C l 
R h 2

2 + > H R h 2 C l 2 + A m a x = 574 n m (3) 

blue 

H 2 

2 H R h 2 C l 2 + > R h 4 H 2
4 + + 2 H C 1 A m a x — 780 n m (4) 

blue super reduced 

C2C 

the Rh-Rh distance is 2.84 A 
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19. M A N N A N D G R A Y Binuclear Rh(I) Isocyanide Complexes 231 

I n R e a c t i o n 2, b o t h R h ( I ) atoms are o x i d i z e d to a species that con
tains a R h - R h single b o n d , w i t h the a d d i t i o n of t w o l igands i n a trans 
arrangement. Several X 2 - a n d X Y - t y p e molecules ox idat ive ly a d d to 
R h 2 ( b r i d g e ) 4

2 + i n this w a y ( 4 ) . T h e R h 2 ( b r i d g e ) 4 C 1 2
2 + complex has been 

c rys ta l l i zed f r o m aqueous H C l solut ion as a C l " salt a n d structural ly 
charac ter ized b y x-ray techniques ( 8 ) . A v i e w of the c o m p l e x ca t ion is 
s h o w n i n F i g u r e 5. T h e four b r i d g e l igands are aga in r igorous ly 
ec l ipsed, as i n R h 2 ( b r i d g e ) 4

2 + , b u t a shorter R h - R h distance (2.84 A ) is 
observed, as expected i n a complex possessing a R h - R h single b o n d ( 9 ) . 

R e a c t i o n 3 c o u l d also be f o r m u l a t e d as an oxidat ive a d d i t i o n a l t h o u g h 
earl ier w e p o i n t e d out (5) that electronic spectroscopic propert ies of the 
dark b lue H R h 2 C l 2 + species are not iceably different f r o m those of R h 2 C l 2

2 + 

a n d re lated R h ( I I ) - R h ( I I ) complexes. T h e m a i n p o i n t was that the 
intense v i s ib le absorpt ion b a n d ( A m a x = 574 n m , e = 52,700) i n the 
spectrum of H R h 2 C l 2 + falls at l o w e r energy t h a n most a - » o-* transitions 
i n d7-d7 b o n d e d complexes (e.g. , the <T —» o-* t ransi t ion i n R h 2 C l 2

2 + is at 
338 n m ) . T h e temperature dependence of the 574-nm absorpt ion b a n d , 
however , is v e r y s t r ik ing ( F i g u r e 6 ) . A s c a n be seen, the absorpt ion 
system b lue shifts a n d sharpens t remendously on c o o l i n g to 15 °K, w h i c h 
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232 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 I I 

is a n established (10) p r o p e r t y of a b a n d at t r ibutable to a o- - » <r* 
transi t ion. T h u s there is at least some evidence that supports a "ch loro-
h y d r i d o d i r h o d i u m ( I I ) " f o r m u l a t i o n of H R h 2 C l 2 + a l t h o u g h i t is not clear 
w h y the o- -> cr* transi t ion energy is so l o w i n this case. 

W e have f o u n d that molecu lar h y d r o g e n reacts w i t h H R h 2 C l 2 + i n 
d i l u t e aqueous a c i d i c solutions to give a tetranuclear species, R l ^ H o 4 * , 
that w e c a l l "super r e d u c e d " ( R e a c t i o n 4 ) . T h i s species exhibits a n 
intense absorpt ion b a n d at 780 n m . T h e R h 4 H 2

4 + complex i n aqueous 
a c i d i c solut ion has v i r t u a l l y the same spec t rum as the " R h 4

4 + " o l igomer 
that is obta ined (4) b y d isso lv ing R h 2 ( b r i d g e ) 4 C 1 2 i n C H 3 O H ( A M A X for 
" R h 4

4 + " = 778 n m ) . T h u s w e presume that R h 2
2 + is r e d u c e d i n C H 3 O H 

to R h 4 H 2
4 + a n d to h igher ol igomers . 

Photochemistry 

546 nm 
HRhoCP > RhoClo2+ + H 2 (5) 

12M H C l 

blue y e l l o w 

I r rad ia t ion (546 n m ) of H C l solutions of the b lue H R h 2 C l 2 + c o m 
plex leads to the p r o d u c t i o n of R h 2 C l 2

2 + a n d H 2 gas ( R e a c t i o n 5 ) . T h e 
back t h e r m a l react ion is re la t ive ly s low, t a k i n g several days to re turn the 
system to the i n i t i a l state. W h e n 0 2 is present, R h 2 C l 2

2 + is p r o d u c e d 
w i t h h igher q u a n t u m yie lds ( T a b l e I I ) , i n d i c a t i n g preferent ia l r e d u c t i o n 
of 0 2 ( rather than r e d u c t i o n of 2 H + to H 2 ) . T h e nature of the dependence 
of the q u a n t u m y i e l d for H 2 p r o d u c t i o n i n degassed H C l solutions o n a H

+ 

Table I I . Quantum Yields for the Photooxidation of 
R h 2 ( b r i d g e ) 4

2 + in H C l Solutions at 2 9 ° C 

102® 102® 
[HCl] ( M ) (degassed)a (air saturated)0 

12.8 6.0 X 10 4 0.79 b 

12.1 2.9 X 10 4 0.56 4.3 
11.1 1.1 x io 4 0.26 b 

10.1 4.3 X 10 3 0.083 b 

9 . 1 c 1.8 X 10 3 0.028 5.2 
8.1 7.8 X 10 2 0.010 b 

6.0 1.3 X 10 2 < 0.002 b 

1.0 1.6 X 10° < < 0.001 2.2 

° Based on measurements of the appearance of Rh 2 (br idge) 4 C1 2
2 + . 

b Not measured. 
c For comparison, data for the photoreaction in 9M H B r (giving H 2 + R h 2 -

(bridge) 4 Br 2
2 + in degassed solution) are as follows: a H

+ = 7.8 X 103, 102 * (degassed) 
=z 4.4, and 102 * (air saturated) = 8.8. 
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19. M A N N A N D G R A Y Binuclear Rh(I) Isocyanide Complexes 233 

NM 

Figure 7. Electronic absorption spectra of HRh2Cl2+ in 6M HCl solution upon 
irradiation (> 520 nm) at —60°C; 0, initial spectrum of HRh2Cl2+; 1, after 20 

min irradiation; 2-7, dark reaction in intervals (total time of ca. 1 hr) 

( T a b l e I I ) suggests that the m e c h a n i s m of R e a c t i o n 5 is qui te c o m p l i 
cated, perhaps i n v o l v i n g several species not observed i n r o o m temperature 
steady state i r r a d i a t i o n experiments. 

L o w temperature ( — 6 0 ° C ) i r r a d i a t i o n ( > 520 n m ) of degassed 
6 M H C l solutions (no net p r o d u c t i o n of H 2 is observed i n 6 M H C l at 
2 5 ° C ) of H R h 2 C l 2 + y ie lds the spectral changes s h o w n i n F i g u r e 7. It is 
c lear that a p h o t o c h e m i c a l l y i n d u c e d d i spropor t ionat ion react ion occurs, 
R e a c t i o n 6: 

X > 520 nm 
3 H R h 2 C l 2 + > R h 2 C l 2

2 + + H C l + R h 4 H 2
4 + (6) 

6 M HC1(-60°C) 
blue y e l l o w super reduced 

T h e s to ichiometry of R e a c t i o n 6 was d e t e r m i n e d f r o m the k n o w n 
values of the m o l a r ext inct ion coefficients of the r h o d i u m - c o n t a i n i n g 
species. I n the dark at — 6 0 ° C , the y e l l o w species ( R h 2 C l 2

2 + ) reacts 
s l o w l y (hours) w i t h R h 4 H 2

4 + to regenerate the i n i t i a l complex ( H R h 2 C l 2 + ) . 
T h e dark react ion is k i n e t i c a l l y first order i n each of the r h o d i u m - c o n 
t a i n i n g reactants w i t h k = 10" 1 M " 1 s ec - 1 at - 6 0 ° C i n 6 M H C l . 

F l a s h k inet ic spectroscopic experiments o n 0 . 1 M H C l solutions of 
H R h 2 C l 2 + at 2 5 ° C are n o w b e i n g p e r f o r m e d . I n i t i a l results c lear ly show 
that R h 4 H 2

4 + a n d R h 2 C l 2
2 + are f o r m e d several mi l l i seconds after the flash; 
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234 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 I I 

these species back react to y i e l d the i n i t i a l b l u e complex i n a f e w seconds 
(k ^ 10 4 M " 1 sec" 1 at 2 5 ° C ) ( I I ) . Several shorter- l ived transients are 
observed i n the flash experiments, a n d these are p r o b a b l y the precursors 
of R h 4 H 2

4 + a n d R h 2 C l 2
2 + . T h e role of these shorter - l ived intermediates 

i n the photochemis t ry of H R h 2 C l 2 + is n o w b e i n g s tudied . 
T h e photoreact ions of H R h 2 C l 2 + w i t h H + a n d 0 2 l i k e l y p r o c e e d as 

3 H R h 2 C l > R h 4 H 2
4 + + R h 2 C l 2

2 + + H C l (7) 

A 

R h 4 H 2
4 + + R h 2 C l 2

2 + + H C l > 3 H R h 2 C l 2 + (8) 

R h 4 H 2
4 + + 2 H C 1 ^± 2 H R h 2 C l 2 + + H 2 (9) 

R h 4 H 2
4 + + 0 2 + 3 H C 1 - » H R h 2 C P + R h 2 C l 2

2 + + 2 H 2 0 (10) 

o u t l i n e d i n React ions 7, 8, 9, a n d 10. T h e p h o t o - i n d u c e d redox dispro-
por t ionat ion ( R e a c t i o n 7) yie lds R h 2 C l 2

2 + , w h i c h is the final r h o d i u m -
conta in ing p r o d u c t , a n d the reactive, r e d u c i n g intermediate R h 4 H 2

4 + . 
T h e fate of R h 4 H 2

4 + is d e t e r m i n e d b y the nature of the react ion m e d i u m ; 
i n degassed solut ion at l o w a H

+ , R h 4 H 2
4 + back reacts w i t h R h 2 C l 2

2 + to 
regenerate the start ing complex ( R e a c t i o n 8 ) ; at h i g h a H

+ , R h 4 H 2
4 + reacts 

w i t h protons to g ive H 2 a n d t w o molecules of H R h 2 C l 2 + ( R e a c t i o n 9 ) , 
but i f a 0 2 is also h i g h , ox idat ion occurs m a i n l y b y p a t h w a y ( 1 0 ) , o w i n g 
to the v e r y r a p i d react ion of R h 4 H 2

4 + w i t h 0 2 . 
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Scope and Applications of Light-Induced 
Electron-Transfer Reactions of Metal Complexes 
for Energy Conversion and Storage 

PATRICIA J. DE LAIVE and DAVID G . WHITTEN1 

Department of Chemistry, University of North Carolina, Chapel Hill, NC 27514 

CHARLES GIANNOTTI 

Institut De Chimie Des Substances Naturelles, C N R S , 
91190 Gi f Sur Yvette, France 

Excited states of transition metal complexes are often 
quenched by electron donors or electron acceptors in redox 
processes that can involve efficient conversion of light energy 
into high energy products. We have examined ways to cir
cumvent the energy-wasting back reactions by modification 
of the complex, quencher, and medium or by adding reactive 
substrates to intercept products generated by electron trans
fer. For oxidative quenching, a variety of substrates are 
rapidly oxidized by certain RuL33+ complexes such that 
RuL32+ is regenerated but Oxred survives. For reductive 
quenching processes a combination of relatively slow rates of 
back reaction and rapid reaction of Redox enables the isola
tion of the high energy RuL3+ as a stable but highly reactive 
product. 

H p h e ox idat ion a n d r e d u c t i o n reactions of exci ted states of dyes, aro-
mat ic hydrocarbons , a n d meta l complexes have been s tudied w i d e l y 

over the last several years ( 1 - 2 5 ) . A l t h o u g h there are s t i l l several aspects 
of this group of reactions that have not been resolved, i t is clear that i n 
m a n y cases q u e n c h i n g of exci ted states concurrent w i t h one-electron 

1 Author to whom inquiries should be directed. 

0-8412-0429-2 / 79 / 33-173-236$05.00 / 0 
© 1979 American Chemical Society 
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20. D E L A I V E E T A L . Electron-Transfer Reactions 237 

transfer can be a prominent , r a p i d , a n d efficient process for a var ie ty of 
systems. T h e one-electron transfer reactions of t ransi t ion m e t a l c o m 
plexes have been especial ly w e l l s tudied , a n d b o t h the i n i t i a l photoreac-
t i o n a n d subsequent " d a r k " processes have been w e l l - c h a r a c t e r i z e d for 
several systems (11-25). 

T h e p o l y p y r i d y l complexes of a n u m b e r of m e t a l ions have b e e n 
used extensively i n these investigations because of their p r o m i n e n t l u m i 
nescence i n several cases a n d of their re lat ive dark a n d photos tab i l i ty 
(see, however , Ref . 26, 27, a n d 28). F o r example, the 2 ,2 ' -b ipyr id ine 
complexes, R u ( b i p y ) 3

2 + , O s ( b i p y ) 3
2 + , a n d I r ( b i p y ) 3

3 + ( w h e r e b i p y = 
2 , 2 ' - b i p y r i d i n e ) a l l have h i g h l y luminescent exc i ted states of moderate 
l i f e t ime such that d y n a m i c q u e n c h i n g processes c a n be invest igated 
r e a d i l y b y a var ie ty of techniques . W h i l e these complexes are not espe
c i a l l y react ive i n the g r o u n d states towards oxidants a n d reductants , 
a d d i t i o n of the exci tat ion energy to the redox couples as i l lus t ra ted i n 
Scheme 1 can make the exci ted states v e r y strong p o t e n t i a l reductants 
a n d oxidants. M u c h recent w o r k d i r e c t e d at measur ing excited-state 
redox potentials indicates the relat ionships i l lus t ra ted i n Scheme 1 are 
a p p r o x i m a t e l y correct for a var ie ty of m e t a l complexes s u c h that r a p i d 
electron transfer i n either d i rec t ion can occur as an excited-state q u e n c h 
i n g process. F o r example , a s tudy of q u e n c h i n g of the M L C T exc i ted 
state of R u ( b i p y ) 3

2 + b y a series of ni troaromatics h a v i n g s imi lar structure 
b u t v a r y i n g r e d u c t i o n potent ia l indicates that the effective r e d u c i n g 
p o w e r of the exci ted state is increased o n exci tat ion b y 2.10 V ; this c o m 
pares c losely w i t h the spectroscopical ly est imated exci tat ion energy of 
2.18(13). Q u e n c h i n g of R u ( b i p y ) 3

2 + , C r ( b i p y ) 3
3 + , a n d I r ( M e 2 p h e n ) 2 C 1 2

+ 

( w h e r e M e 2 p h e n is 5 ,6 -d imethyl - l , 10 -phenanthro l ine ) exc i ted states b y a 
series of aromat ic amine a n d methoxybenzenes has b e e n f o u n d to g ive 
values of 0.7, 1.3, a n d 1.25 V respect ively for r e d u c t i o n potentials of these 

Scheme 1. Formal Redox Relationships for Ground and Excited States of Ru
thenium Complexes: Left Side; Ru(bipy)3; Right Side, Hydrophobic Complexes 

1.29 R u B 3
3 + / 2 + 1.55 R u L 3

3 + / 2 + 

0.78 R u B 3
2 + * / 1 + 1.27 R u L 3

2 + * / 1 + 

E,V 
vs. S C E + hp 

- 0 . 6 5 R u L 3
3 + / 2 + * 

- 0 . 8 1 R u B 3
3 + / 2 + * 

- 0 . 9 3 R u L 3
2 + / 1 + 

- 1 . 3 2 R u B 3
2 + / 1 + 
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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 II 

exci ted states ( 2 9 ) ; the c o r r e s p o n d i n g values est imated f r o m the a d d i t i o n 
of excited-state energies a n d ground-state-reduct ion potentials are 0.79, 
1.45, a n d 1.38, respect ively. T h u s for these three complexes h a v i n g d i f 
ferent types of exc i ted states, the effective o x i d i z i n g p o w e r is increased 
b y ca. 9 0 % of the est imated spectroscopic exci tat ion energy. T h e results 
c i t e d above are for neut ra l quenchers i n each case a n d a l t h o u g h the 
separated redox products can be detected i n the case of the reduct ive 
q u e n c h i n g , q u e n c h i n g of R u ( b i p y ) 3

2 + * b y the ni troaromatics does not 
result i n the f o r m a t i o n of separated redox products detectable b y flash 
photolysis . A reasonable explanat ion for this is that the i o n p a i r f o r m e d 
i n the q u e n c h i n g process has a v e ry l o w escape p r o b a b i l i t y a t t r ibutable 
to at tract ion of the u n l i k e charges; i n contrast, q u e n c h i n g of R u ( b i p y ) 3

2 + * 
b y pos i t ive e lectron acceptors results i n easily detectable f o r m a t i o n of 
separated redox products . W h i l e the p o l y p y r i d y l complexes have b e e n 
perhaps most t h o r o u g h l y s tudied , a var ie ty of other luminescent m e t a l 
complexes h a v i n g exci ted states of different o r b i t a l o r i g i n also have been 
s h o w n to be q u e n c h e d r a p i d l y a n d efficiently, y i e l d i n g separated redox 
products (18). Recent ly , i t has been demonstrated that even re la t ive ly 
shor t - l ived nonluminescent exc i ted states c a n be q u e n c h e d i n one-electron 
transfer processes u s i n g moderate quencher concentrations (30). 

I n most cases the process of exci ted state q u e n c h i n g b y one-electron 
transfer (React ions 1 a n d 3) is f o l l o w e d b y a r a p i d back-electron-transfer 
process (React ions 2 a n d 4) i n w h i c h the g r o u n d states of the s tar t ing 
mater ia l are regenerated. T h u s w h i l e React ions 1 a n d 3 m a y i n v o l v e 

M C n * + O x - > M C W + 1 + O x r e d (1) 

M C n + 1 + O x r e d -> M C n + O x (2) 

MCn* + R e d - ^ M O 1 " 1 + R e d o x (3) 

M C " " 1 + R e d » x -> MCn + R e d (4) 

efficient energy convers ion, the back-electron-transfer reactions are 
energy-wast ing processes w h i c h h i n d e r the use of these reactions for 
p r o d u c t i o n or storage of energy. W h i l e the rates of the back-e lec tron-
transfer reactions are f requent ly close to d i f fus ion-contro l led , i t has b e e n 
f o u n d that i n t r o d u c t i o n of a n o n l i g h t - a b s o r b i n g oxidant or reductant c a n 
result i n in tercept ion of the p r i m a r y redox products . F o r example , i n 
ox idat ive q u e n c h i n g of R u ( b i p y ) 3

2 + * b y P a r a q u a t ( P Q 2 + ) ( l , l ' - d i m e t h y l -
4 , 4 / - b i p y r i d i n i u m i o n ) i t has been f o u n d that l o w concentrations of 
t r i p h e n y l a m i n e c a n be o x i d i z e d b y the R u ( b i p y ) 3

3 + generated i n the 
q u e n c h i n g steps so that a sequence g iven b y React ions 5, 6, a n d 7 occurs 
(17). H e r e aga in there is no net permanent c h e m i c a l change i n d u c e d 
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20. DE LAIVE ET AL. Electron-Transfer Reactions 239 

R u ( b i p y ) 3
2 + * + P Q 2 t - » R u ( b i p y ) 3

3 t + P Q - + (5) 

R u ( b i p y ) 3
3 + + <ksN: - » R u ( b i p y ) 3

2 + + ^ N - + (6) 

+ P Q - * ^ P Q 2 t (7) 

b y i r r a d i a t i o n b u t the back react ion detected b y flash photolysis ( R e a c 
t i o n 7) is one w h i c h involves t w o species not exci ted b y the i r r a d i a t i n g 
l i g h t (17). F r o m the above o u t l i n e d results, i t seems clear that e lectron-
transfer q u e n c h i n g c o u l d be a n efficient w a y of generat ing potent ia l ly 
"stable a n d storeable" h i g h energy products i f i t were possible to c i r c u m 
vent the w a s t i n g of energy b y back electron transfer (31). I n eva luat ing 
the possibi l i t ies for d o i n g this i n so lut ion, i t appears reasonable that a 
c o m b i n a t i o n of t w o approaches m i g h t be feasible. F i r s t , i t w o u l d be 
des irable to select ively re tard the i n i t i a l back-electron-transfer steps ( R e 
actions 2 a n d 4) to p r o l o n g the l i fet imes of the h igh-energy redox p r o d 
ucts. Secondly , it w o u l d b e necessary to p r o v i d e a p a t h w h e r e b y one 
of the i n i t i a l products is r a p i d l y r e m o v e d f r o m the system b y convers ion 
into a secondary p r o d u c t w h i c h w o u l d be stable a n d not redox act ive. 
T h u s w h i l e the sequence s h o w n i n React ions 5, 6, a n d 7 is not p r o m i s i n g 
since the re lay product , </>8N •+, is itself reactive, an alternate scheme i n 
w h i c h a " redox- iner t " p r o d u c t is f o r m e d c o u l d be effective. A t first i n 
spect ion, neither of these approaches seem p a r t i c u l a r l y s imple . W h i l e i t 
m i g h t be possible to re tard the back react ion b y a var ie ty of means, i n 
most cases modi f i ca t ion of m o l e c u l a r structure to re tard the back react ion 
also w o u l d result i n a s l o w i n g d o w n of the q u e n c h i n g step. H o w e v e r , as 
w i l l be s h o w n later, a re tardat ion of the q u e n c h i n g can p r o d u c e no di f f i 
cult ies i f a n o v e r a l l h i g h efficiency of the q u e n c h i n g process c a n be 
m a i n t a i n e d . T h e r a p i d a n d efficient convers ion of one of the i n i t i a l p r o d 
ucts to a redox inact ive species appears to offer more diff icult ies since i n 
most cases this w o u l d i n v o l v e convers ion of a r a d i c a l or r a d i c a l i o n in to 
an even electron species, a process w h i c h w o u l d most l i k e l y i n v o l v e 
r a d i c a l c o m b i n a t i o n or subsequent electron-transfer steps i n c o m p e t i t i o n 
w i t h the back electron transfer. 

W h i l e the major p o r t i o n of this chapter deals w i t h electron-transfer 
reactions i n solut ion, it is w o r t h discuss ing br ie f ly the possibi l i t ies for 
u s i n g o r g a n i z e d or heterogeneous systems to m o d i f y the course or rates 
of l i g h t - i n d u c e d electron-transfer reactions. I n a n u m b e r of studies i t 
has been f o u n d that i n c o r p o r a t i o n of one of the t w o reagents u n d e r g o i n g 
an excited-state electron-transfer process (React ions 1 or 3) into a c h a r g e d 
m i c e l l a r environment can result i n s ignif icant a l terat ion of rates of b o t h 
q u e n c h i n g a n d back reactions ( 3 2 , 3 3 , 3 4 , 3 5 ) . W e have invest igated 
l i g h t - i n d u c e d electron-transfer reactions of surfactant analogs of R u -
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240 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 I I 

( b i p y ) 3
2 + i n o r g a n i z e d monolayer assemblies (36,37). These invest iga

tions i n d i c a t e d that the m o n o l a y e r - b o u n d surfactant c o m p l e x is eff iciently 
q u e n c h e d b y a surfactant a n a l o g of P a r a q u a t i n c o r p o r a t e d i n the assem
blies , p r o v i d e d the P a r a q u a t was pos i t i one d i n near m o l e c u l a r contact 
to the r u t h e n i u m complex . H o w e v e r , i n the assemblies, as w e l l as i n 
solut ion, no net photoreact ion was observed, p r e s u m a b l y because of 
efficient back electron transfer (37). I n i t i a l experiments on i r r a d i a t i o n 
of monolayer assemblies of the surfactant r u t h e n i u m c o m p l e x a lone 
( d e p o s i t e d o n layers of c a d m i u m arachidate ) i n the presence of w a t e r 
l e d to the p r o d u c t i o n of h y d r o g e n i n a n apparent l i g h t - i n d u c e d c leavage 
of water b y the m o n o l a y e r - b o u n d c o m p l e x (36). Subsequent exper i 
ments have s h o w n that this react ion does not occur w i t h the p u r e sur
factant r u t h e n i u m complex i n monolayer assemblies (37). T h e h i g h l y 
p u r i f i e d complex is not o n l y inact ive b u t it r a p i d l y d e g r a d e d u p o n i r r a 
d i a t i o n i n the presence of water (37). T h e o r i g i n a l p r e p a r a t i o n was f o u n d 
to conta in several impur i t i es i n c l u d i n g some other surfactant R u ( I I ) 
complexes, a n d i t appears poss ible that the net process of water c leavage 
i n the layers m a y require at least t w o different complexes. O n e possi
b i l i t y for e x p l a i n i n g the results ob ta ined i n the monolayers c a n be that a 
c o m p l e x - c o m p l e x electron-transfer process p r o d u c i n g t w o active species 
can occur ( R e a c t i o n 8 ) . ( T h i s poss ib i l i ty has been suggested b y a n u m 
ber of investigators i n c l u d i n g S u t i n a n d C r e u t z (38).) T h e s o l u t i o n 
results that are repor ted i n this chapter p o i n t to possible react ion paths 
w h i c h , taken together, c o u l d l e a d to w a t e r c leavage a m o n g other effec
t ive l i g h t - m e d i a t e d redox processes. 

R u L 3
2 + * + R u L ' 3

2 + -> R u L 3
3 + + R u L Y (8) 

M o s t of the results repor ted i n the present s tudy d e a l w i t h the so lu
t ion-phase reactions of h y d r o p h o b i c R u ( I I ) complexes w h i c h w e r e s y n 
thes ized as an o u t g r o w t h of our m o n o l a y e r studies of surfactant c o m 
plexes (37,39,40). W i t h these complexes w e have f o u n d that b o t h 
q u e n c h i n g a n d b a c k reactions can be re tarded i n several cases, a l l o w i n g 
n e w reactions to occur i n compet i t ion w i t h back electron transfer. T h u s 
both* oxidat ive a n d reduct ive q u e n c h i n g processes w i t h these complexes 
can l e a d to the generat ion of isolable b u t energetic products w i t h some 
overa l l promise for use i n energy convers ion a n d storage. 

Experimental Section 

Preparation and Purification of Materials. Spec t roqual i ty aceto
n i t r i l e was d r i e d b y dis t i l l a t ion f r o m anhydrous P2O5 i m m e d i a t e l y p r i o r 
to use; h a n d l i n g a n d transfer p r i o r to degassing was m i n i m i z e d to a v o i d 
absorpt ion of water . I sobutyroni t r i l e was d i s t i l l e d f r o m potass ium per-
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20. D E L A I V E E T A L . Electron-Transfer Reactions 241 

manganate a n d used w i t h i n one m o n t h of pur i f i ca t ion . T h e var ious 
amines used i n these studies were p u r i f i e d b y v a c u u m d i s t i l l a t i o n or 
s imple d i s t i l l a t ion f r o m potass ium h y d r o x i d e . T r i e t h y l a m i n e was p u r i f i e d 
b y d i s t i l l a t i o n f r o m s o d i u m after this treatment. N , N ' - d i m e t h y l - 4 , 4 ' - b i -
p y r i d i n e hexaf luorophosphate was p r e p a r e d b y the m e t h o d of R. Y o u n g 
(41). T h e h y d r o p h o b i c r u t h e n i u m complexes were p r e p a r e d a c c o r d i n g 
to procedures p r e v i o u s l y descr ibed (37,39,40). 

Electronic Absorption and Emission Spectroscopy. U V a n d v i s i b l e 
spectra w e r e r e c o r d e d on C a r y 14, C a r y 171, or P e r k i n - E l m e r 576 S T 
spectrophotometers . L u m i n e s c e n c e exci tat ion a n d emiss ion spectra .were 
r e c o r d e d on a n H i t a c h i - P e r k i n - E l m e r M P F - 2 A spectrof luorimeter 
e q u i p p e d w i t h a red-sensit ive H a m a m a t s u R-446 p h o t o m u l t i p l i e r tube . 
C o n v e n t i o n a l f lash photolysis experiments w e r e p e r f o r m e d as descr ibed 
p r e v i o u s l y (41). T h e samples were degassed b y several cycles of f r e e z e -
p u m p - t h a w a n d sealed u n d e r v a c u u m . 

Quantum Yield Determinations. A l l q u a n t u m yie lds were o b t a i n e d 
b y i r r a d i a t i n g degassed samples i n borosi l icate glass test tubes i n a 
m e r r y - g o - r o u n d apparatus . T h e r u t h e n i u m complex samples were i r r a d i 
a ted w i t h the 436-nm l ine of a H a n o v i a m e d i u m pressure (450 W ) mer
c u r y l a m p ; C o r n i n g filters 3-73 a n d 5-58 w e r e used to isolate this l ine . 
L i g h t intensities w e r e measured us ing the Reinecke's Salt Ac t inometer . 

Photochemical-ESR Experiments. Solutions for investigations w e r e 
p l a c e d i n a 0 .1-mm quar tz E S R flat c e l l i n the dark or i n r o o m l i g h t a n d 
deoxygenated b y b u b b l i n g a s l o w stream of argon t h r o u g h the so lut ion 
for 20 m i n . T h e c e l l was p l a c e d i n an E R 4 0 0 X - R L c a v i t y of a B r u k e r 
E R 420 spectrometer e q u i p p e d w i t h B - S T 100/700, B - M N - 1 2 , a n d B-16 
accessories for var iab le temperature contro l magnet ic field ca l ibrat ion , 
a n d f requency measurements, respect ively. T h e samples were i r r a d i a t e d 
i n the c a v i t y w i t h a H a n o v i a 977 B0090 1000 W m e r c u r y - x e n o n arc l a m p 
i n a m o d e l L H 15 1 H Schoeffel l a m p h o u s i n g . T h e i n c i d e n t l i g h t was 
focused t h r o u g h a 15-cm flowing water filter a n d a C o r n i n g 3-73 cut-off 
filter. 

Results and Discussion 

Reductive Quenching of Ruthenium (II) Complex Excited States. 
A s o u t l i n e d i n the i n t r o d u c t i o n , q u e n c h i n g of exci ted states of complexes 
such as R u ( b i p y ) 3

2 + b y reductants such as t r i p h e n y l a m i n e i n a one-
electron transfer step ( R e a c t i o n 3) is a wel l -es tabl i shed process. W i t h 
most complexes examined to date, back-electron transfer is b o t h r a p i d 
a n d efficient so that net c h e m i c a l change is s e l d o m observed. T h e h y d r o 
p h o b i c C o m p l e x e s 1, 2, a n d 3 were f o u n d to have absorpt ion spectra, 
luminescence spectra, a n d excited-state l i fet imes s imi lar to those of 
R u ( b i p y ) 3

2 + ; however , their s o l u b i l i t y a n d redox b e h a v i o r is somewhat 
different (39, 40). W h i l e R u ( b i p y ) 3

2 + is so luble i n water a n d a f e w p o l a r 
organic solvents, C o m p l e x e s 1, 2, a n d 3 are water inso lub le b u t rather 
w i d e l y soluble i n a var ie ty of nonaqueous solvents. R e d o x potentials of 
C o m p l e x e s 1 a n d 2 are shi f ted more anodic as s h o w n i n Scheme 1; the 
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242 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 I I 

changes c a n be easi ly r a t i o n a l i z e d as b e i n g a t t r ibutable to the electron-
w i t h d r a w i n g propert ies of the p a n d p' -carboxyester groups o n the 2,2'-
b i p y r i d i n e l igands . C o m p l e x 3 w a s f o u n d to b e e lec t rochemica l ly inac t ive 
t o w a r d s a p l a t i n u m electrode u n d e r condi t ions w h e r e p o l y p y r i d y l c o m 
plexes of r u t h e n i u m a n d other metals as w e l l as 1 a n d 2 are easi ly ox i -

COOR 

COOR 

COOR 

COOR 

COOR 

COOR 

R = (CH 3 ) 3 CH— 

R; 
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20. D E L A I V E E T A L . Electron-Transfer Reactions 243 

d i z e d a n d r e d u c e d (39,40). T h i s result, c o u p l e d w i t h s imi lar behavior 
f r o m a series of symmetr i ca l ly subst i tuted complexes w h e r e other b u l k y 
h y d r o p h o b i c groups are at tached to the b i p y r i d i n e l igands , suggests that 
the b u l k y groups h i n d e r a p p r o a c h to the electrode of the e lec trochemi-
c a l l y act ive p o r t i o n of the complex sufficiently to prevent redox processes. 
T h i s observat ion encouraged us to examine the l i g h t - i n d u c e d redox 
behavior of these complexes since i t appeared possible that s imi lar effects 
m i g h t occur i n b i m o l e c u l a r electron-transfer reactions. 

A s tudy of b o t h oxidat ive a n d reduct ive q u e n c h i n g processes w i t h 
1,2, a n d 3 a n d other h y d r o p h o b i c complexes i n d i c a t e d that b o t h q u e n c h 
i n g a n d back-electron-transfer reactions c o u l d be re tarded i n cer ta in 
cases (39, 40). C o n s i d e r i n g that the h y d r o p h o b i c complexes are dicat ions, 
i t was not surpr i s ing to find that electron-transfer processes i n v o l v i n g 
cat ionic donors a n d acceptors w e r e re tarded more t h a n those i n v o l v i n g 
neutra l species. F o r several quenchers, the behavior observed i n d r y 
acetonitr i le so lut ion was analogous to that observed w i t h other m e t a l 
complexes ; q u e n c h i n g a n d back-electron-transfer processes as o u t l i n e d 
i n Reactions 1, 2, 3, a n d 4 occurred , a l though at r e d u c e d rates, w i t h the 
result of no net p h o t o c h e m i c a l change. H o w e v e r , w i t h C o m p l e x e s 1, 2, 

a n d 3 a n d amines such as N , N - d i m e t h y l a n i l i n e a n d t r ie thylamine , i t was 
f o u n d that i r r a d i a t i o n resul ted i n r a p i d convers ion of the start ing complex 
into a " p e r m a n e n t " p h o t o p r o d u c t (39, 40). F o r solutions of 1, 2, or 3 w i t h 
t r i e thy lamine the changes were consistent w i t h a c lean permanent reduc
t i o n of the R u ( I I ) complex d i c a t i o n to the one-electron-reduced R u ( I I ) + 

i o n ; the spec t rum obta ined for 1 o n i r r a d i a t i o n w i t h t r i e thy lamine i n 
several solvents is i d e n t i c a l to that obta ined for e lec t rochemica l reduc
t ion of 1. 

T h e changes are most s i m p l y accounted for b y a sequence as out
l i n e d i n React ions 9, 10, a n d 11. H e r e the c o m b i n a t i o n of a re la t ive ly 

R u L 3
2 + * + E t 3 N : -> R u L i 3

+ + E 3 t N - + (9) 

R u L 3
+ + E t 3 N •+ - * R u L 3

2 + + E t 3 N : (10) 

+ E t 3 N - + ~ > products (11) 

s low back react ion ( R e a c t i o n 10) a n d a r a p i d r e m o v a l of one of the 
i n i t i a l products ( R e a c t i o n 11) a l lows the b u i l d u p of one of the products . 
T h a t b o t h processes are impor tant is i n d i c a t e d b y the finding that i r r a d i a 
t i o n of solutions of R u ( b i p y ) 3

2 + a n d t r i e thy lamine produces no detectable 
permanent p r o d u c t o n moderate i r r a d i a t i o n . I n this case, a flash p h o 
tolysis s tudy indicates that redox products are f o r m e d b u t that r a p i d 
back electron transfer occurs. A p o i n t of major interest i n the o v e r a l l 
process is the i d e n t i t y of the step or steps w h i c h r a p i d l y deplete the 
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244 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 II 

t r i e t h y l a m i n e r a d i c a l cat ion. A s tudy of the react ion i n acetonitr i le at 
190 K reveals o n l y a single s ignal i n the E S R spec t rum ( g = 1.9962 ± 
0.0003) characterist ic of the r e d u c e d complex w i t h o u t any hyperf ine 
sp l i t t ing . T h i s indicates that any radicals f o r m e d f r o m the t r i e thy lamine 
r a d i c a l ca t ion must be r a p i d l y conver ted to n o n r a d i c a l products . Poss ib le 
react ion paths c o u l d i n c l u d e those o u t l i n e d i n React ions 12, 13, 14, 15, 
a n d 16. T h e sequence g iven b y React ions 12 a n d 13 has been p r o p o s e d 
i n a re la ted s i tuat ion (42, 43), w h i l e that g iven b y React ions 14, 15, a n d 
16 is i n v o l v e d i n the p h o t o r e d u c t i o n of benzophenone a n d other ketones 
b y amines (44,45). I n the latter case the p r e d o m i n a n c e of R e a c t i o n 15 
results i n r e d u c t i o n of a second ketone i n a dark process w i t h a l i m i t i n g 

• N E t 3
+ + C H 3 C N -> - C H 2 C N + H N E t 3 (12) 

2 - C H 2 C N -> C H 2 — C N (13) 

C H 2 — C N 

@ 
• N E t 3

+ + : N E t 3 -> C H 3 C H — N E t 2 + H N E t 3 (14) 

. . - e © 
C H 3 C H — N E t 2 -> C H 3 C H = N E t 2 (15) 

2 C H 3 C H — N E t 2 -> C H , C H — N E t a (16) 
I 

C H 3 — C H — N E T 2 

q u a n t u m y i e l d of t w o for disappearance of ketone. I f R e a c t i o n 14 w e r e 
to occur i n the present case, R e a c t i o n 15 c o u l d occur w i t h r e d u c t i o n of 
a second molecule of complex , g i v i n g rise to a l i m i t i n g q u a n t u m y i e l d 
of t w o for the process. 

I r r a d i a t i o n of 1 i n moist acetonitr i le c o n t a i n i n g t r i e thy lamine leads 
to no net r e d u c t i o n of the R u ( I I ) complex ; a d d i t i o n of water to solutions 
of r e d u c e d 1 i n acetonitr i le p r o d u c e a r a p i d regenerat ion of the R u ( I I ) 
complex . W h i l e the products have not yet been de termined , i t is ev ident 
that a net redox react ion be tween water a n d the r e d u c e d r u t h e n i u m 
c o m p l e x is o c c u r r i n g . U n d e r these condit ions (water , acetonitr i le , a n d 
t r i e t h y l a m i n e ) , sustained i r r a d i a t i o n of 1 can be c a r r i e d out so that 
apprec iab le convers ion of the t r i e thy lamine occurs; aceta ldehyde, w h i c h 
p r e s u m a b l y arises t h r o u g h hydro lys i s of the Schiff base p r o d u c e d i n 
R e a c t i o n 15, is easily detected b y V P C as a major product . A trace of 
p r o d u c t h a v i n g a retent ion t ime i d e n t i c a l to succ inoni t r i le is also detect
able b y V P C , b u t i t appears that React ions 14, 15, a n d 16 are the pre
d o m i n a n t paths for r a p i d d e p l e t i o n of the t r i e thy lamine r a d i c a l ca t ion . 
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20. D E L A I V E E T A L . Electron-Transfer Reactions 245 

T h e p h o t o r e d u c t i o n of 1 b y t r i e thy lamine occurs i n a var ie ty of 
solvents i n c l u d i n g i sobutyroni t r i le , T H F , a c e t o n i t r i l e - i s o p r o p y l a l cohol , 
methylene ch lor ide , a n d c h l o r o f o r m a l t h o u g h the react ion does not appear 
to be c lean or to go to comple t ion i n the latter t w o solvents. Q u a n t u m 
yie lds measured thus far are 0.35, 0.2, a n d 0.05 i n d r y acetonitr i le , iso
b u t y r o n i t r i l e , a n d T H F , respect ively. A l t h o u g h the r e d u c e d r u t h e n i u m 
complex , R u L 3

+ , is " s table" o n a t ime scale of minutes to hours, w e find 
that the p r e - i r r a d i a t i o n spec t rum of R u L 3

2 + is s l o w l y regenerated on a 
t ime scale of hours to days i n degassed solutions a l l o w e d to s tand i n the 
dark at 2 0 ° - 2 5 ° C . A d m i s s i o n of a ir to the samples results i n instantane
ous regenerat ion of the spec t rum of R u L 3

2 + . A s m e n t i o n e d above, the 
o v e r a l l react ion sequence appears best descr ibed b y React ions 9, 14, a n d 
16 as o u t l i n e d b e l o w . T h i s predicts a l i m i t i n g q u a n t u m y i e l d of t w o "for 

R u L 3
2 + * + E t 3 N : - * R u L 3

+ + E t 3 N •+ (9) 

E t 3 N •+ + E t 3 N : - » E t a N H + ' E t 2 N — C H — C H 3 (14) 

E t 2 N — C H — C H 3 + R u L 3
2 + - » E t 2 N + = C H — C H 3 + R u L 3

+ (16) 

p r o d u c t i o n of R u L 3
+ , a va lue substant ia l ly h igher t h a n the m a x i m u m 

o b t a i n e d thus far i n our investigations. T h e source of the ineff ic iency 
has not been d e t e r m i n e d a l t h o u g h several reasonable possibi l i t ies , i n c l u d 
i n g some back react ion ( R e a c t i o n 10) or a less-than-unit efficiency of 
generat ion of separated electron-transfer products i n the q u e n c h i n g step 
( R e a c t i o n 9 ) , exist. A t h e r m o c h e m i c a l analysis of the react ion b y Reac
tions 17, 18, 19, a n d 20 indicates that the process involves considerable 

2(e- + R u L 3
2 + - * R u L 3

+ ) (17) 

2 ( H + + N E t 3 - » H N + E t 3 ) (18) 

H N + E t 3 -> H 2 + E t 2 N + = C H — C H 3 (19) 

H 2 2 H + + 2e" (20) 

storage of energy; w h i l e not e n o u g h data are ava i lab le to p e r m i t exact 
eva luat ion of the energetics of React ions 18 a n d 19, i t is c lear that Reac
tions 17 a n d 19 are energet ical ly u p h i l l as w r i t t e n w h i l e R e a c t i o n 18 is 
d o w n h i l l . I t appears that React ions 18 a n d 19 s h o u l d a p p r o x i m a t e l y 
offset one another so that the energy stored can be est imated i n terms 
of the y i e l d of R u L 3

+ p r o d u c e d ; the R u L 3
2 + / 1 + couple has a potent ia l of 

- 0 . 9 V or 20.7 k c a l / m o l (39, 40). 
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246 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 I I 

I f the reduct ive q u e n c h i n g of complexes such as R u L 3
2 + b y amines 

is to be used i n an energy-convers ion process, it w i l l be necessary to 
deve lop subsequent c h e m i c a l or e lec t rochemica l steps to convert these 
p r i m a r y products back to start ing materials concurrent w i t h p r o d u c t i o n 
of usable products or energy. A l t h o u g h re la t ive ly l i t t le has been done 
i n this area, i t appears that several p r o m i s i n g approaches c o u l d be deve l 
o p e d . A s m e n t i o n e d above, the products appear to s l o w l y revert to the 
start ing materials (as e v i d e n c e d b y the spectroscopical ly observable 
R u L 3

+ - » R u L 3
2 + in terconvers ion) i n the dark i n degassed solutions. Per 

haps the simplest a p p r o a c h for a c y c l i c use of the system w o u l d be to 
d e v e l o p catalysts that w o u l d accelerate t h e r m a l revers ion to the start ing 
materials ; i f this were done i t w o u l d be possible to transport the photo-
products to a site w h e r e a n i m m o b i l i z e d heterogeneous catalyst c o u l d 
promote the energy-releasing regenerat ion of the start ing materials . A n 
al ternat ive w o u l d be a c o u p l i n g of c h e m i c a l a n d e lec t rochemica l reactions 
to b r i n g about a net regenerat ion of the start ing materials w i t h release of 
energy. Since 1 is e lec t rochemica l ly act ive, i t s h o u l d be possible to 
couple React ions 17 a n d 20 e lec t rochemica l ly i n reverse to regenerate 
R u L 3

2 + a n d h y d r o g e n since the d r i v i n g force is near ly a vol t . T h e h y d r o 
gen p r o d u c e d c o u l d then be used to regenerate t r i e thy lamine so that no 
net c o n s u m p t i o n of any of the reagents w o u l d occur. T h e r e are, of course, 
numerous ways i n w h i c h a h i g h energy species such as R u L 3

+ c o u l d be 
used. It is of interest to note i n this regard the recent report of L e h n a n d 
Sauvage (46) i n w h i c h R u ( b i p y ) 3

2 + was i r rad ia ted i n the presence of a 
complex mixture i n c l u d i n g the potent ia l reductant , t r ie thanolamine , w i t h 
a resultant " c a t a l y t i c " generat ion of h y d r o g e n . A l t h o u g h the m e c h a n i s m 
for this process has not been e luc idated , a reasonable poss ib i l i ty appears 
that a r e d u c e d r u t h e n i u m complex mediates subsequent electron-transfer 
steps. 

Oxidative Quenching of Ruthenium ( I I ) Complex Excited States. 
O x i d a t i v e q u e n c h i n g of complexes such as R u ( b i p y ) 2 + , a n d back e lectron 
transfer (React ions 1 a n d 2) occurs w i t h a var ie ty of reagents. O n e of 
the most w i d e l y used oxidants i n these studies is P a r a q u a t ( P Q 2 + ) . F o r 
R u ( b i p y ) 3

2 + rate constants for the q u e n c h i n g a n d back-electron-transfer 
reactions i n acetonitr i le are, respect ively, 2.8 X 10 9 a n d 8.1 X 10 9 M " 1 

sec" 1 (39,40). W h e n the h y d r o p h o b i c complexes are used as substrate, 
b o t h f o r w a r d a n d back reactions are re tarded; for example w i t h 1 the 
corresponding rate constants are 1.2 X 10 8 a n d 1.8 X 10 9 M " 1 sec" 1 (39, 
40). A s p o i n t e d out prev ious ly w i t h R u ( b i p y ) 3

2 + a n d P Q 2 \ the electron-
transfer products can be intercepted as i l lus tra ted i n React ions 5, 6, a n d 
7, b u t i n this case no permanent chemistry occurs. W h e n solutions of 1 
a n d Paraquat are i r rad ia ted i n d r y acetonitr i le , w e also find that reverse 
electron transfer is efficient e n o u g h so that no permanent chemistry 
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20. D E L A I V E E T A L . Electron-Transfer Reactions 247 

occurs. Recent ly , w e have f o u n d that for 1 a n d several other h y d r o p h o b i c 
complexes a n d i n some cases for R u ( b i p y ) 3

2 + , oxidat ive q u e n c h i n g b y 
Paraquat can be c o u p l e d w i t h the use of the products , i n this case the 
R u ( I I I ) species, to effect a permanent redox change w i t h an a d d e d sub
strate. T h e process appears to b e f a i r l y general a n d i n several cases 
reasonably efficient such that i t offers the promise of considerable u t i l i t y . 

A s o u t l i n e d previous ly , the photoreact ion b e t w e e n exci ted R u ( I I ) 
complexes a n d P a r a q u a t can be f o l l o w e d b y flash spectroscopy (12 ,39 , 
40). T h e products of the react ion, R u L 3

3 + a n d P Q + , c a n be detected b y 
transient appearance of n e w absorbances at 395 a n d 605 n m , where P Q •+ 

absorbs, a n d a transient b l e a c h i n g of the R u L 3
2 + absorbance i n the 400 to 

500-nm range. I n d r y acetonitr i le solutions no permanent b u i l d u p of 
P Q + occurs. I n contrast, w e find that a d d i t i o n of several organic sub
strates to acetonitr i le solutions of 1 a n d P Q 2 + results i n a r a p i d b u i l d u p of 
P Q + w i t h o u t a concurrent net decompos i t ion of 1 ( F i g u r e 1 ) . S ince 

400 500 600 

Figure 1. Spectral changes occurring in the visible-near-UV on irradiation 
of an acetonitrile-2,6-lutidine (2:1) mixture containing PQ2+ and 1 with 
visible light. Curve 1: sample prior to irradiation. Curves 2, 3, ,4 and 5 are 

from the same sample after progressive irradiations. 
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248 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 I I 

these substrates do not themselves q u e n c h the exc i ted state of 1 or are 
used at levels such that q u e n c h i n g of the exci ted state of 1 b y P a r a q u a t 
is dominant , the observed results are most consistent w i t h a sequence 
g i v e n b y React ions 21, 22, a n d 23. T h u s the d r a i n i n g of o x i d i z e d c o m p l e x 

R u L 3
2 + * + P Q 2 + -> R u 3

3 + + P Q •+ (21) 

R u L 3
3 + + Substrate -> R u L 3

2 + + Substrate 0 * (22) 

R u L 3
3 + + P Q •+ -> R u L 3

2 + + P Q 2 + (23) 

b y R e a c t i o n 22 a l lows the a c c u m u l a t i o n of P Q + as a " p e r m a n e n t " p h o t o -
p r o d u c t w h i l e R u L 3

2 + is regenerated. T h e l i g h t - i n d u c e d changes also c a n 
be convenient ly m o n i t o r e d b y E S R ; i n these experiments i r r a d i a t i o n of 
samples care fu l ly d r i e d a n d degassed w i t h argon leads to the same result : 
no paramagnet ic species are detectable p r i o r to i r r a d i a t i o n b u t photolys is 
w i t h v i s ib le (A > 420 n m ) l i g h t leads to a r a p i d generat ion of a s ingle 
paramagnet ic species. B o t h the envelope a n d hyperf ine s p l i t t i n g pat tern 
are consistent w i t h ident i f i ca t ion of this species as P Q + . T h u s a pat tern 
s imi lar to that observed i n the reduct ive q u e n c h i n g is o c c u r r i n g here i n 
that R e a c t i o n 22 must i n v o l v e or be f o l l o w e d b y steps l e a d i n g to the 
d e p l e t i o n of free radicals f o r m e d i n the i n i t i a l ox idat ion . 

Substrates w h i c h have been f o u n d thus far to be able to intercept 
R u L 3

3
+ i n a l i g h t - m e d i a t e d redox process i n c l u d e p y r i d i n e , 2 ,6- lut idine, 

N , N - d i m e t h y l f o r m a m i d e , acetone, t r i e thy lamine , i s o p r o p y l a l cohol , a n d 
water . I n each case, w e have d e t e r m i n e d that there is "permanent ' ' 
b u i l d u p of P Q + u p o n steady-state i l l u m i n a t i o n ; w e have not yet deter
m i n e d the products f o r m e d for any of the substrates invest igated. C o n 
dens ing React ions 21, 22, a n d 23, i t is c lear that the net c h e m i c a l change 
is g iven b y R e a c t i o n 24 w h i l e the true oxidant is R u L 3

3 + . T h a t o x i d i z e d 1 

hp 
P Q 2 + + Substrate > P Q + + Substrate 0 * (24) 

R u L 3
2 + 

s h o u l d ox id ize the substrates l i s ted above is not i n itself surpr i s ing ; a l l 
of the substrates have anodic l imi ts i n the range + 1 . 6 V or l o w e r (47, 
48) a n d the potent ia l of +1 .59 V for the R u L 3

3 + / 2 + couple for 1 (39,40) 
indicates it s h o u l d be a p o w e r f u l oxidant . W h a t is remarkable is that net 
convers ion of w h a t must be a n i n i t i a l one-electron o x i d a t i o n p r o d u c t of 
the substrate to n o n r a d i c a l products can compete w i t h r e d u c t i o n b y P Q + . 
I n fact, the q u a n t u m efficiency of net p r o d u c t f o r m a t i o n varies qu i te 
w i d e l y for the different substrates. W i t h 1, " reac t ive" substrates such as 
t r i e thy lamine a n d 2 ,6- lut idine give values <f> = 0.4 a n d 0.07, respect ively , 
w h i l e other substrates give cons iderab ly l o w e r q u a n t u m efficiencies. T h e 
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20. D E L A I V E E T A L . Electron-Transfer Reactions 249 

h i g h efficiency o b t a i n e d w i t h t r i e thy lamine is perhaps not surpr i s ing i n 
v i e w of the results ob ta ined i n reduct ive q u e n c h i n g ( v i d e supra) a n d 
w i t h React ions 14 a n d 15 o c c u r r i n g , c o u l d i n v o l v e a net of t w o P a r a q u a t 
molecules r e d u c e d for every molecu le of amine o x i d i z e d . 

T h e pat tern of chemistry observed is not restr icted to the h y d r o 
p h o b i c R u ( I I ) complexes. W e find that i r r a d i a t i o n of R u ( b i p y ) 3

2 + w i t h 
Paraquat a n d 2 ,6- lut idine or t r ie thylamine leads to s imi lar qual i ta t ive 
results b u t w i t h l o w e r q u a n t u m efficiencies (0.02 a n d 0.17, respect ive ly) 
t h a n for 1. E v i d e n t l y re la ted p h e n o m e n a have been observed b y M a t s u o 
a n d co-workers (49) a n d b y B o l t o n a n d co-workers (50) for R u ( b i p y ) 3

2 + 

a n d P a r a q u a t w i t h E D T A i n aqueous solutions; the B o l t o n g r o u p has 
f o u n d that organic dyes such as prof lavine a n d acr id ine orange behave 
s i m i l a r l y o n i r r a d i a t i o n u n d e r the same condi t ions ( 5 0 ) . A n interest ing 
aspect of the w o r k b y B o l t o n a n d co-workers is the finding that the P Q + 

p r o d u c e d i n these reactions can be used to p r o d u c e m o l e c u l a r h y d r o g e n 
i n the presence of the enzyme hydrogenase as a catalyst ( 5 0 ) . T h u s i t is 
possible to use b o t h i n i t i a l products of the electron-transfer step for 
c a r r y i n g out potent ia l ly use fu l reactions. 

R e t u r n i n g to the oxidations m e d i a t e d b y the R u ( I I I ) species, the 
finding that b o t h the r u t h e n i u m complex a n d P a r a q u a t c a n be r e c y c l e d 
a n d that a var ie ty of substrates c a n be used suggests that this process 
c a n be qui te general a n d of considerable u t i l i t y i n c a r r y i n g out o x i d a t i o n 
i n nonaqueous m e d i u m . T h u s i r r a d i a t i o n of 1 i n the presence of P a r a 
quat w i t h v i s ib le l ight generates a usable oxidant , R u L 3

3 + , i n neutra l , 
nonaqueous m e d i a w h i c h is as potent an oxidant as C e ( I V ) i n n i t r i c a c i d 
( 5 1 ) . T h e m i l d condit ions used suggest that this c o u l d be a use fu l 
m e t h o d for the ox ida t ion of even f a i r l y f ragi le organic substrates; i t is 
interest ing to note that the pyr id ines , w h i c h are p o o r l y b e h a v e d i n electro
c h e m i c a l oxidations, appear to react w e l l i n these l i g h t - m e d i a t e d reac
tions. Greater select ivity or react iv i ty s h o u l d be obta inable i n these 
processes b y var ia t ion of l i g a n d , meta l , or solvent; the possibi l i t ies for 
a c h i e v i n g substant ia l differences are suggested b y the rather p r o n o u n c e d 
changes i n redox potent ia l , so lubi l i ty , a n d react iv i ty o b t a i n e d b y the 
s m a l l changes i n l i g a n d structure o n g o i n g f r o m R u ( b i p y ) 3

3 + to 1. 
T h e results descr ibed above, as w e l l as those obta ined i n a n u m b e r 

of other investigations, indicate rather c lear ly that l i g h t - d r i v e n electron-
transfer reactions offer a versati le means for efficient energy convers ion 
a n d storage. Since the process of e lectron transfer is a general one w h i c h 
is not m u c h l i m i t e d to specific m o l e c u l a r structures, the range of possible 
donors a n d acceptors for use i n these processes is v i r t u a l l y u n l i m i t e d . 
A l t h o u g h w o r k i n this area is c lear ly on ly b e g i n n i n g , i t s h o u l d not be too 
di f f icul t to construct systems w h i c h have o p t i m i z e d redox propert ies for 
different spectral regions. T h e m a i n l i m i t a t i o n o n effective use of these 
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reactions u n t i l n o w has been the i n a b i l i t y to a v o i d energy loss t h r o u g h 
back-e lec tron transfer reactions. T h e present invest igat ion a n d other 
studies prev ious ly m e n t i o n e d indicate that there are p r o b a b l y a n u m b e r 
of ways of get t ing a r o u n d the p r o b l e m w h i c h w i l l almost certa inly be 
e x p a n d e d a n d o p t i m i z e d t h r o u g h future w o r k . A major p r o b l e m that 
remains is the efficient c o u p l i n g of l i g h t - d r i v e n one-electron-transfer steps 
w i t h net two-electron-redox processes or the deve lopment of effective 
reagents w h i c h themselves undergo two-e lec t ron redox changes u p o n exci
ta t ion . A l t h o u g h reactions i n homogeneous so lut ion offer considerable 
promise , i t is reasonable to expect that even greater possibi l i t ies m a y 
exist for use fu l react ion i n v o l v i n g i m m o b i l i z e d reagents a n d in ter fac ia l 
p h e n o m e n a . 
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Tungsten(IV) Chelates—Potential Energy 
Transfer Complexes 

RONALD D . ARCHER, CRAIG J. DONAHUE, 
WILLIAM H. BATSCHELET, and DAVID R. WHITCOMB 

Department of Chemistry, Graduate Research Tower A, 
University of Massachusetts, Amherst, MA 01003 

Inert eight-coordinate W(IV) chelates have been synthesized 
in our laboratories and have properties analogous to the 
ruthenium complexes that are currently an energy-trans
fer focus. Substituted tetrakis(8-quinolinolato)tungsten(IV) 
complexes (1), substituted tetrakis(picolinato)tungsten(IV) 
complexes (2), tetrakis(pyrazinecarboxylato)tungsten(IV) 
(3), tetrakis(isoquinoline-1-carboxylato)tungsten(IV) (4), and 
bis(N,N'-disalicylidene-1,2-phenylenediaminato)tungsten(IV) 
(5) have been synthesized. The ML4 chelates are substitu
tion-inert d2 chelates with low energy metal-to-ligand 
charge-transfer transitions based on relative energies and 
photooxidation to d1-W(V) analogs, which possess ligand
-to-metal charge-transfer transitions in the visible region. We 
have initiated the synthesis of analogous polymeric com
plexes as well. 

sizable n u m b e r of l o w - s p i n inert W L 4 complexes have been synthe-
s ized i n our laboratories, where L is a bidentate l i g a n d chela t ing 

t h r o u g h a heterocyc l ic aromat ic n i t rogen donor a n d a negat ive ly c h a r g e d 
oxygen donor (1,2,3,4). A n a l o g o u s m i x e d l i g a n d W L J L V n complexes 
also have been isolated (5,6). L i g a n d abbreviat ions are g iven i n T a b l e I. 
T h e character izat ion of the prev ious ly reported (1,2,4) subst i tuted tetra-
kis (8 -quino l ino la to ) tungsten ( I V ) complexes (1 , w h e r e X = H , B r , C I , 
C O C H 3 , or C H 3 a n d Y = H , B r , or C I ) has i n c l u d e d a single crysta l x-ray 
s tudy (7) w h i c h has ver i f ied the eight coordinat ion of these chelates. 
F u r t h e r m o r e , the structure is one expected f r o m OrgeFs rule (8 ) for d2 

0-8412-0429-2 / 79 / 33-173-252$05.00/ 0 
© 1979 American Chemical Society 
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T a b l e I . L i g a n d A b b r e v i a t i o n s 

acq" — 5 - a c e t y l - 8 - q u i n o l i n o l a t o 
b m q " = 7-bromo -5 -methyl -8 -quino l ino la to 
b q " 5 -bromo-8-quinol inolato 
cnq~ 7 -ch loro-5 -n i t ro -8 -quino l ino la to 
cq" = 5 -chloro-8-quinol inolato 
d b q " 5 ,7 -d ibromo-8-quinol ino la to 
d c q " 5 ,7 -d ich loro-8 -quinol inola to 
d i q " 
d s p 2 " 

5 ,7 -di iodo-8-quinol inolato d i q " 
d s p 2 " A ^ ^ - d i s a l i c y l i d e n e - l ^ - p h e n y l e n e d i a m i n a t o 
epic" = 5 -e thylpicol inato 
hpic" = 3 - h y d r o x y p i c o l i n a t o 
h q a " 8 - h y d r o x y q u i n a l d i n a t o 
iqc" = 1- isoquinol inecarboxylato 
m p i c " 5 -methylpicol inato 
m q " = 5 -methyl -8 -quinol inola to 
m q q 2 " = methylenebis (quino l in -8 -o l -5 -y la to ) 
n d 2 " = 1 , 5 -naphthyr idine-4 ; 8-dio lato 
n q " 5 -n i t ro-8-quinol inolato 
p ic " = pico l ina to 
pzc" == 2 - p y r a z i n e c a r b o x y l a t o 
p z d 2 ~ = 2 ,3 -pyraz inedicarboxyla to 
q" 8 -quinol ino la to 
q d 2 -
q q 2 " 

= 5 ,8 -quinoxal inediolato q d 2 -
q q 2 " bis (quinol in-8-o l -5 -y la to) 
t b q " = 5 -^er^-butyl-8-quinolinolato 
t s b 4 " = i V ^ A ^ V V ' ^ - t e t r a s a l i c y l i d ^ 

e ight-coordinate complexes; i.e., the g r o u n d state s h o u l d have the four TT 
acceptors (the unsaturated ni t rogen donors) i n the foreshortened tetra-
h e d r a l array or dodecahedra l B posit ions a n d the TT donors ( the o x y g e n 
donors) i n the e longated te trahedral or d o d e c a h e d r a l A posit ions, w h e r e 
A a n d B are f r o m the nomenclature d e v e l o p e d b y H o a r d a n d S i lver ton 
( 9 ) . T h e B posit ions have favorable TT over lap w i t h the filled b± o r b i t a l 
(Scheme 1 ) . T h i s rule reduces the 93 possible dodecahedra l isomers for 
such W L 4 systems w i t h inequiva lent donors (JO) to four isomers ( F i g u r e 
1 ) , the most s y m m e t r i c a l of w h i c h is observed for W ( b q ) 4 * C 6 H 6 . Steric 
considerations can reduce this n u m b e r even further . ( F o r example, the 
N a n d O posit ions s h o u l d be reversed i n d° complexes so that the oxygen 
TT donors can over lap w i t h the e m p t y & i o r b i t a l (11). B u t steric considera
tions caused us to p r e d i c t (7) that Z r ( q ) 4 w o u l d have to be one of the 
isomers w i t h g edges; this p r e d i c t i o n has been ver i f ied b y L e w i s a n d 
F a y ( 1 2 ) . 

F o r the d2 complexes u n d e r discussion, this ru le appears to p l a y a 
v e r y d o m i n a n t role, such that s low exchange N M R spectra are observed 
at e levated temperatures for the W ( d c q ) w ( m p i c ) 4 . w complexes ( 5 , 6 ) , 
even t h o u g h the iso-electronic a n d iso-structural W ( C N ) 8

4 " i o n has been 
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Scheme 1 

K 

d - l i k e J &i • 
orbitals S 

7 

b i — (ir) 

repor ted to be n o n r i g i d at v e r y l o w temperatures (— 1 5 0 ° C ) ( 1 3 ) . 
F u r t h e r m o r e , t w o geometr ica l isomers of W ( d c q ) 2 ( m p i c ) 2 have been 
isolated a n d character ized (5,6). 

E x t e n s i o n of these W L 4 complexes to complexes not i n v o l v i n g 8-
q u i n o l i n o l derivat ives has i n c l u d e d a n u m b e r of subst i tuted tetrakis-
( p i c o l i n a t o ) t u n g s t e n ( I V ) complexes ( 2 , w h e r e Z = H , C H 3 , or C 2 H 5 

a n d the analogous 3 -hydroxypico l ina to complex ) ( 3 ) . O t h e r species 
r e p o r t e d p r e v i o u s l y i n c l u d e the 2-pyrazinecarboxylato a n d 1-isoquino-
l inecarboxylato species, W ( p z c ) 4 ( 3 ) a n d W ( i q c ) 4 ( 4 ) ( 3 ) , a n d the 
spectral ly s u p p o r t e d W ( n q ) 4 a n d W ( h q a ) 4 (2). C o m p l e x e s not p r e v i 
ously repor ted i n c l u d e W ( t b q ) 4 a n d the quadr identa te Schiff base chelate 
W ( d s p ) 2 (5 ), for w h i c h at least t w o isomers have been observed. 

T h e entire W L 4 series appear to be subst i tut ion-inert species, w i t h 
neg l ig ib le l i g a n d exchange at r o o m temperature over per iods of hours . 
H o w e v e r , at e levated temperatures l i g a n d exchange c a n be obta ined . 
L o w - s p i n e ight-coordinate dodecahedra l d2 complexes (Scheme 1) are 
analogous to l o w - s p i n six-coordinate oc tahedral d6 complexes (Scheme 2) 
i n terms of b o n d i n g . T h a t is, the d orbitals that are or thogonal to s igma 
interactions ( the Z?i a n d t2g orbitals , respect ive ly) are d o u b l y o c c u p i e d 
a n d the s igma a n t i b o n d i n g orbitals are empty . H e n c e , analogous inertness 
is log ica l . 

Intense charge-transfer transit ions observed at the r e d e n d of the 
v is ib le spectrum (14,000-17,000 c m " 1 ) for the tungsten ( I V ) chelates 
exhib i t energy shifts characterist ic of meta l - to - l igand charge-transfer 
species a n d are analogous to those observed for octahedral d6 ions w i t h 
unsaturated n i t rogen donor atoms; e.g., F e ( I I ) a n d R u ( I I ) d i imines . 

T h e W ( I V ) chelates are capable of b e i n g o x i d i z e d to analogous 
W ( V ) cations, W L 4

+ . A strong oxidant such as ch lor ine or b r o m i n e 
is r e q u i r e d to ox id ize the tungsten-picol inato chelates, whereas excess 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

97
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
97

9-
01

73
.c

h0
21



21. A R C H E R E T A L . Tungsten(IV) Chelates 255 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

97
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
97

9-
01

73
.c

h0
21



256 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 

Figure 1. The positions of the chelate rings in 
the WL} isomers allowed by Or gel's rule (S) that 
acceptors should occupy the B positions in eight-
coordinate complexes. The W(bq)h • C6H6 struc

ture is the D 2 d (mmmmj isomer (7). 

Scheme 2 

(-*) 
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l i g a n d can ox id ize the quino l ino la to species at e levated temperatures (14). 
These W L 4

+ chelates, w h i c h are d1 complexes, appear to have moderate ly 
intense l igand- to -meta l charge-transfer transit ions (3,14) (analogous to 
octahedra l d5 ions) as a result of the hole i n the lowest energy dir l e v e l ; 
i.e., the b1 ( a n d t2g) l eve l noted above. T h e quino l ino la to W L 4

+ ions 
disproport ionate i n s trong a lcohol ic N a O H solutions to W L 4 a n d W 0 2 L 2 

t y p e species, w i t h the W L 4 complexes inert to the base. O n the other 
h a n d , the W L 4

+ p i co l ina to ions are decomposed u n d e r these condit ions . 
These e ight-coordinate d2 a n d d1 chelates are analogous to the octa

h e d r a l d6 a n d d 5 r u t h e n i u m d i i m i n e species that are current ly a focus of 
coordinat ion c o m p o u n d energy transfer. T h e tungsten species offer b o t h 
m e t a l a n d l i g a n d components w h i c h are a p p r e c i a b l y less expensive t h a n 
the r u t h e n i u m complexes. 

Syntheses 

O u r s tandard synthetic m e t h o d for these chelates is the elevated 
temperature decarbonyla t ion of W ( C O ) 6 , either b y mel t reactions con
t a i n i n g excess l i g a n d (2-6,14) or b y the use of h i g h b o i l i n g solvents, 
usua l ly either 2,4,6-trimethylpyridine (2-6,14) or mesi tylene (3). E v i 
dence for l ,2,3,4-tetrahydro-8-quinolinol has b e e n obta ined (14); there
fore, the react ion has been f o r m u l a t e d as: 

W ( C O ) 6 + 5 H L - » W L 4 + H L H 4 + 6CO (1) 

T h e analogous react ion w i t h the W 2 C 1 9
3 " i o n , w h i c h w e i n i t i a l l y used ( I ) , 

is f o r m u l a t e d as: 

2W2C19
3" + 17HL 4WL 4 + H L H 4 + 12HC1 + 6C1" (2) 

I n d i l u t e so lut ion h y d r o g e n p r o d u c t i o n c a n occur , as noted b y Dorse t t 
a n d W a l t o n (15 ) , w h o have i n d e p e n d e n t l y p r o d u c e d W ( p i c ) 4 b y a s imi lar 
decarbonyla t ion react ion. W e also have synthesized these chelates 
t h r o u g h a stepwise route w h i c h does not requi re e levated temperatures : 

C l 2 HL(C1 2 ) 
W ( C O ) 6 > W(CO) 4 C1 2 > W L 4 (3) 

- 7 8 ° C 0°C 

W h e n a l l traces of chlor ine are r e m o v e d f r o m the W ( C O ) 4 C l 2 , e levated 
temperatures are r e q u i r e d for the second step of R e a c t i o n 3. A n o t h e r 
ind i rec t route involves a n intermediate p h o s p h i n e : 
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258 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 — I I 

P03 
W ( C 0 ) 4 C 1 2 * W ( C 0 ) 8 ( P * 8 ) 2 C 1 2 

/ H L 

W ( C 0 ) 2 ( P ^ » 3 ) 2 C 1 L 

H L 
W ( C O ) 8 ( P f c ) C l L W L 4 

H L ' 
W ( C O ) 2 ( P * 8 ) L 2 

W L „ L ' . i-n 
(4) 

W i t h some l igands, further ox idat ion to the W ( V ) ions occur u n d e r 
extended react ion condit ions . 

Synthesis of the pre v i ous l y u n r e p o r t e d W ( t b q ) 4 chelate i n i t i a l l y 
i n v o l v e d a Schraup synthesis of H t b q . Previous attempts i n other labora
tories h a d f a i l e d because of the a c i d cleavage of the tert-butyl g roup i n 
the arsenic a c i d ox idat ion step (16 ) . W e have successful ly used p i c r i c 
a c i d a n d 4 - t e ^ b u t y l - 2 - n i t r o p h e n o l as oxidants w i t h y ie lds of 5 - 1 0 % . T h e 
procedure is s imi lar to that used for H m q ( 3 , 6 ) . T h e W ( t b q ) 4 chelate 
was p r e p a r e d b y the decarbonyla t ion of W ( C O ) 6 i n mesi tylene heated 
u n d e r reflux, f o l l o w e d b y s u b l i m a t i o n of unreacted mater ia l a n d crysta l 
l i z a t i o n f r o m c h l o r o f o r m . C h r o m a t o g r a p h i c separat ion o n s i l ica gel w i t h 
1:1 v / v C H C l 3 : h e x a n e p r o d u c e d an ana ly t i ca l ly pure W ( t b q ) 4 chelate. 

T w o isomers of W ( d s p ) 2 have been isolated f r o m the react ion of 1 
m m o l W ( C O ) 6 , 2 m m o l H 2 d s p ( w h i c h h a d been p r e p a r e d b y a n o r m a l 
Schiff base condensat ion f r o m sa l i cy la ldehyde a n d 1 ,2 -diaminobenzene) , 
a n d 2 m m o l H p i c i n mesitylene heated under reflux condit ions for 48 hr . 
E a r l i e r attempts for shorter t ime per iods h a d i n d i c a t e d incomple te reac
t ion . Preparat ive chromatographic separat ion o n s i l i ca gel w i t h C H C 1 3 

as b o t h solvent a n d eluant gave t w o products w i t h analyses consistent 
w i t h W ( d s p ) 2 , p lus several m i x e d complexes. T h e charge transfer m a x i m a 
for the W ( d s p ) 2 species are at 22,500 a n d 22,700 c m " 1 . F u r t h e r w o r k is 
i n progress to e lucidate the stereochemistry of these complexes. 

Low-Energy Charge-Transfer Transitions 

Strong (c > 10 4 ) e lectronic transit ions at l o w energies (13,000-
17,000 c m " 1 ) are observed for a l l of the W L 4 tungsten ( I V ) chelates that 
w e have synthesized ( T a b l e I I ) . W e (2,3) have assigned these as meta l -
t o - l i g a n d charge-transfer bands because: (1 ) the bands are too intense to 
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21. A R C H E R E T A L . Tungsten(IV) Chelates 259 

Table II. WL4 Low-Energy Charge-Transfer Bands" 

C6HG Solutions (cm'1) 
W ( n q ) 4 

13,400 
W ( R q ) / W ( b q ) 4 

13,800 14,100 
W ( b m q ) 4 

14,100 
W ( d b q ) 4 

14,200 

W ( c q ) 4 

14,200 
W ( d c q ) 4 W ( q ) 4 

14,300 14,300 
W ( h q a ) 4 

14,300 
W ( p i c ) 4 

16,700 

W ( i q c ) 4 

13,600 

CHCls Solutions (cm 
W ( d c q ) 4 W ( p z c ) 4 

14,200 16,200 

V 
W ( p i c ) 4 

16,600 
W ( m p i c ) 4 

16,900 

W (epic) 4 

16,900 
W ( h p i c ) 4 

16,900 
f M o (pic) 4 ) 
I > 20,000 J 

' € > 10*. 
bR = 5-methyl or 5-tert-buty\. 

be s imple d-d transitions; (2 ) the bands are at l o w e r energy than the 
first charge-transfer transit ions of the analogous W ( V ) complexes, w h e r e 
as l igand- to-meta l transitions are l o w e r i n energy for h igher ox ida t ion 
states; (3 ) the filled foi l e v e l w o u l d require a ir to « i or e l e v e l for 
l igand- to-meta l transitions i n these species b u t not for the o x i d i z e d f o r m ; 
(4 ) the i n t r a - l i g a n d transitions are s t i l l observable near the ir free mole 
cule energies; (5 ) the q u i n o l i n e derivat ives have the transit ions at l o w e r 
energies than the p y r i d i n e derivat ives ; a n d (6 ) electron w i t h d r a w i n g 
groups tend to l o w e r the energies of the transit ions. See Scheme 3 for the 
levels thought to be i n v o l v e d i n the low-energy t rans i t ion a n d the 
apparent re lat ive energies of the higher o c c u p i e d orbitals a n d l o w e r 
u n o c c u p i e d orbitals . 

Scheme 3 

b 2 

a i ! 

e ,„ l i g a n d 

> / 
filled / W ( I V > 

l i g a n d 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

97
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
97

9-
01

73
.c

h0
21



260 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 

Table III. [ W L 4 ] C l Low-Energy Charge-Transfer Bands 

CH2Cl2 Solutions (cm'1) 
W ( d c q ) 4

+ 

18,300 
W (diq) 4

+ W (bmq) 4
+ W (dbq) 4

+ 

18,300 18,300 18,500 

W ( c n q ) 4
+ 

18,700 
W ( b q ) 4

+ W ( a c q ) 4
+ W ( p i c ) 4

+ 

18,900 19,200 23,400 b 

° c > 104. 
b Acetone. 

T h e analogous W ( V ) chelates have intense (c > 10 4 ) e lectronic 
transitions at somewhat h igher energies ( > 18,000 c m " 1 ) than the charge-
transfer transit ions i n the W ( I V ) chelates ( T a b l e I I I ) . T h e h i g h e r 
energies of analogous W ( V ) chelates w i t h e lectron w i t h d r a w i n g groups, 
W ( c n q ) 4

+ > W ( d c q ) 4
+ a n d W ( a c q ) 4

+ > W ( b q ) 4
+ , shows that e lectron 

w i t h d r a w i n g groups increase the energies of these transitions, i n contrast 
to the charge-transfer bands for the W ( I V ) chelates. A shift to l o w e r 
energies for a l l of the seven-halo species suggests that the n o n b o n d i n g 
electrons on the oxygen are i n v o l v e d i n the donat ion f r o m the q u i n o l i n o l 
species. T h e h igher energy of the W ( p i c ) 4

+ i o n is consistent w i t h the 
electron w i t h d r a w i n g nature of the carboxylate g r o u p . T h e inverse 
charge-transfer n o t e d for the W ( I V ) chelates s h o u l d b e at a p p r e c i a b l y 
h i g h e r energies i n the W ( V ) chelates because of the lack of e l e c t r o n -
electron repulsions i n the h a l f - f i l l e d b± l eve l i n the W ( V ) complexes a n d 
of the general l o w e r i n g of the d orbitals ( s u c h as the & i leve l ) w i t h 
increased m e t a l ox idat ion states. B o t h effects increase the separat ion 
b e t w e e n the b1 o rb i ta l a n d the l i g a n d ?r* orbitals . See Scheme 4. 

Scheme 4 
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21. A R C H E R E T A L . Tungsten(IV) Chelates 261 

Photosensitivity 

Several of the quinol inolato- tungsten ( I V ) chelates are qu i te sensit ive 
to oxygen a n d l ight d u r i n g chromatography o n s i l i ca gel . T h e p r o d u c t is 
the W ( V ) chelate. T h e W ( q ) 4 chelate is more sensitive t h a n is W ( c q ) 4 , 
w h i c h is more sensitive than W ( d c q ) 4 . T h a t species is, i n turn , m o r e 
sensitive than any of the p ico l ina to-der ivat ive chelates. A l s o , the q u i n o -
l i n o l derivatives are somewhat photosensit ive i n air-saturated solutions. 
Some oxidize i n the dark, too, b u t at a s lower rate. T h e rates also appear 
to be chelate, solvent, atmosphere, a n d i m p u r i t y dependent . Quant i f i ca 
t i o n is i n progress. 

T h e observed photosensit ive ox idat ion of the tungsten ( I V ) chelates 
is fur ther evidence that the l o w energy bands are meta l - to - l igand charge-
transfer. Transfer of the ?r* e lectron f r o m the photo-exc i ted state- to 
s i l i ca g e l leaves the W ( V ) chelate. L i g a n d - t o - m e t a l charge transfer 
w o u l d tend to give r e d u c e d m e t a l or o x i d i z e d l i g a n d — c o n t r a r y to experi 
m e n t a l observations. 

Polymerization 

A current emphasis is the prepara t ion of l inear po lymers w i t h eight-
coordinate tungsten centers. T h e q d 2 " b i h e a d e d l i g a n d (6) has s h o w n a n 
a b i l i t y to f o r m a p o l y m e r i c W ( I V ) m a t e r i a l w i t h a charge transfer 
b a n d at 12,600 c m " 1 , b u t the l o w e r n u c l e o p h i l i c i t y of this l i g a n d does not 
a l l o w for p o l y m e r i z a t i o n b y l i g a n d exchange w i t h the W L 4 chelates u n d e r 
condit ions that a l l o w l i g a n d exchange be tween the s impler l igands. T h e 
react ion of W ( C O ) 4 C l 2 w i t h H 2 q d f o l l o w e d b y H p i c produces a b l u e 
p r o d u c t w i t h an electronic t ransi t ion at 14,300 c m " 1 . A s imi lar p r o d u c t 
has been obta ined t h r o u g h the react ion p e r f o r m e d i n the reverse order , 
b u t p u r i f i c a t i o n has p r o v e n dif f icult . T h e use of W ( C O ) 2 ( P < £ 3 ) L 2 inter
mediates to f o r m W L 2 ( q d ) po lymers shows promise . T h e analogous 
d ione ( q d ° ) provides the t w o electrons needed to p r o d u c e the t w o -
electron ox idat ion . T h e more n u c l e o p h i l i c l igands , m q q 2 " , n d 2 ' , a n d q q 2 " , 
also are b e i n g invest igated. L o w - e n e r g y transitions have been observed 
i n some of the incomple te ly character ized species. 
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Stereochemical Aspects of Expanded 
Coordination Spheres: Seven-Coordinate 
Tungsten Complexes 

JOSEPH L. TEMPLETON 

W. R. Kenan, Jr. Laboratory, Department of Chemistry, 
University of North Carolina, Chapel Hill, N C 27514 

Tricarbonylbis(N,N-dimethyldithiocarbamato)tungsten, 
(W(CO)3(dmtc)2), has been synthesized, and two distinct 
intramolecular dynamic processes have been identified by 
variable temperature 13C NMR studies of this seven-coordi
nate molecule. The sodium salt of dimethyldithiocarbamate 
reacts with tetracarbonyldiiodotungsten to form the above 
product, W(CO)3(dmtc)2. Analytical, IR and NMR data con
firm this formulation. The 13C NMR spectrum at —110°C 
has three distinct resonances, two of which initially coa
lesce independently of the third (∆G≠ = 8.1 kcal mol-1) as 
the temperature is increased. All three carbon monoxide 
signals are averaged at higher temperatures (∆G≠ = 9.0 
kcal mol-1). Reversible loss of one CO occurs upon heating 
to form an insoluble blue W(CO)2(dmtc)2 compound. 

A substant ia l n u m b e r of stable seven-coordinate m e t a l complexes have 
n o w been isolated a n d structural ly character ized. A comprehensive 

r e v i e w b y D r e w ( I ) systematizes the structural data that has been 
a c c u m u l a t e d for seven-coordinate c o m p o u n d s . M o r e recently W r e f o r d 
has cont r ibuted to u n r a v e l i n g the details of d y n a m i c processes w h i c h can 
occur for such complexes ( 2 ) . I n one case, d y n a m i c N M R studies of 
T a C l ( 7 7

4 - C 1 o H 8 ) [ ( C H 3 ) 2 P C 2 H 4 P ( C H 3 ) 2 ] 2 w e r e in terpreted i n terms of 
a n interconvers ion of the ground-state pentagonal b i p y r a m i d to an inter
mediate m o n o c a p p e d t r igona l p r i s m ( 3 ) . I n another study, site exchange 

0-8412-0429-2 /79 / 33-173-263$05.00/ 0 
© 1979 American Chemical Society 
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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 I I 

i n seven-coordinate species of the type M X ( C O ) 2 ( L ^ L / ) 2 was consistent 
w i t h a nondissociat ive m e c h a n i s m i n v o l v i n g a p o l y t o p a l rearrangement 
(4). 

A l t h o u g h the nature of seven-coordinate compounds is of in t r ins ic 
interest, perhaps of greater s ignif icance is the role of e x p a n d e d coordina
t i o n spheres as intermediates i n the chemistry of oc tahedra l complexes. 
T h e prepara t ion of the t h e r m o d y n a m i c a l l y unfavorable £ r a n s - M o ( C O ) 2 -
( d i p h o s ) 2 i somer (5 ) v i a a seven-coordinate intermediate is an exemplary 
case of s tereochemical contro l . P laus ib le seven-coordinate intermediates 
i n the reactions of olefins w i t h pentacarbonyl tungstenphenylcarbene (6) 
can exert s tereochemical contro l of the p r o d u c t dis tr ibut ions . 

A l t h o u g h M o ( I I ) a n d W ( I I ) exhibi t the most extensive seven-
coordinate chemistry yet k n o w n (consistent w i t h the a p p l i c a t i o n of the 
effective a tomic n u m b e r rule to these d4 systems) , a survey of the sub
st i tuted m e t a l c a r b o n y l complexes of m o l y b d e n u m a n d tungsten reveals 
no s t ructura l data for compounds of the type M ( C O ) 3 ( B - B ) 2 w h e r e B - B 
is a bidentate m o n o a n i o n i c l i g a n d . N o tungsten t r icarbonyls of this type 
have been repor ted to date, b u t M c D o n a l d a n d co-workers have synthe
s ized a n d s tudied the closely re lated W ( C O ) 2 ( P P h 3 ) ( B - B ) 2 c o m p o u n d s 
w h e r e B - B is a chelat ing d i th iocarbamate ( 7 ) , xanthate, or d i th iophos-
phate ( 8 ) . F o r m o l y b d e n u m , the compounds M o ( C O ) 3 ( d t c ) 2 ( d t c = 
R o N C S o " ) (9 ) are examples of the M ( C O ) 3 ( B - B ) 2 type as is M o ( C O ) 3 -
[ S 2 P ( i - P r ) 2 ] 2 ( 10 ) , w h i c h has been w e l l character ized i n solut ion. 

Col ton 's w o r k w i t h the t r i c a r b o n y l b i s d i t h i o c a r b a m a t o m o l y b d e n u m 
series (9 ) a n d M c D o n a l d ' s success i n s t u d y i n g the t r i p h e n y l p h o s p h i n e -
subst i tuted tungsten analogs (8 ) l e d us to attempt the synthesis a n d 
character izat ion of an analogous tungsten t r i c a r b o n y l complex s ince : 
( i ) the m o l y b d e n u m derivat ives revers ib ly lose carbon monoxide (11); 
( i i ) the tungsten analogues seemed l i k e l y to exhibi t different behav ior 
than the m o l y b d e n u m series (ear l ier preparat ive attempts suggested that 
tungsten di thiocarbamates s h o u l d be capable of existence b u t i n d i c a t e d 
that they w o u l d be dif f icult to character ize (7,12); a n d ( i i i ) the seven-
coordinate features of M ( C O ) 3 ( B - B ) 2 complexes c o u l d be p r o b e d v i a 
N M R techniques at each of the l i g a n d sites. A synthet ic route to W -
( C O ) 3 [ ( C H 3 ) 2 N C S 2 ] 2 a n d relevant spectroscopic data are repor ted here. 

Experimental 

Materials. T u n g s t e n hexacarbonyl , iod ine , t r i p h e n y l p h o s p h i n e , C O 
gas, a n d s o d i u m N , N - d i m e t h y l d i t h i o c a r b a m a t e were obta ined f r o m c o m 
m e r c i a l sources a n d used w i t h o u t fur ther pur i f i ca t ion . Solvents w e r e 
p u r g e d w i t h a stream of p u r i f i e d n i t rogen p r i o r to use. A l l so lut ion 
manipula t ions were p e r f o r m e d u n d e r a n i t rogen atmosphere u s i n g Schlenk 
techniques. 
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22. T E M P L E T O N Seven-Coordinate Tungsten Complexes 265 

Physical Measurements. I R spectra were r e c o r d e d o n a B e c k m a n 
4250 I R Spectrophotometer . S o l i d spectra w e r e obta ined as N u j o l m u l l s 
o n C s l plates or as K B r pellets. So lu t ion spectra i n the reg ion 2 4 0 0 -
1600 c m " 1 were ob ta ined i n sealed K B r cells of 0.10 m m path length . P o l y 
styrene was u s e d as a ca l ibra t ion marker i n a l l cases. N M R spectra w e r e 
r e c o r d e d w i t h a V a r i a n X L - 1 0 0 F o u r i e r t rans form spectrometer. C a r -
bon-13 spectra were obta ined at a spectrometer f requency of 25.16 M H z 
w i t h the 2 H s ignal of deuteromethylene c h l o r i d e serving as an i n t e r n a l 
lock. B r o a d b a n d proton d e c o u p l i n g was rout ine ly used for 1 3 C measure
ments. Spectra were recorded at var ious temperatures d o w n to — 1 1 0 ° C 
w i t h a solvent m i x t u r e consist ing of C D 2 C l 2 : C D C l 3 : C C l 4 i n a rat io of 
60:27:13 w i t h a trace of M e 4 S i a d d e d to serve as a n i n t e r n a l reference. 
T r i s a c e t y l a c e t o n a t o c h r o m i u m ( I I I ) (10 m g ) was a d d e d to each sample 
as a paramagnet ic re laxat ion agent i n v i e w of the l o n g T i values charac
terist ic of m e t a l c a r b o n y l carbon atoms. Analyses w e r e p e r f o r m e d b y 
G a l b r a i t h Laborator ies , K n o x v i l l e , Tennessee. 

Preparative Procedures. T R I C A R B O N Y L B I S ( N , N - D I M E T H Y L D I T H I O C A R B A -
M A T O ) T U N G S T E N ( I I ) . T h e W ( C O ) 4 I 2 reagent was p r e p a r e d p h o t o c h e m i -
c a l l y a c c o r d i n g to the m e t h o d of C o l t o n a n d R i x (13). T h e s o l i d reactants 
W ( C O ) 4 I 2 , 1 .50g (2.72 m m o l ) , a n d N a ( d m t c ) ( E a s t m a n C h e m i c a l s ) , 
(0.80 g, 5.60 m m o l ) were p l a c e d i n a flask u n d e r n i t rogen p r i o r to a d d i n g 
30 m L of T H F w h i c h h a d been freshly d i s t i l l e d f r o m c a l c i u m h y d r i d e 
u n d e r a n i t rogen atmosphere. T h e solids d isso lved to f o r m a r e d so lut ion , 
a n d gas evo lut ion c o m m e n c e d . W i t h i n 30 m i n the react ion was j u d g e d 
complete based on the cessation of gas evolut ion , w i t h the amount of 
gas co l lec ted approximate ly e q u a l to that expected for the loss of one 
C O per mole of W ( C O ) 4 I 2 i n i t i a l l y present. T h e so lut ion was filtered 
p r i o r to r e m o v a l of the T H F solvent b y v a c u u m evaporat ion. T h e s o l i d 
that r e m a i n e d was chromatographed o n an a l u m i n a c o l u m n u s i n g benzene 
as the eluent. V a c u u m evaporat ion of the benzene solut ion p r o d u c e d a 
s o l i d w h i c h was p u r i f i e d b y recrysta l l iza t ion f r o m toluene b y c o o l i n g a 
so lut ion that h a d been saturated at 5 0 ° C . T h e i n i t i a l y i e l d was 5 0 % 
after c h r o m a t o g r a p h i n g the c rude mater ia l . T h e final y i e l d was 3 0 % 
after recrysta l l izat ion . A n a l y s i s : C a l c d for C 9 H 1 2 N o 0 3 S 4 W : C , 21.27; H , 
2.38; N , 5.51; S, 25.23; W , 36.17. F o u n d : C , 21.97"; H , 2.53; N , 5.57; S, 
23.92; W , 35.63. 

DlCARBONYL BIS ( JV, N - D I M E T H Y L D I T H I O C ARB A M A T O ) T U N G S T E N ( I I ) . A 
s o l i d sample of W ( C O ) 3 ( d m t c ) 2 , 50 m g (0.1 m m o l ) , was p l a c e d i n a 
tube a n d heated u n d e r v a c u u m . A temperature of 1 0 0 ° C was sufficient 
to cause a color change w i t h i n minutes . T h e i n i t i a l orange crystals be
came dark b lue-green a n d the I R spect rum of the n e w m a t e r i a l s h o w e d 
n e w bands g r o w i n g i n the c a r b o n y l s tretching reg ion at 1930 a n d 1803 
c m " 1 , b u t the bands a t t r ibuted to the start ing mater ia l were of almost e q u a l 
intensity. H e a t i n g at 170 ° C for 2 h r p r o d u c e d a s o l i d that d i s p l a y e d o n l y 
the t w o c a r b o n y l absorptions at 1930 a n d 1803 c m " 1 . T h e b lue-green s o l i d 
resul t ing f r o m t h e r m a l loss of C O was insoluble i n c o m m o n organic 
solvents, a n d quant i ta t ive convers ion of W ( C O ) 3 ( d m t c ) 2 to W ( C O ) 2 -
( d m t c ) 2 was not a c c o m p l i s h e d w i t h o u t some a c c o m p a n y i n g decompos i 
t i o n to mater ia l w i t h no carbonyls . 

T R I P H E N Y L P H O S P H I N E D I C A R B O N Y L B I S ( N , N - D I M E T H Y L D I T H I O C A R B A M A -
T O ) T U N G S T E N ( I I ) . ( M e t h o d A ) . E q u i m o l a r amounts of W ( C 0 ) 3 ( d m t c ) 2 , 
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250 m g (0.5 m m o l ) a n d P ( C 6 H 5 ) 3 , 130 m g (0.5 m m o l ) were p l a c e d i n a 
flask f o l l o w e d b y a d d i t i o n of 10 m L of C H 2 C 1 2 as a solvent. A f t e r s t i r r ing 
at r o o m temperature for 12 hr the so lut ion was filtered. T h e s o l i d p r o d u c t 
was character ized b y I R after r e m o v a l of the C H 2 C 1 2 solvent u n d e r vac 
u u m . T h e s o l i d state I R spec t rum of W ( C O ) 2 ( P P h 3 ) ( d m t c ) 2 s h o w e d 
t w o strong absorptions a t t r ibuted to C O stretching frequencies at 1910 
a n d 1820 c m " 1 i n agreement w i t h the values repor ted p r e v i o u s l y b y C h e n , 
Y e l t o n , a n d M c D o n a l d ( 8 ) , w h o synthesized this a n d re la ted c o m p o u n d s 
f r o m subst i tut ion reactions of W ( C O ) 3 ( P P h 3 ) 2 C l 2 w i t h uni -negat ive 
che la t ing l igands . ( M e t h o d B ) T h e r m a l loss of C O was i n d u c e d to f o r m 
the b lue-green W ( C O ) 2 ( d m t c ) 2 f r o m W ( C O ) 3 ( d m t c ) 2 , 50 m g (0.1 
m m o l ) . A d d i t i o n of P ( C 6 H 5 ) 3 , 30 m g (0.1 m m o l ) a n d toulene (5 m L ) 
caused the b lue-green s o l i d to dissolve, a n d the solut ion I R spec t rum 
s h o w e d o n l y t w o bands i n the c a r b o n y l r e g i o n : 1930 a n d 1840 c m " 1 , as 
f o u n d prev ious ly for W ( C O ) 2 ( P P h 3 ) ( d m t c ) 2 p r e p a r e d a c c o r d i n g to 
M e t h o d A . 

T R I C A R B O N Y L B I S ( N , ] V - D I M E T H Y L D I T H I O C A R B A M A T O ) T U N G S T E N ( I I ) , 1 3 C O 
E N R I C H E D . A toluene so lut ion of the i sotopica l ly n o r m a l W ( C O ) 3 ( d m t c ) 2 

was s t i rred at 50 ° C for 45 m i n u n d e r a 1 3 C O atmosphere. T h e so lut ion 
was a l l o w e d to coo l a n d cyclohexane was a d d e d to prec ipi ta te the en
r i c h e d 1 3 C O sample . 

Results and Discussion 

T h e preparat ion of seven-coordinate W ( I I ) complexes of the t y p e 
W ( C O ) 3 ( B - B ) 2 was p u r s u e d v i a a route s imi lar to C o l t o n s scheme 
for i so la t ing M o ( C O ) 3 ( d t c ) 2 ( 9 ) . W e selected N , I V - d i m e t h y l t h i o c a r b a -
mate ( d m t c ) since i t provides a b identate l i g a n d w i t h a charge of — 1, 
a n d i t was k n o w n to f o r m seven-coordinate c o m p o u n d s of the type w e 
sought. T h e ease of prepara t ion of W ( C O ) 4 I 2 b y photolysis of W ( C O ) 6 

+ I 2 (13) d ic ta ted that W ( C O ) 4 I 2 b e used i n i t i a l l y as the W ( I I ) ha lo-
c a r b o n y l reactant of choice . I R analysis of the react ion mix ture consist ing 
of W ( C O ) 4 I 2 a n d N a ( d m t c ) was encouraging i n v i e w of the t r i c a r b o n y l 
pat tern observed, a n d w h e n c o u p l e d w i t h the C O evo lut ion a n d the 
f o r m a t i o n of inso luble N a l that o c c u r r e d u p o n s t i r r ing the T H F solut ion, 
the data suggested that i n d e e d W ( C O ) 3 ( d m t c ) 2 h a d f o r m e d . M i n o r 
c a r b o n y l conta in ing impuri t ies were evident i n the so lut ion I R spec t rum 
b e t w e e n 2200 a n d 1700 c m " 1 , b u t the three strong bands at 2020, 1944, 
a n d 1926 c m ' 1 d o m i n a t e d . C h r o m a t o g r a p h y o n a l u m i n a affected p u r i f i c a 
t i o n such that o n l y these three bands were observed i n so lut ion . A 
fur ther recrysta l l izat ion of the mater ia l e l i m i n a t e d a s m a l l amount of 
inso luble b lue-green mater ia l that f o r m e d after e lut ion . T h e orange 
W ( C O ) 3 ( d m t c ) 2 c o u l d be d r i e d u n d e r v a c u u m a n d disso lved i n organic 
solvents w i t h no loss of c a r b o n y l l igands . T h e s tabi l i ty of the t r i c a r b o n y l 
i n so lut ion p r o v i d e d an o p p o r t u n i t y to observe b o t h the so lut ion I R a n d 
N M R behavior of the complex . S i m i l a r so lut ion s tabi l i ty has been re
p o r t e d for M o ( C O ) 3 ( d t c ) 2 i n organic solvents i n a recent p u b l i c a t i o n (14). 
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T h e I R spec t rum of W ( C O ) 3 ( d m t c ) 2 was t y p i c a l of subst i tuted cis 
t r i carbonyls i n the absence of three fo ld symmetry . T h e A± a n d E n o r m a l 
modes generated b y a C 3 axis p r o d u c e t w o a l l o w e d absorptions. D e p a r 
ture f r o m the threefo ld symmetry splits the degenerate E b a n d in to t w o 
components . F i g u r e 1 reproduces this s imple pattern that was observed 
i n the c a r b o n y l reg ion for W ( C O ) 3 ( d m t c ) 2 . T h e s o l i d state I R spec t rum 
obta ined as a K B r pel let for purposes of compar ison w i t h s imi lar m o l y b 
d e n u m data d i s p l a y e d four dist inct absorptions (2010, 1932, 1909, a n d 
1880 c m " 1 ) w h i l e o n l y three were reported for M o ( C O ) 3 ( d m t c ) 2 (2020, 
1920, a n d 1882 c m " 1 ) (12). T h e a d d i t i o n a l solid-state absorpt ion b a n d 
is p r o b a b l y the result of solid-state s p l i t t i n g of the three f u n d a m e n t a l 
modes, b u t the poss ib i l i ty of more than one isomer also exists. 

H e a t i n g so l id W ( C O ) 3 ( d m t c ) 2 i n vacuo resulted i n a n abrupt color 
change f r o m orange to b lue-green. A n I R spectrum, after heat ing at 
100 ° C for 2 hr , i n d i c a t e d that n e w absorptions h a d g r o w n i n at 1930 a n d 
1803 c m " 1 w h i l e m u c h of the o r i g i n a l t r i c a r b o n y l was s t i l l unreacted. 
P r o l o n g e d heat ing at 170 ° C p r o d u c e d an insoluble s o l i d w i t h o n l y the 
t w o n e w absorptions i n the c a r b o n y l reg ion . T h i s was interpreted as 
convers ion to W ( C O ) 2 ( d m t c ) 2 , analogous to the m o l y b d e n u m d i c a r b o n y l 
derivat ives character ized prev ious ly where v ( C O ) for M o ( C O ) 2 ( d m t c ) 2 

was observed at 1930 a n d 1840 c m " 1 (12). 
T h e loss of C O f r o m W ( C O ) 3 ( d m t c ) 2 was reversible , as e v i d e n c e d 

b y the dissolut ion of the inso luble b lue-green d i c a r b o n y l i n toluene w h e n 
C O was a d d e d to the react ion vessel. T h e solut ion spec t rum w h i c h 
resul ted was that of the t r i c a r b o n y l w h i l e no dissolut ion of the d i c a r b o n y l 

(dmtc) 2 WCCO) 3 

2000 1800 2000 1800 

Figure 1. IR spectrum of W(CO)3(dmtc)2 

from 1800 to 2100 cm'1 
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o c c u r r e d i n the absence of C O . T h e i n s o l u b i l i t y of W ( C O ) 2 ( d m t c ) 2 i n 
organic solvents is somewhat surpr i s ing i f i n d e e d the c o m p l e x is m o n o 
m e r i c since W ( C O ) 3 ( d m t c ) 2 has excellent s o l u b i l i t y a n d s tabi l i ty i n a 
var ie ty of solvents. T h e poss ib i l i ty of d i m e r or p o l y m e r f o r m a t i o n 
t h r o u g h b r i d g i n g su l fur atoms b y dat ive b o n d f o r m a t i o n u s i n g one of the 
s u l f u r lone pairs (15) c o u l d m a i n t a i n a n effective a tomic n u m b e r of 18, 
as occurs i n [ W ( C O ) 4 I 2 ] 2 v i a i o d i n e br idges . If i n d e e d such an inter
ac t ion occurs, i t must be w e a k a n d u n f a v o r a b l e re lat ive to C O coord ina 
t ion , as e v i d e n c e d b y the r a p i d u p t a k e of C O that occurs almost instanta
neously w h e n the d i c a r b o n y l s o l i d interacts w i t h a so lut ion c o n t a i n i n g 
d isso lved C O . A m o n o m e r - d i m e r e q u i l i b r i u m has b e e n p r o p o s e d b y 
M c D o n a l d a n d co-workers for M o ( C O ) 2 ( d t c ) 2 i n so lut ion b a s e d o n 
e lectronic spectra as a f u n c t i o n of concentrat ion (14). T h e r e m a i n i n g I R 
absorptions of s o l i d W ( C O ) 3 ( d m t c ) 2 w e r e consistent w i t h the presence 
of b identate d i th iocarbamate l igands (16), a n d the v ( C - N ) f r e q u e n c y of 
1523 c m ' 1 reflects the p a r t i a l d o u b l e b o n d character of the C N b o n d 
t y p i c a l i n this d e l o c a l i z e d l i g a n d system. 

T h e 1 H N M R of W ( C O ) 3 ( d m t c ) 2 s h o w e d o n l y a s inglet at r o o m 
temperature (8 = 3.20 p p m ) as w o u l d be appropr ia te for the m e t h y l p r o 
tons of d m t c (17), a n d fur ther J H N M R invest igations w e r e not p u r s u e d 
because of the greater sensi t ivi ty of 1 3 C N M R to s m a l l differences i n 
environment . T h e i n i t i a l 1 3 C N M R s p e c t r u m at r o o m temperature dis 
p l a y e d three resonances i n a d d i t i o n to those a t t r ibutable to solvent a n d 
M e 4 S i . T h e m e t h y l groups w e r e easily assigned to the singlet at 39.2 p p m 
w h i l e the centra l carbons of the d i th iocarbamate l igands ( re fer red to as 
C carbons throughout the discuss ion) w e r e assigned at 208.7 p p m a n d 
the c a r b o n y l carbons at 233.1 p p m i n v i e w of t y p i c a l values for these 
l igands (18,19). T h e fac i le in terconvers ion routes ava i lab le to seven-
coordinate c o m p o u n d s suggested that a d y n a m i c process was averag ing 
the environments of the three c a r b o n y l l igands o n the N M R t i m e scale 
s ince a structure w i t h three equiva lent C O l igands seemed h i g h l y i m 
probab le . 

A temperature-dependent 1 3 C N M R s tudy was under taken . T h e 
o r i g i n a l data w e r e ob ta ined o n n a t u r a l a b u n d a n c e 1 3 C a n d are r e p r o d u c e d 
i n F i g u r e 2. I n d e e d the c a r b o n y l s igna l at 233.1 p p m b r o a d e n e d substan
t i a l l y at — 27 ° C a n d no c a r b o n y l resonance was observed at ei ther — 3 7 ° 
or — 7 4 ° C . C o o l i n g to — 1 0 4 ° C p r o d u c e d a tota l of three resonances i n 
the l o w field r e g i o n : the 248.7 p p m resonance c lear ly assignable to C O , 
w h i c h h a d n o w reappeared i n the s low exchange l i m i t ; the 206.1 p p m 
resonance interpretable as a s l ight negat ive temperature dependence for 
the centra l d i th iocarbamate c a r b o n ( C ) ; a n d the 203.7 p p m resonance 
w h i c h w o u l d be assigned to a u n i q u e c a r b o n y l pos i t ion i n order that the 
w e i g h t e d average of the c a r b o n y l c h e m i c a l shifts r e p r o d u c e the r o o m 
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C-13 nmr 
207 

35C 233 2 0 9 -37C 

OC 
-74C 

-27C 
-104C 

249 206. 904 

250 PPM 200 250 PPM 200 

Figure 2. Variable temperature ^C-^H} NMR spectra of natural 
abundance W(CO)s(dmtc)2 in the low-field region displaying reso

nances attributed to 13CO and R2N13CS2~ 

temperature v a l u e ( J ( 2 X 248.7 + 203.7) — 233.7, cf. 233.1 o b s e r v e d ) . 
T h e m e t h y l singlet r e m a i n e d sharp at — 74 ° C b u t at — 104 ° C t w o signals 
h a d r e p l a c e d the o r i g i n a l singlet . 

O n e can interpret the above data, a d m i t t e d l y l i m i t e d b y the s m a l l 
n u m b e r of different temperatures a n d the signal-to-noise rat io present for 
e x c h a n g i n g 1 3 C sites w i t h no at tached protons to enhance these resonance 
signals, as i n d i c a t i v e of t w o u n i q u e sites for the carbonyls i n a rat io of 
2 :1 , equiva lent sites for b o t h centra l d m t c carbons, a n d t w o sites for the 
f o u r d m t c methyls i n a 1:1 rat io . A l t h o u g h the 1 3 C O - e n r i c h e d N M R s tudy 
contradicts each of these conclusions for the l o w temperature structure, 
v i d e i n f r a , the above case offers a convenient p o i n t of departure for 
a n a l y z i n g the s tereochemical n o n r i g i d i t y of these complexes . 

T h e lack of s t ructura l data for the g r o u n d state of molecules of the 
t y p e M ( C O ) 3 ( B - B ) 2 necessitates that reasonable postulates r e g a r d i n g 
l i g a n d d i s t r i b u t i o n serve as a basis for the interpretat ion of the N M R 
data . T h e preference e x h i b i t e d b y c a r b o n y l l igands w h i c h favor cis 
geometries to enhance the 7r-acceptor propert ies of these l igands is w e l l 
d o c u m e n t e d ( 2 0 ) . T h e observed pat tern a n d intensities of the I R ab
sorptions for the three carbonyls are consistent w i t h s u c h a cis arrange
ment , a n d w e suggest that a u s e f u l start ing p o i n t for s t ructura l considera
tions is the 4 :3 geometry. T h e cis arrangement of the three C O l igands 
w i l l p r o v i d e the p lanar group of three donor atoms b y def ini t ion, r e g a r d 
less of the details of their locat ion . T h e t w o b identate l igands are t h e n 
r e q u i r e d to f u r n i s h the f o u r r e m a i n i n g donor atoms i n a p lane p a r a l l e l to 
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that of the three c a r b o n donor atoms i f the strict 4 :3 def in i t ion is to a p p l y . 
I n fact, there is no reason to assume p l a n a r i t y for the f o u r S atoms, b u t as 
p o i n t e d out b y D r e w , the 4 :3 geometry is suff iciently close to b o t h the 
c a p p e d oc tahedron a n d the c a p p e d t r i g o n a l p r i s m ( C T P ) that i t n e e d not 
b e cons idered a separate geometry. T h u s , i n our case, w e c a n use the 
conceptua l s i m p l i c i t y of the 4 :3 d i s t r i b u t i o n i n terms of the n a t u r a l d i v i 
s ion of S 4 : C 3 a n d alter the b identate l i g a n d posit ions a c c o r d i n g l y to rea l ize 
any of the i d e a l i z e d geometries accessible w i t h i n the constraint of cis 
c a r b o n y l groups. 

C o n s i d e r the 4 :3 projections s h o w n b e l o w as A a n d B . I n b o t h cases, 
ro ta t ion of the three C O l igands w i l l average C O ( l ) w i t h C O ( 2 ) a n d 
C O ( 3 ) . T h e same rotat ional m o t i o n w i l l average a l l C H 3 groups w h e n 
one considers that equiva lent m i n i m a are accessible after each rota t ion 
of 6 0 ° . I n case B , w h e r e C ( l ) is not equiva lent to C ( 2 ) , averaging of 
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C O (2) 
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\ 
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22. T E M P L E T O N Seven-Coordinate Tungsten Complexes 271 

these signals w i l l also occur. H e n c e , on ly one s ignal w i l l be seen for each 
of the three dis t inct types of carbons i n the fast exchange l i m i t for b o t h 
A a n d B . U p o n c o o l i n g the sample to obta in the h'miting spectrum, b o t h 
case A a n d B w i l l p r o d u c e t w o separate C O signals i n a rat io of 2 :1 a n d 
t w o C H 3 signals i n a ratio of 1:1, b u t case B w o u l d predic t t w o different 
C environments a n d hence t w o signals w h i l e A has b o t h C atoms i n 
magnet i ca l ly equiva lent sites i n the f r o z e n geometry. A l t h o u g h other 
poss ible geometries c o u l d be a n a l y z e d , suffice i t to note that case A 
provides a geometry that is consistent w i t h the possible assignments 
discussed w i t h respect to the n a t u r a l abundance 1 3 C data above. 

T h e incorpora t ion of 1 3 C O into the sample proceeded as expected i n 
v i e w of the l a b i l i t y of the C O i n the t r i c a r b o n y l w h e n heated u n d e r 
v a c u u m or w h e n reacted w i t h t r i p h e n y l p h o s p h i n e . T h e I R spec t rum c o m 
par i son i n F i g u r e 1 c lear ly reflects substant ial 1 3 C O enrichment , p r o b a b l y 
i n the n e i g h b o r h o o d of 15 to 2 0 % , an est imated based o n N M R data. 

T h e room-temperature spec t rum of the i sotopica l ly e n r i c h e d W -
( C O ) 3 ( d m t c ) 2 p r o v i d e d def ini t ive evidence that the exchange process 
d i d not i n v o l v e a dissociat ive loss of C O to f o r m a six-coordinate inter
mediate . T h e presence of 1 8 3 W ( I = 1/2) i n 14.4% n a t u r a l abundance 
p r o d u c e d a double t w i t h J ( 1 8 3 W — 1 3 C ) = 119 H z , i n d i c a t i n g that any 
exchange was necessarily in t ramolecular i n order that the c o u p l i n g b e 
re ta ined. T h e intensi ty of the double t relat ive to the tota l 1 3 C O intensi ty 
was approx imate ly 1 5 % , a n d the c o u p l i n g constant of 119 H z is i n the 
range t y p i c a l of W - C c o u p l i n g constants (21), thus c o n f i r m i n g the o r i g i n 
of these s idebands. T h e e n r i c h e d 1 3 C O N M R spectra as a f u n c t i o n of 
temperature for W ( C O ) 3 ( d m t c ) 2 are i l lus t ra ted i n F i g u r e s 3, 4, a n d 5. 

T h e i m p r o v e d signal-to-noise rat io i n the l a b e l l e d species a l l o w e d 
us to obta in u s e f u l data over a b r o a d temperature range. T h e 1 3 C O s ignal 
c o u l d be seen at each of the 11 temperatures chosen for study, a n d 
the a d d i t i o n a l data d ic ta ted that the d y n a m i c processes w e r e more c o m 
plex than o r i g i n a l l y f o r m u l a t e d . A f t e r i n i t i a l b r o a d e n i n g to an u n s y m -
m e t r i c a l double t at — 6 5 ° C , t w o signals w i t h a n intensity rat io of 1:2 w e r e 
observed at — 78 ° C , w i t h the less intense s ignal at l o w field corresponding 
to the 248.7 p p m s ignal f rozen out i n the earl ier s tudy. T h e — 7 8 ° C spec
t r u m also s h o w e d b r o a d e n i n g of the di th iocarbamate carbon C resonance. 
F u r t h e r c o o l i n g p r o d u c e d a double t for the C atoms ( the h i g h field s igna l 
of this p a i r h a d earl ier been incorrec t ly a t t r ibuted to the u n i q u e c a r b o n y l 
l i g a n d ) . A g a i n t w o signals of approx imate ly e q u a l intensi ty appeared 
for the m e t h y l groups i n the l o w temperature region. 

T h e u n i q u e C O resonance at l o w field c o n t i n u e d to sharpen at 
temperatures b e l o w — 7 8 ° C . C o u p l i n g to b o t h tungsten ( / ( 1 8 3 W - 1 3 C ) « 
100 H z ) a n d carbon ( / ( 1 3 C - 1 3 C ) ^ 10 H z ) was observed. T h e u p f i e l d 
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(dmtc)2W(1 3CO). 
- 4 6 C 

-25C 

233 ppm 

7 8 ^iS^**!^^^ 

-88C 
.249 

Figure 3. Variable temperature 1 3 C - { 1 H } NMR spectra of 13CO-
enriched W(CO)s(dmtc)2 from - 2 5 ° C to - 8 8 ° C 

-93 C 
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218̂  
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Figure 4. Variable temperature 1SC-{XH} NMR spectra of lsCO-en-
riched W(CO)s(dmtc)2 from -93° to - 110°C 
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Figure 5. Variable temperature _ , 
^C- j 1 //) N M R specrtra 0/ W - " 8 8 C I 
(CO)3(dmtc)2 displaying the CH3 
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22. T E M P L E T O N Seven-Coordinate Tungsten Complexes 273 

C O resonance w i t h t w i c e the intensi ty of the l o w f i e l d s igna l u n d e r w e n t 
a second b r o a d e n i n g process at l o w e r temperatures, however . W h i l e the 
lowest temperature a t ta ined (—-110°C) f a i l e d to p r o d u c e a l i n e w i d t h 
suff iciently n a r r o w to measure c o u p l i n g constants for these t w o c a r b o n y l 
l igands , the c h e m i c a l shifts w e r e accurate ly de termined , a n d rate con
stants w e r e extracted f r o m the coalescence temperature a n d l i n e w i d t h 
measurements. C l o s e inspec t ion of the m e t h y l r e g i o n suggests that the 
t w o signals observed at — 9 9 ° C m a y b e b r o a d e n i n g aga in at l o w e r t e m 
peratures, i n d i c a t i n g that more than t w o sites can exist for the f o u r m e t h y l 
groups. 

I n s u m m a r y then , three c a r b o n y l l igands u n d e r g o t w o dist inct ex
change processes w h i l e the di th iocarbamate l igands p r o v i d e t w o a d d i 
t i o n a l sites at w h i c h to accumulate exchange data, carbons C a n d C H 3 . 
T a b l e I lists the ac t iva t ion barr ier , A G ^ , ca l cu la ted f r o m the E y r i n g equa
t i o n ( 1 ) , w h e r e kex was ca l cu la ted a c c o r d i n g to the G u t o w s k y - H o l m 
e q u a t i o n at the coalescence temperature ( 2 2 ) , a n d the fast exchange a n d 

Table I. Activation Barriers 

C T(°C)a kexfsec-1)* AGifkcalmol1) 

C H 3 - 8 8 70 9.1 
- 9 1 * 50 9.1 
- 9 9 28 8.9 

9.0 ± 0 . 1 * 

R 2 N C S 2 - 6 5 1300 9.1 
- 7 8 290 9.1 
- 8 3 * 141 9.1 
- 9 3 60 8.9 
- 9 9 25 8.9 

9.0 ± 0.1 

C O - 6 5 * 1290 9.1 
1,2,3 - 7 8 310 9.0 1,2,3 

- 8 8 110 8.9 

9.0 ± 0.1 

C O - 9 1 * 840 8.0 
2,3 - 9 3 760 8.2 2,3 

- 9 9 220 8.1 
- 1 0 5 110 8.0 
- 1 1 0 70 8.0 

8.1 ± 0.1 

° The * identifies the coalescence temperature, Tc. 
b Rate constants were calculated as indicated in the text. 
9 The ± values of AGr listed serve only as an indication of the agreement of 

these determinations and do not represent error limits. 
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274 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 I I 

fcex--^-exp(-AGVR2T) (1) 

T>TC k e x ^ ^ ^ ) l (2) 

r = r c k e x = = ^ ^ L (3) 
V 2 

T<TC fce, = 7r(8v) (4) 

s l o w exchange approximat ions were u s e d above a n d b e l o w T c , respec
t i v e l y ( 2 3 ) . H e r e A v A B ( H z ) is the dif ference i n the c h e m i c a l shift of the 
e x c h a n g i n g sites, a n d 8 v ( H z ) is the l i n e w i d t h caused b y exchange p h e 
n o m e n a . F o r the C H 3 a n d C analyses, a l l three approximat ions are v a l i d , 
b u t for the c a r b o n y l processes o n l y the coalescence p o i n t a n d the s l o w 
exchange treatments are a p p l i c a b l e since the three-site exchange w h i c h 
occurs i n i t i a l l y complicates the analysis u n t i l the first c a r b o n y l Tc is 
reached. F o r large A J / A B , as i n the three-site C O case, the G u t o w s k y -
H o l m equat ion is s t i l l a p p l i c a b l e even t h o u g h the system is not a s i m p l e 
two-site p r o b l e m ( 2 4 ) . B e l o w the first Tc the u n i q u e l o w f i e l d C O reso
nance w i l l d i s p l a y a l i n e w i d t h ref lect ing the first-order decay w h i c h 
determines the l i f e t ime at this site. T h i s w i l l b e e q u a l to t w i c e the decay 
rate at the r e m a i n i n g t w o equiva lent C O sites, b u t since the second 
exchange process begins to inf luence this p o r t i o n of the spec t rum b e l o w 
T c , the s lower rates r e q u i r e d for interchange of the t w o equiva lent sites 
w i t h the t h i r d C O c o u l d not be i n d e p e n d e n t l y de termined . I n a s imi lar 
manner , the two-site C O exchange c o u l d be i n d e p e n d e n t l y a n a l y z e d o n l y 
at temperatures b e l o w the reg ion w h e r e the h i g h e r energy three-site 
process was not i n f l u e n c i n g l i n e shapes. 

T h e results tabula ted i n T a b l e I c a n b e interpreted as a f u n c t i o n of 
t w o exchange processes. T h e s imi lar values of A G T for the h i g h tempera
ture C O process a n d the C a n d C H 3 in terconvers ion barriers suggest that 
one in t ramolecular rearrangement is responsible for a l l three of these 
averag ing processes. T h e previous analysis of the n a t u r a l abundance 1 3 C 
N M R data can be used again , b u t n o w the l i m i t i n g spec t rum requires a 
dis t inct site for each di th iocarbamate C carbon, consistent w i t h pro jec t ion 
B rather than pro ject ion A . A l l other details of the rotat ion of the pseudo 
C 3 axis vs. the t w o bidentate l i g a n d sites are i n agreement w i t h the experi 
m e n t a l data . T h e barr ier of 9.0 k c a l m o l " 1 is s imi lar to values f o u n d for 
other M ( C O ) 3 moieties w h i c h are fluxional ( 2 5 ) . 
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22. T E M P L E T O N Seven-Coordinate Tungsten Complexes 275 

T h e l o w temperature C O exchange is def ini te ly not responsible for 
averag ing either the C H 3 or C since the ac t ivat ion energy differs b y 
near ly 1 k c a l m o l - 1 . A m o r e v i v i d statement of this fact is that T c f o r the 
C H 3 groups is approx imate ly equivalent to Tc for the l o w temperature 
C O exchange, so the rates at — 9 1 ° C have a ratio e q u a l to the rat io of 
A V A B ( C O ) to A i / A B ( C H 3 ) a n d thus differ b y a factor of 13. I t seems 
l i k e l y that this second fluxional process results f r o m the fac i le in tercon-
vers ion of seven-coordinate geometries. A direct exchange of the t w o 
carbonyls is u n l i k e l y since the p a t h of least m o t i o n is not avai lable i n the 
s i m p l e two-site case w h e r e the l igands w o u l d be r e q u i r e d to pass t h r o u g h 
one another. 

W e n o w refine our previous m o d e l i n l i g h t of the requirement that 
each c a r b o n y l environment b e u n i q u e . A fur ther considerat ion involves 
the poss ib i l i ty that more than t w o sites exist for the C H 3 groups b u t that 
the l o w temperature process responsible for averaging C O ( 2 ) a n d C O ( 3 ) 
also averages the C H 3 sites to p r o d u c e o n l y t w o signals. A s s u m i n g A V A B 
for the C H 3 sites to b e 10 H z or less, a n d certa inly one expects the m e t h y l 
environments w i l l differ at most s l ight ly , i t is possible to calculate a 
second Tc for the methyls based on A G + = 8.1 k c a l m o l " 1 . T h e resultant 
p r e d i c t i o n for Tc has an u p p e r l i m i t of 160 ° K w h i c h is b e l o w the lowest 
temperature accessible i n our experiments. I n fact, the m e t h y l signals 
seem to b r o a d e n s l ight ly c o m p a r e d w i t h the C carbons w h i c h become 
increas ingly n a r r o w at — 1 1 0 ° C . W e interpret this as i n d i c a t i n g n o n -
equiva lent c h e m i c a l shifts for the four m e t h y l carbons i n the final l o w 
temperature l i m i t . 

T h e above cr i ter ia l e a d us to postulate a g r o u n d state structure 
possessing C x symmetry . C o n s i d e r the i d e a l i z e d pentagonal b i p y r a m i d 
( P B ) subst i tuted as shown, so no s y m m e t r y other than the ident i ty is 
present. T h e n u m b e r i n g scheme serves to l a b e l the three C O s (1 , 2, a n d 
3 ) , the t w o C s (45 a n d 67) , a n d the four C H 3 s (4, 5, 6, a n d 7) for our 
discussion. A s m a l l rotat ion of the equator ia l b identate d m t c l i g a n d con
verts the P B to a c a p p e d t r igona l p r i s m ( C T P ) w i t h C ( l ) the c a p p i n g 
l i g a n d , C ( 2 ) , C ( 3 ) , S ( 6 ) , a n d S ( 7 ) the q u a d r i l a t e r a l face l igands, a n d 
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T a b l e I I . 1 3 C N M R D a t a 

Chemical Shifts in ppm Relative to MehSi 

13C S5°C -78°C -110°C 

C H 3 39.2 39.2 38.4 
39.4 

R2NCS2 208.7 206 203.7 
206.3 

C O 233.1 226 
248 

218.2 
233.2 
248.8 

S ( 4 ) a n d S ( 5 ) i n the u n i q u e edge posit ions. F r o m this C s f o r m , the 
seven-coordinate species can equi l ibra te C ( 2 ) a n d C ( 3 ) w h i l e C ( l ) 
remains u n i q u e . A c c o r d i n g to b o t h paths 1 a n d 2, the t w o C posit ions 
(45 a n d 67) r e m a i n u n i q u e i n agreement w i t h the observed data . T h e 
above rearrangements b o t h exchange C H 3 ( 6 ) a n d C H 3 ( 7 ) , b u t o n l y 
Scheme 1 interconverts C H 3 ( 4 ) a n d C H 3 ( 5 ) . T h e C H 3 data suggests 
that i n d e e d some C H 3 exchange is o c c u r i n g at — 1 1 0 ° C , b u t i n the 
absence of a true l i m i t i n g spec t rum to i d e n t i f y the f o u r dis t inct C H 3 

shifts, one cannot e l iminate the poss ib i l i ty that C H 3 ( 4 ) a n d C H 3 ( 5 ) 
r e m a i n dist inct w h i l e on ly C H 3 ( 6 ) a n d C H 3 ( 7 ) exchange. T h e s l ight 
asymmetry of the t w o C H 3 signals observed b e t w e e n — 99 ° C a n d 
— 1 1 0 ° C a n d the b r o a d e n i n g evident at — 1 1 0 ° C c o u l d be r e c o n c i l e d 
w i t h either of the above interconversions. 

W h i l e de ta i led geometr ica l discussions must awai t c rys ta l lographic 
data r e g a r d i n g the s o l i d state structure, the on ly assumpt ion c r u c i a l to 
the above analysis is that the carbonyls o c c u p y adjacent vertices of the 
coordinat ion sphere. T h e general 4 :3 geometry or some dis tor t ion thereof 
can then be a p p l i e d to analysis of the h i g h energy exchange phenome
n o n , a n d the lack of symmetry i n the true g r o u n d state c a n be repre
sented b y devia t ion f r o m an i d e a l i z e d pentagonal b i p y r a m i d w i t h the 
ax ia l sites o c c u p i e d b y one su l fur a n d one carbon. 

R e c o g n i t i o n that the postulated Cs C T P intermediate has the essen
t i a l features of the 4 :3 geometry discussed earlier a l lows us to consider 
the h igher energy process w i t h A G + = 9.0 k c a l m o l " 1 i n terms of this 
effective geometry i n w h i c h C ( 2 ) a n d C ( 3 ) , C H 3 ( 4 ) a n d C H 3 ( 5 ) , a n d 
C H 3 ( 6 ) a n d C H 3 ( 7 ) are equivalent . T h e rotat ional process descr ibed 
earl ier then interchanges a l l three c a r b o n y l l igands as w e l l as the t w o 
di th iocarbamate carbons a n d the four m e t h y l groups. T h e c o m b i n e d 
effects of these t w o dist inct d y n a m i c processes are consistent w i t h the 
observed temperature-dependent N M R propert ies . 
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Effect of Aluminum Additions on the 
Thermodynamic and Structural Properties of 
LaNi5 - xAlx Hydrides 

MARSHALL H. MENDELSOHN and DIETER M. GRUEN 

Chemistry Division, Argonne National Laboratory, Argonne, IL 60439 

AUSTIN E. DWIGHT1 

Materials Science Divis ion, Argonne National Laboratory, Argonne, IL 60439 

Desorption isotherms for the hydrides of LaNi4.6Al0.4 and 
LaNi4.5Al0.5 are presented and values for the enthalpy and 
entropy changes of the hydriding reactions are calculated 
from the van't Hoff plots of log P vs. 1/T. A crystallographic 
model of LaNi4Al is shown and consideration of the nearest 
neighbor atom distribution leads to a rationalization of the 
observed linear relationship between the enthalpy change, 
∆H, and the aluminum composition. Brief discussions of 
methods to predict dissociation pressures or interstitial site 
occupation are included. The cubic and hexagonal AB5 

phases are compared and, finally, the application of these 
alloys in chemical heat pump systems is noted. 

great dea l of interest exists i n alloys of general compos i t ion A B 5 , 
x m a i n l y because of their remarkable a b i l i t y to absorb h y d r o g e n 

r a p i d l y a n d revers ib ly at moderate pressures near r o o m temperature . 
L a N i 5 , w h i c h crystal l izes w i t h the C a C u 5 structure, has been t h o r o u g h l y 
invest igated. A l t h o u g h substitutions of 2 0 % of other lanthanides for 
l a n t h a n u m or other transi t ion metals for n i c k e l have been k n o w n for 
some t ime to change the e q u i l i b r i u m h y d r o g e n pressure b y a factor of 

1 Present address: Department of Physics, Northern Illinois University, Dekalb, 
IL 60115 

0-8412-0429-2/79/33-173-279$05.00/0 
© 1979 American Chemical Society 
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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 II 

about four ( 1 ) , i t has been s h o w n recent ly that a l u m i n u m substitutions 
are p a r t i c u l a r l y effective i n l o w e r i n g the h y d r o g e n pressure b y a factor 
of about 300 i n go ing f r o m L a N i 5 to L a N i 4 A l (2,3). 

A l u m i n u m substitutions have been s tudied i n four other A B 5 a l loys 
i n a d d i t i o n to L a N i 5 . T h e hexagonal C a C u 5 structure of T h N i 5 is m a i n 
ta ined u p to the compos i t ion T h N i 2 A l 3 w i t h o u t u n d e r g o i n g a phase 
transi t ion (4). C u b i c U C u 5 transforms to the hexagonal M g Z n 2 s tructure 
at the compos i t ion UCU4.5AI0.5 a n d to the hexagonal C a C u 5 s tructure at 
the compos i t ion U C u 3 . 5 A l i . 5 ( 5 ) . C u b i c Z r N i 5 a n d c u b i c U N i 5 b o t h f o r m 
single-phase so l id solutions u p to the composit ions Z r N i 4 A l a n d U N i 4 A I 
(6,7). O f these systems, o n l y the h y d r o g e n absorpt ion propert ies of 
T h ( N i , A l ) 5 ternaries have been s tudied recently ( 8 ) . A s w i t h L a ( N i , A l ) 5 

ternaries, there appears to be a large decrease i n the e q u i l i b r i u m p la teau 
pressure for T h ( N i , A l ) 5 , except that T h N i 2 A l 3 d i d not appear to absorb 
any h y d r o g e n (8). 

T h e present w o r k reports h y d r o g e n dissociat ion pressures ob ta ined 
as a f u n c t i o n of temperature on homogeneous samples of L a N i s ^ A l ^ . 
ternary al loys. T h e d e r i v e d t h e r m o d y n a m i c values are cons idered to be 
more accurate t h a n those repor ted b y us o n less we l l - charac te r ized 
samples (2). Some apparent relat ionships of the structure of the al loys 
to the c h e m i c a l propert ies of the hydr ides are also discussed. 

Experimental 

L a N i 4 . G A l o.4 a n d L a N i 4 . 5 A l o.5 w e r e b o t h p r e p a r e d b y the D e n v e r 
Research Institute under a contract to A r g o n n e N a t i o n a l L a b o r a t o r y . T h e 
al loys were p r e p a r e d b y s tandard inert atmosphere, arc m e l t i n g proce
dures. A f t e r m e l t i n g , the al loys were heat treated at 1 0 5 0 ° C for 2 h r i n 
a sealed quar tz tube i n an inert atmosphere. W e i g h t losses d u r i n g m e l t i n g 
w e r e on the order of 0 . 1 % . T h e samples w e r e character ized metal lo-
g r a p h i c a l l y as a single-phase mater ia l a n d w e r e also checked at A r g o n n e 
b y x-ray di f f ract ion. 

Samples, w e i g h e d to =b 0.0001 g, w e r e p l a c e d i n a n all-316 stainless 
steel reactor e q u i p p e d w i t h a w e l d e d 1/x porous stainless steel filter disk. 
T h e reactor was connected to an all-316 stainless steel h i g h pressure 
m a n i f o l d w i t h connections to 0-1000 ps ia a n d 0-100 ps ia Sensotec pressure 
transducers (accuracy ± 0 . 1 % ) , a v a c u u m p u m p , a n d a h i g h pressure 
h y d r o g e n gas cy l inder . H y d r o g e n was M a t h e s o n s u l t r a - h i g h p u r i t y grade 
(99 .999% m i n ) . T h e reactor was i m m e r s e d i n a b a t h of d ixy ly le thane at 
temperatures u p to 1 3 0 ° C a n d D o w C o r n i n g 710 si l icone o i l above 1 3 0 ° C . 
Temperatures were m a i n t a i n e d to ± 0 . 2 ° C at the l o w e r temperatures to 
± 0 . 8 ° C at the h igher temperatures w i t h Y S I models 71 a n d 72 tempera
ture controllers . E q u i l i b r a t i o n was considered achieved w h e n the pressure 
r e m a i n e d constant for a p e r i o d of about 15 m i n . E q u i l i b r a t i o n t imes w e r e 
f r o m 30 m i n to 16 hr . T o obta in an al loy that r a p i d l y absorbs a n d desorbs 
h y d r o g e n , it is necessary i n most cases to use an ac t ivat ion procedure . 
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23. M E N D E L S O H N E T A L . LaNi5 _xAlx Hydrides 281 

A c t i v a t i o n is usual ly a c c o m p l i s h e d b y exposing the a l loy to h igher pres
sures and/or temperatures t h a n subsequent ly r e q u i r e d for h y d r o g e n 
absorpt ion. I n m a n y cases these condit ions c a n only be d e t e r m i n e d b y 
t r i a l a n d error. L a N i 4 . 6 A l 0 . 4 was act ivated b y s i m p l y evacuat ing the 
reactor conta in ing the a l loy for several minutes a n d exposing the sample 
to 250 p s i H 2 for 1 hr. T h e L a N i 4 . 5 A l 0 . 5 sample was s l ight ly more dif f icul t 
to activate. T h i s sample was heated to about 9 0 ° C i n 200 p s i H 2 , then 
evacuated a n d p u m p e d o n for about 20 m i n w h i l e coo l ing , a n d finally 
exposed to 300 p s i H 2 for about 2 hr . D e s o r p t i o n isotherms were deter
m i n e d b y r e m o v i n g measured amounts of h y d r o g e n a n d e q u i l i b r a t i n g 
the system. 

Results 

O n e m e t h o d of d e t e r m i n i n g the t h e r m o d y n a m i c propert ies of a l l o y -
h y d r o g e n systems is to measure their h y d r o g e n e q u i l i b r i u m pressures as 
a f u n c t i o n of the h y d r o g e n conta ined i n the so l id phases. These p r e s s u r e -
compos i t ion isotherms general ly can be d i v i d e d into three regions. Start
i n g w i t h the h y d r i d e d a l loy, there is first a reg ion of r a p i d pressure 
decrease w i t h o u t m u c h change i n h y d r o g e n composi t ion . T h i s is the 
ft phase or h y d r i d e region . N e x t there is a p la teau r e g i o n of constant or 
re la t ive ly constant pressure w h e r e the t w o so l id phases + co-exist. 
F i n a l l y , there is aga in a r e g i o n of r a p i d decrease i n pressure, this b e i n g 
the a phase or so l id solut ion reg ion of h y d r o g e n i n the a l loy . 

H y d r o g e n dissociat ion pressures for the p la teau reg ion of L a N i 4 . e -
A l o ^ H y are s h o w n i n F i g u r e l a at t w o temperatures c o m p a r i n g data 
f r o m the homogeneous samples to earl ier results. T h e r e p r o d u c i b i l i t y of 
a desorpt ion isotherm is i n d i c a t e d b y the data i n F i g u r e l b taken f r o m 
t w o separate runs. T h e error i n /?-phase compos i t ion appears to be ± 2 % 
w h i l e the error i n the p la teau pressure reg ion appears to be ± 1 % . 
Tables I a n d I I g ive the exper imenta l pressure -compos i t ion data for 
L a N L ^ A l o ^ H y at six temperatures a n d L a N L i . 5 A l o . 5 H y at five temperatures, 
respect ively. F i g u r e s 2 a n d 3 show a p lo t of these data for three tem
peratures. F i g u r e 4 shows a p lo t of l o g P vs. 1/T for b o t h a l loy h y d r i d e s . 
F o r LaNi4 .eAlo .4Hy, the pressures s h o w n i n F i g u r e 4 were obta ined at a 
compos i t ion y = 2.75 w h i l e for L a N i 4 . 5 A l o . 5 H y , the pressures w e r e 
o b t a i n e d at y = 2.50. T h e errors i n t r o d u c e d into the determinat ion of 
AH resul t ing f r o m the somewhat arb i t rary dec is ion to use pressures.near 
the m i d d l e of the p la teau are greatly r e d u c e d i n the present w o r k over 
the earl ier data (2) because of the relat ive "flatness" of the plateaus. 
F r o m a least squares fit of the l o g P vs. 1/T plot , the enthalpy ( A f f ) a n d 
the entropy ( A S ) of t ransi t ion were ca lcu la ted f r o m the slope a n d inter
cept, respect ively. These values are g i v e n i n T a b l e I I I a n d for L a N i 4 . 6 -
A l o ^ H y are c o m p a r e d w i t h a n earl ier r e p o r t e d va lue . T h e errors are 
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Figure I . (a) Comparison of plateau pressure data; (b) reproducibility of two 
separate runs 
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23. M E N D E L S O H N E T A L . LaNi5_xAlx Hydrides 283 

Table I. Pressure—Composition Data for LaNi4.6Alo.4 

(°C) 

3 0 ° ± 0.2 C 

4 8 ° ± 0.2 C 

6 0 ° ± 0.2° 

(H:M) (Atm) (°C) (H:M) (Atm) 

5.87 7.72 8 0 ° ± 0 .2° 5.50 12.1 
5.76 4.18 11 5.42 9.69 
5.59 1.91 11 5.34 7.75 
5.18 0.89 11 5.23 6.09 
4.93 0.54 11 5.07 4.56 
4.48 0.34 11 4.85 3.37 
3.94 0.30 11 4.57 2.63 
3.38 0.29 11 4.14 2.27 
2.81 0.28 11 3.63 2.16 
1.73 0.26 11 3.13 2.08 
1.22 0.24 11 2.62 2.01 
0.83 0.22 11 2.11 1.93 
5.78 7.79 11 1.58 1.88 
5.69 5.34 11 1.12 1.67 
5.60 3.89 11 0.64 1.47 
5.46 2.52 11 0.40 0.67 
5.22 1.48 100° ± 0 .5° 4.99 12.3 
4.79 0.86 11 4.88 10.4 
4.20 0.71 11 4.73 8.23 
3.66 0.66 11 4.54 6.54 
3.13 0.63 11 4.47 5.41 
2.59 0.61 11 4.18 5.03 
2.11 0.58 11 3.70 4.54 
1.57 0.55 11 3.41 4.46 
1.04 0.51 11 3.04 4.23 
0.55 0.43 11 2.74 4.22 
0.29 0.22 11 2.41 4.07 
5.60 9.78 11 1.82 3.82 
5.55 7.89 11 1.25 3.64 
5.47 6.12 11 0.73 3.27 
5.35 4.13 11 0.43 2.46 
5.16 2.89 11 0.26 0.95 
4.90 1.87 11 0.15 0.26 
4.56 1.27 126° ± 0 .8° 4.90 16.2 
4.10 1.07 11 4.75 13.8 
3.59 1.02 11 4.51 11.5 
3.07 0.98 11 4.24 10.3 
2.56 0.95 11 3.87 9.59 
2.03 0.92 11 3.35 9.13 
1.51 0.87 11 2.77 8.74 
1.01 0.80 11 2.19 8.42 
0.52 0.68 11 1.67 8.06 
0.28 0.28 11 1.26 7.50 

11 0.75 6.53 
11 0.56 4.52 
11 0.38 1.39 
11 0.27 0.24 
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Table II. Pressure—Composition Data for L a N i ^ A l o . s 

Temperature Composition Pressure Temperature Composition Pressure 
(°c) -• • • 

6 0 ° ± 0 .2° 

8 0 ° ± 0.2 

100° ± 0 .6° 

(H:M) (Attn) (°C) (H:M) (Attn) 

5.63 12.2 100° ± 0 .6° 2.64 2.69 
5.59 10.2 1.97 2.43 
5.53 8.07 V 1.34 2.23 
5.46 6.24 yy 0.77 1.84 
5.32 3.91 0.51 0.94 
5.12 2.23 yy 0.38 0.17 
4.81 1.19 120° ± 0 .8° 5.16 19.3 
4.38 0.78 )) 5.07 16.3 
3.78 0.67 yy 4.96 13.4 
3.19 0.63 V 4.81 10.6 
2.60 0.59 yy 4.58 8.13 
1.96 0.55 yy 4.30 6.60 
1.35 0.50 V 3.96 5.84 
0.79 0.44 3.48 5.43 
0.35 0.18 yy 3.08 5.17 
5.36 10.5 V 2.52 4.90 
5.28 8.12 2.02 4.63 
5.15 5.86 1.50 4.29 
4.98 3.99 yy 1.04 3.88 
4.73 2.55 0.65 3.22 
4.22 1.65 yy 0.44 1.76 
3.69 1.47 yy 0.32 0.63 
3.11 1.38 138° ± 1 ° ° 4.97 20.0 
2.50 1.31 )) 4.87 17.3 
1.91 1.22 yy 4.72 14.7 
1.33 1.12 yy 4.56 12.6 
0.79 0.99 yy 4.32 10.9 
0.40 0.57 yy 3.89 9.59 
5.35 16.7 yy 3.38 8.97 
5.30 13.9 yy 2.91 8.54 
5.24 11.2 yy 2.40 8.12 
5.12 8.98 yy 1.95 7.69 
4.98 6.84 yy 1.54 7.20 
4.80 5.09 yy 1.11 6.56 
4.52 3.82 yy 0.72 5.40 
3.96 3.12 yy 0.53 3.14 
3.30 2.86 yy 0.38 0.97 

" R u n #1. 
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23. M E N D E L S O H N E T A L . LaNi5_xAlx Hydrides 287 

T a b l e I I I . D e r i v e d T h e r m o d y n a m i c D a t a 

- A H ( k 0 a l \ - A S ( ° a l \ 
Alloy \ mol H2 J \deg — mol H2) Ref, 

L a N i 4 . 6 A l 0 . 4 8.7 ± 0.1 26.1 ± 0.3 T h i s w o r k 
L a N i 4 . 6 A l 0.4 9.1 ± 0.2 28.1 ± 0.7 2 
L a N i 4 . 5 A l 0 . 5 9.21 ± 0.04 26.6 ± 0.1 T h i s w o r k 
L a N i 5 7.2 ± 0.1 26.1 ± 0.4 2 

1 1 1 1 r 

2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 
IOOO/T (°K) 

Figure 4. Log V p l a t e a u s vs. 1000/temperature 
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288 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 II 

- 2 0 . 
0 . 5 I 1.5 

X IN L a N i 5 - x A l x 

Figure 5. A H vs. x in LaNi5 _ xAlx 

Table IV. Hysteresis in L a N i s - o A l * Alloys 

Temp. 
P 4 . P (°C) H:M (atm) (atm) P 4 . P 

L a N i 4 . 6 A l 0.4 30 3.09 0.31 0.28 1.11 
48 3.10 0.71 0.64 1.11 

yy 60 3.10 1.16 1.00 1.16 
yy 80 2.84 2.41 2.05 1.18 
yy 100 2.75 4.77 4.20 1.14 

L a N i 4 . 5 A l u.5 60 2.64 0.65 0.59 1.10 
yy 80 2.48 1.36 1.29 1.05 
yy 100 2.83 2.99 2.73 1.10 
yy 120 2.40 5.27 4.80 1.10 

L a N i a * 20 3.0 2.0 1.6 1.25 

1 From Ref. 9. 
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23. M E N D E L S O H N E T A L . LaNi5_xAlx Hydrides 289 

T a b l e V . C r y s t a l l o g r a p h i c D a t a 

Compound a0(A) c0(A) V(A') A V / V 

LaNi4 . 6 Al 0.4 5.018 4.030 87.89 
(5.037)• (4.017) (88.24) 

L a N i 4 . e A l o . 4 H 5 5.358 4.207 104.6 0.19 
(5.343) (4.233) (104.7) (0.19) 

L a N i 4 . 5 A l o . 5 5.049 4.021 88.77 — 
(5.037) (4.032) (88.59) — 

L a N i 4 . 5 A l 0 . 5 H 4 . 5 5.340 4.201 103.7 0.17 

0 Values in parenthesis from Ref. 21. 

deviat ions f r o m a least squares fit of the data . A p l o t of the avai lab le 
data for A H vs. the a l u m i n u m compos i t ion is s h o w n i n F i g u r e 5. T h e 
apparent l inear re lat ionship w i l l be discussed later. 

I n general , absorpt ion pressures do not appear to be as r e p r o d u c i b l e 
as desorpt ion pressures, a n d no extensive data of the absorpt ion isotherms 
w e r e obta ined. H o w e v e r , for p r a c t i c a l appl icat ions absorpt ion pressures 
need to be k n o w n at least approximate ly . Therefore , s ingle da ta points 
o n the absorpt ion pressure -compos i t ion d i a g r a m w e r e taken at several 
temperatures for b o t h al loys a n d are l i s ted i n T a b l e I V . A s can be seen 
f r o m this table , the m a g n i t u d e of the hysteresis as measured b y the rat io 
F ab Sorption :F de Sorption is less t h a n that observed for L a N i 5 . C r y s t a l l o g r a p h i c 
data obta ined o n b o t h al loys a n d b o t h corresponding h y d r i d e s are c o l 
lected i n T a b l e V a n d are c o m p a r e d w i t h previous results w h e r e 
avai lab le . 

Discussion 

T h e conc lus ion that s lop ing plateaus are at tr ibutable to compos i t iona l 
inhomogenei t ies i n the i n i t i a l a l loy sample ( JO) seems reasonable since 
care fu l ly p r e p a r e d al loys w i t h different L a : N i ratios, b u t w i t h i n the 
C a C u 5 phase field, d i sp lay different p la teau pressures (10). Therefore , 
the "f latter" plateaus of the present series of samples ( s h o w n i n F i g u r e 
l a ) are i n d i c a t i v e of a better degree of homogenei ty than the earl ier 
samples. 

T h e r e have been several discussions i n the l i terature of the re la t ion
ships of structure to h y d r i d e s tabi l i ty (11,12). I t is of interest to discuss 
the inf luence of a l u m i n u m o n the structure a n d o n the p la t ea u pressure 
of A B 5 a l loys. U p to the compos i t ion L a N i 3 . 5 A l i . 5 , the L a N i s - a A l * al loys 
crysta l l ize w i t h the C a C u 5 structure. T w o v i e w s of a m o d e l of this 
structure for L a N i 4 A l are s h o w n i n F i g u r e 6. F i g u r e 6a is a v i e w l o o k i n g 
d o w n the c axis a n d shows the conf igurat ion of n i c k e l a n d a l u m i n u m 
atoms a r o u n d the centra l l a n t h a n i u m atoms. F i g u r e 6b shows the layer-
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23. M E N D E L S O H N E T A L . LaNi5_xAlx Hydrides 291 

type structure p a r a l l e l to the basal p lane . T h i s v i e w al lows one to d iscern 
the dis t inct 2c a n d 3g sites of n i c k e l . O n the basis of x-ray di f f rac t ion 
intensities ( 2 ) , i t has been s h o w n that the a l u m i n u m atoms preferent ia l ly 
o c c u p y the 3g sites. I n the L a N i 4 A l m o d e l s h o w n i n F i g u r e 6, the 
a l u m i n u m atoms also have been o r d e r e d i n the 3g sites w i t h o u t experi 
m e n t a l evidence. O n the basis of this m o d e l , a compar i son of nearest 
ne ighbor dis tr ibut ions is g iven i n T a b l e V I for six different types of inter
st i t ia l sites. 

Several workers recent ly have repor ted results o n neutron di f f rac t ion 
investigations of L a N i 5 D 6 (13,14,15). I n each of these papers, i t is 
c o n c l u d e d that the symmetry of the a l loy is l o w e r e d to space group 
p 3 1 m o n deuterat ion a n d that the d e u t e r i u m atoms o c c u p y 3c a n d 6d 
te t rahedral sites. These sites i n the deuter ide are closely re lated spat ia l ly 
to the 12n a n d 12o tetrahedral sites of the a l loy h a v i n g P 6 / m m m s y m 
metry. C o n c e n t r a t i n g on the n a n d o sites only , one notes that the 
f rac t ion of those sites conta in ing one a l u m i n u m nearest ne ighbor is one-
half for L a N i 4 A I a n d one- fourth for L a N i 4 . 5 A l 0 . 5 . T h u s , i f one assumes 
the a l u m i n u m atoms to replace n i c k e l i n the ordered manner d e p i c t e d i n 
F i g u r e 6, then the f rac t ion of n a n d o sites w i t h one a l u m i n u m nearest 
ne ighbor is a l inear f u n c t i o n of the a l u m i n u m composi t ion . If one fur ther 
assumes that hydrogens i n n a n d o sites are b o u n d w i t h energies averaged 
over a l l avai lable sites, then the "average" interst i t ia l site b o n d i n g energy 
also w o u l d be expected to be p r o p o r t i o n a l to the a l u m i n u m compos i t ion , 
thus p r o v i d i n g a rat ionale for the observed l inear re lat ionship b e t w e e n 
AH a n d a l u m i n u m compos i t ion s h o w n i n F i g u r e 5. 

Shinar et a l . (16) have proposed that specific interst i t ia l site o c c u p a 
tions can be d e t e r m i n e d b y associating different b i n d i n g energies w i t h 

Table V I . Nearest Neighbor Distribution around 
Alloy Interstitial Sites 

LaNi5 LaNikAl 

J?. Neighbors AT 7 Neighbors A r , 
Desig- Number - Number 
nation La Ni of Sites La Ni Al of Sites 

b 2 6 1 2 4 2 1 
f 2 4 3 2 2 2 1 f 

2 4 0 2 
h 0 4 4 0 3 1 4 
m 2 2 6 2 2 0 2 

2 1 1 4 
n 1 3 12 1 2 1 4 

1 3 0 8 
0 1 3 12 1 2 1 8 

1 3 0 4 
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292 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 II 

h y d r o g e n atoms i n different interst i t ia l sites. T h e b i n d i n g energies w o u l d 
be p r o p o r t i o n a l to A H , the s u m of the heats of f o r m a t i o n of ( i m a g i n a r y ) 
b i n a r y hydr ide s f o r m e d w i t h the A a n d B atoms s u r r o u n d i n g a p a r t i c u l a r 
site. O n the basis of this scheme, one w o u l d p r e d i c t that the h y d r o g e n 
atoms prefer sites h a v i n g a n a l u m i n u m nearest n e i g h b o r since the heat of 
f o r m a t i o n of a l u m i n u m h y d r i d e is cons idered to be more negative t h a n that 
of n i c k e l h y d r i d e (17). H o w e v e r , because the most recent measured 
values of A S for the a l u m i n u m - c o n t a i n i n g alloys are almost i d e n t i c a l to 
those of L a N i 5 (see T a b l e I I I ) , conf igurat ional entropy calculat ions (12) 
indica te that the d i s t r ibut ion of o c c u p i e d sites is the same for L a N i 5 as for 
the L a N i s ^ A l z al loys. I t s h o u l d be n o t e d that a l t h o u g h the present AS 
values are cons idered to b e more accurate t h a n those prev ious ly repor ted 
( 2 ) , more precise A S values s h o u l d b e avai lable soon f r o m prec i s ion calo-
r imetr i c experiments b e i n g p e r f o r m e d i n co l laborat ion w i t h the A r g o n n e 
N a t i o n a l L a b o r a t o r y C h e m i c a l E n g i n e e r i n g D i v i s i o n ca lor imetry group. 

Ca lcu la t ions f r o m Shinar et a l . for L a N i 5 H 6 show that the oc tahedra l 
3/ a n d tetrahedral 6 m sites w o u l d be pre fer red for h y d r o g e n occupat ion , 
a n d content ion is m a d e that this result is suppor ted b y neutron di f f rac t ion 
data . T h e y state that the 3c a n d 6d te trahedral interst i t ia l sites for the 
deuter ide "are analogous to the 3/ a n d 6m sites i n the ( L a N i 5 ) mother 
c o m p o u n d ( P 6 / m m m space g r o u p ) " (16). H o w e v e r , the o c c u p i e d 3c 
sites i n the deuter ide are d i s p l a c e d ~ 0.08 A f r o m 3/ interst i t ia l sites i n 
L a N i 5 a n d are, i n fact, closer to 12n interst i t ia l sites ( 1 5 ) , as a l ready noted. 
F u r t h e r m o r e , 6d sites are never equivalent to 6 m interst i t ia l sites except 
i n one specia l case w h i c h does not p e r t a i n to the deuter ide , b u t they are 
c losely re lated to the 12o interst i t ia l sites. It seems therefore m o r e reason
able to conc lude that the hydrogens o c c u p y tetrahedral sites i n L a N i 5 H 6 

a n d that the neutron di f f rac t ion results support a n "average" inters t i t ia l 
site b o n d i n g energy m o d e l over models w h i c h assume discrete b o n d i n g 
energies associated w i t h every crys ta l lographica l ly dis t inct site o c c u p i e d 
b y h y d r o g e n . I n any event, the quest ion of site o c c u p a t i o n of h y d r o g e n 
i n the A B 5 hydr ides remains an i n t r i g u i n g one a n d w i l l r equire more 
precise s t ructural a n d t h e r m o d y n a m i c measurements o n w h i c h to base 
more accurate theoret ica l calculat ions for its solut ion. 

A scheme for corre la t ing h y d r i d e stabilit ies, the so c a l l e d " ru le of 
reversed s tab i l i ty " (see e.g., 18,19), states that for a series of analogous 
al loys, the more stable the a l loy, the less stable (i .e. , h igher dissociat ion 
pressure) the corresponding h y d r i d e . U s i n g M i e d e m a ' s f o r m u l a (20), 
the ca lcu la ted heat of f o r m a t i o n for L a N i 5 is — 11.2 k j / m o l a n d for L a A l 5 

is — 42.1 k j / m o l . S ince L a A l 5 is more stable (more negat ive A H ) t h a n 
L a N i 5 , the r u l e of reversed s tabi l i ty predic ts the L a N i s . ^ A l ^ hydr ides to 
be less stable t h a n L a N i 5 H 6 contrary to observat ion. S i m i l a r l y , Shinar et 
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23. M E N D E L S O H N E T A L . LaNi5.xAlx Hydrides 293 

a l . (16) have f o u n d disagreement w i t h the r u l e of reversed s tabi l i ty for 
the LaNis.^Cutf hydr ides . I t appears that i n the case of the a l u m i n u m a n d 
c o p p e r ternaries, as i n m a n y other A B 5 h y d r i d e systems, the factors 
d e t e r m i n i n g the h y d r o g e n dissociat ion pressures are closely corre lated 
w i t h c e l l vo lumes (2) or inters t i t ia l hole sizes ( I I ) . 

T h e t w o most c o m m o n l y observed structure types for c o m p o u n d s 
h a v i n g the compos i t ion A B 5 are the c u b i c U N i 5 s tructure a n d the hex
agonal C a C u 5 structure. T h e relat ionships these structures bear to one 
another are i m p o r t a n t because, to our k n o w l e d g e , al loys of compos i t ion 
A B 5 w h i c h have been repor ted to absorb large quantit ies of h y d r o g e n 
are exclusively of the C a C u 5 s tructure type, a l t h o u g h u p to n o w i t appears 
that the only c u b i c c o m p o u n d tested for h y d r o g e n absorpt ion is Y N i 4 M n 
(21). T h e C a C u 5 hexagonal phase, i n accordance w i t h D w i g h t ' s e m p i r i c a l 
r u l e (22), is o n l y stable i f the radius rat io rA:rB > 1.30. C o m p o u n d s 
w i t h rA:rB < 1.30 crystal l ize i n the c u b i c U N i 5 structure. H o w e v e r , i t 
has been f o u n d that the l i m i t 1.30 is not c r i t i c a l for the c u b i c structure, 
a n d i n d e e d c u b i c compounds are k n o w n - w i t h radius ratios u p to 1.42 
(23). If one examines the i o n i c crysta l r a d i i fo r l a n t h a n u m , n e o d y m i u m , 
t h o r i u m , e r b i u m , a n d u r a n i u m , a n d the structures a n d volumes of the ir 
c o r r e s p o n d i n g A N i 5 compounds , as s h o w n i n T a b l e V I I , the v o l u m e of 
U N i 5 seems to be anomalously smal l . H o w e v e r , the meta l l i c radius of 
u r a n i u m is smaller t h a n a l l of the rare earth meta l l i c r a d i i . T h i s impl ies 
that u r a n i u m is not tr i -valent i n this meta l l i c c o m p o u n d b u t rather of 
h igher va lency . L a c k i n g a n estimate of the meta l l i c radius of u r a n i u m 
i n U N i 5 , advantage has been taken of the apparent l inear re lat ionship 
be tween ionic crysta l r a d i i a n d al loy c e l l v o l u m e for several A N i 5 c o m 
p o u n d s . I n fact, b y extrapolat ing such a plot , one w o u l d expect the i o n i c 
radius of u r a n i u m to be about 0.98 A for the c e l l v o l u m e to be 77.9 A 3 . 
T h u s , u r a n i u m c o u l d be either tetra-valent ( C R = 1.03, Ref . 24) or 
penta-valent ( C R = 0.90, Ref . 24) or poss ib ly of intermediate va lency . 

T a b l e V I I . 

Ion 
Crystal Radius 

(A) ANi5 Structure 
ANi5 Volume 

(A3) 

L a 3 + 

N d 3 + 

T h 4 + 

E r 3 + 

U + 3 

1.172 
1.123 
1.08 
1.030 
1.165 

hexagonal 
hexagonal 
hexagonal 
hexagonal 
cubic 

86.7b 

84.36 

84.r 
81.06 

77.9d 

b From Ref. 25. 
0 From Ref. 4. 
* From Ref. 6. 

a A l l values from Ref. 24. 
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294 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 I I 

F i n a l l y , a t w o - m e t a l h y d r i d e concept opera t ing as a c h e m i c a l heat 
p u m p for storage a n d recovery of t h e r m a l energy for heat ing, c o o l i n g , 
a n d energy convers ion has been p r o p o s e d (26) a n d is current ly b e i n g 
tested ( 2 7 ) . H y d r o g e n gas is transferred f r o m one h y d r i d e b e d b y 
t h e r m a l energy i n p u t at a characterist ic temperature to a second b e d 
w h e r e h y d r o g e n is absorbed, a n d t h e r m a l energy is released at another 
characterist ic temperature . T h i s concept is i l lustrated d i a g r a m m a t i c a l l y 
i n F i g u r e 7. T h e heat p u m p a p p l i c a t i o n becomes most efficient for the 
case w h e n the values of A S for the h y d r i d i n g reactions of the m e t a l 
h y d r i d e p a i r are e q u a l ( 2 8 ) , a proper ty closely a p p r o x i m a t e d b y the 
L a N i 5 . a . A l ( Z . a l loys. T h i s proper ty together w i t h the a b i l i t y to v a r y the 
h y d r o g e n dissociat ion pressure over w i d e ranges m a k e the LaNi5.wA\x 

a l l o y system of par t i cu lar interest for c h e m i c a l heat p u m p appl icat ions . 

IOOO/T(°K) 
Figure 7. Representation of a two metal hydride chemical heat pump 
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Sunlight Engineering Efficiency of Thin-Layer 
Iron-Thiazine Photogalvanic Cells 

Evidence That Surface-Induced Back Reaction 
Is a Key Limiting Factor 

NORMAN N. LICHTIN1, PETER D . WILDES, and TERRY L. O S I F 
Department of Chemistry, Boston University, Boston, MA 02215 

DALE E. HALL2 

Exxon Research & Engineering Co. , L inden, N J 07036 

Absorption spectra and redox potentials in acid solution limit 
sunlight engineering efficiency (S.E.E.) of unsensitized iron
-thiazine photogalvanic cells to ~ 2%. The highest S.E.E. 
value obtained with totally illuminated single thin-layer 
(TI-TL) iron-thionine cells with SnO2 anodes and Pt 
cathodes, .036%, corresponds to Vpower point ~ 35% of theo
retical limit. Potentials at the selective anode are dominated 
by the dye-leucodye couple. Potentials at the poorly selec
tive cathode are dominated by the iron couple. Isc varies 
linearly with photostationary concentration of leucothionine 
and, with electrode spacing ≤ 50μm, is not limited by solu
tion lifetime of charge carriers. Inefficient electron transfer 
at the electrodes is believed to reduce S.E.E. by a factor of 
~ 5, possibly because of surface-promoted back reaction 
on SnO2. 

A photoga lvanic c e l l is a system of m a n y components that must b e 
care fu l ly m a t c h e d to each other a n d , for use as a solar transducer , 

must be m a t c h e d to the insolat ion spectrum. N o p r a c t i c a l photoga lvanic 
c e l l has yet been achieved. R a t i o n a l o p t i m i z a t i o n of photoga lvanic c o n -

1 Senior author. 
1 Present address: Paul D. Merica Research Laboratory, The International Nickel 

Co., Suffern, NY 10901 

0-8412-0429-2/79/33-173-296$05.00/0 
© 1979 American Chemical Society 
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24. L I C H T I N E T A L . Sunlight Engineering Efficiency 297 

vers ion requires u n d e r s t a n d i n g of a l l aspects of the system. These aspects 
i n c l u d e photochemistry , e lectrochemistry, ground-state so lut ion chemistry , 
d e v i c e design, a n d device materials . 

I r o n - t h i a z i n e photoga lvanic cells use the photoredox reactions of 
F e ( I I ) w i t h th iaz ine dyes, represented for th ionine b y React ions 1, 2, 3, 
4, a n d 5, to convert p h o t o n energy into c h e m i c a l potent ia l . T h e spon
taneous g r o u n d state reactions represented b y React ions 6, 7, 8, a n d 9 
also occur i n homogeneous so lut ion d u r i n g i l l u m i n a t i o n . P h o t o g a l v a n i c 
ac t ion results w h e n homogeneous React ions 7, 8, a n d 9 are r e p l a c e d b y 
a n o d i c ox idat ion of T H 4

2 + a n d T H 2 - + c o u p l e d w i t h ca thodic r e d u c t i o n of 
F e ( I I I ) . T h e free energy change for the ox idat ion of leucothionine , 
T H 4

2 + , to th ionine , T H + , b y F e ( I I I ) i n aqueous su l fur ic a c i d at p H = 2 
corresponds to E o r = 0.28 V ( I ) . 

Established Elementary Steps in the Iron-Thionine Photoredox 
Reaction in Acid Solution 

TW(So) — - » T i m ) (1) 
~ 600 nm 

T H * 0 S i ) - » T H + ( S o ) (2) 

H + 

T H + ( S i ) -> T H * ( T i ) - * T H 2
2 + ( 7 7

1 ) (3) 

W C T O ^ T H + ( S 0 ) + H* (4) 

T H s ^ T i ) + F e ( I I ) -> T H 2 - + + F e ( I I ) (5) 

2 T H 2 •* + H * ? ± T H + + T H 4
2 + (6) 

T H 4
2 * + F e ( I I I ) T ± " C o m p l e x " (7) 

" C o m p l e x " - » T H 2 - + + 2 H + + F e ( I I ) (8) 

T H 2 - * + F e ( n ) - > T H + + H * + F e ( I I ) (9) 

T h i o n i n e 

A m a x 601 n m 
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T h e p i o n e e r i n g w o r k of R a b i n o w i t c h (2 ) ach ieved photoga lvanic 
t ransduct ion b y means of a c e l l i n w h i c h a p l a t i n u m electrode i n contact 
w i t h i l l u m i n a t e d so lut ion served as the anode w h i l e a s imi lar electrode 
i n contact w i t h so lut ion m a i n t a i n e d i n the dark served as the cathode. 
W e have been concerned w i t h u n d e r s t a n d i n g a n d o p t i m i z i n g a n area 
device , the tota l ly i l l u m i n a t e d th in- layer ( T I - T L ) photoga lvanic c e l l , 
first descr ibed b y C l a r k a n d E c k e r t ( 3 ) . I n this device photoga lvanic 
t ransduct ion has been a c h i e v e d b y u s i n g one transparent electrode, 
usua l ly n- type S n 0 2 , w h i c h is more reversible to the d y e : r e d u c e d d y e 
c o u p l e t h a n to the F e ( I I I ) : F e ( I I ) couple , together w i t h a second re la 
t i v e l y nonselect ive electrode, usua l ly either p l a t i n u m or i n d i u m t i n ox ide 
( I T O ) . I n such a ce l l , the S n 0 2 e lectrode is the anode. I n p r i n c i p l e , i t 
w o u l d be desirable to replace the nonselect ive electrode b y one w h i c h is 
m u c h more revers ible to the F e ( I I I ) : F e ( I I ) couple t h a n to the d y e 
couple . 

P r a c t i c a l convers ion efficiency of a solar transducer is measured b y 
the sunl ight engineer ing efficiency ( S . E . E . ) : 

100 X e lectr ical energy or power del ivered 
g ^ g to load at the power p o i n t 

inc ident sunl ight energy or power 

T h e best S . E . E . values that w e have obta ined w i t h the s ingle layer T I - T L 
i r o n - t h i o n i n e ce l l w i t h S n 0 2 anode a n d P t cathode have been i n the range 
.02- .036%. These values have been obta ined u s i n g 50 v / v % aqueous 
C H 3 C N as solvent a n d solutions c o n t a i n i n g ^ . 0 0 1 M dye , . 0 1 M su l fur i c 
a c i d , a n d F e ( I I ) , w i t h S 0 4

2 " a n d H S 0 4 " as the o n l y anions, F e ( I I I ) 
present i n i t i a l l y at its i m p u r i t y l eve l ( ~ 5 X l O " 5 M ) , a n d electrodes 
spaced 80 /xm apart . 

T h e use of transparent nonselect ive electrodes, e.g., i n d i u m t i n oxide , 
makes possible m u l t i th in- layer ( M T L ) cells i n w h i c h the layers are i n 
series o p t i c a l l y a n d i n p a r a l l e l e lectr ical ly . A sunl ight efficiency of . 0 6 3 % 
was obta ined w i t h a M T L c e l l constructed of four 80 /mi layers ( 4 ) . 
S u c h cells are capable of absorb ing a larger p r o p o r t i o n of inc ident l i g h t 
w h i l e m a i n t a i n i n g the e lec trochemical propert ies of th in- layer cells . 

Processes in the TI-TL Iron—Thionine Photogalvanic Cell 

Photoga lvanic t ransduct ion i n the T I - T L i r o n - t h i o n i n e c e l l or s imi lar 
cells u s i n g other thiazines (4) c a n be a n a l y z e d i n terms of five basic 
processes ( 5 ) : (1 ) absorpt ion of i n c i d e n t l ight ; (2 ) convers ion of 
absorbed radiant energy into c h e m i c a l potent ia l of charge carriers; (3 ) 
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24. L I C H T I N E T A L . Sunlight Engineering Efficiency 299 

d i f fus ion of charge carriers to electrode surfaces; (4 ) transfer of charge 
to electrode surfaces; a n d (5) de l ivery of e lectr ica l current to the 
external c i rcui t . 

T h e theoret ical m a x i m u m S . E . E . of an i r o n - t h i o n i n e c e l l at p H = 2 
is ~ 2 % , based o n ab i l i ty to absorb u p to 1 5 % of the insola t ion flux, 
1 0 0 % q u a n t u m efficiency i n photoredox reactions, a n d convers ion of 2 V 
photons to 0.28 V e lectr ica l potent ia l . T h e best S . E . E . ach ieved w i t h a 
s ingle element T I - T L c e l l at p H = 2 has been less than 1/50 of the 
theoret ica l m a x i m u m . F u r t h e r m o r e , the theoret ical l i m i t is l o w c o m p a r e d 
w i t h S . E . E . values a lready a c h i e v e d w i t h m a n y other solar t ransduct ion 
devices. I t is thus necessary to find means of b o t h increas ing the theo
re t ica l l i m i t a n d c o m i n g close to actual ly reach ing this l i m i t i f photo
ga lvanic t ransduct ion is to r e m a i n a s ignif icant o p t i o n for use of solar 
energy. W e have p e r f o r m e d a var ie ty of studies of each of the five basic 
steps of photogalvanic t ransduct ion so that reasons for losses of energy 
c o u l d be unders tood a n d steps taken to e l iminate or reduce these losses. 

Absorption of Light 

Eff ic ient absorpt ion of l ight i n a th in- layer c e l l requires 10" 2 to 
1 0 " 3 M thionine ( c m a x ~ 6 X 10 4 M " 1 c m " 1 ) or other th iaz ine dye . A t s u c h 
concentrations, association of these dyes to dimers a n d h igher ol igomers 
is very extensive i n aqueous solut ion. S ince o n l y m o n o m e r i c d y e con
tributes to t ransduct ion of l ight to e lectr ic i ty a n d the absorpt ion spectrum 
of d i m e r i c dye extensively overlaps that of monomer , i t is necessary to 
suppress association ( 6 ) . T h i s can be done i n various ways , e.g., b y 
incorpora t ion of surfactants. Greatest i m p r o v e m e n t i n c e l l per formance 
has been achieved b y u s i n g organic co-solvents to suppress association. 
T h e most satisfactory solvent yet ident i f ied is 50 v / v % aqueous C H 3 C N 
i n w h i c h 1 X 1 0 " 3 M solutions of th ionine are v i r t u a l l y comple te ly 
monomer ic . 

O n e a p p r o a c h to increas ing l i m i t i n g theoret ical efficiency is to use 
mixtures of photoredox dyes w h i c h can absorb a larger p o r t i o n of the 
insolat ion flux t h a n c a n o n l y a single dye . T h i o n i n e a n d methylene b l u e 
can together absorb about 2 5 % of the inso la t ion spectrum at A i r M a s s — 
1. T h e theoret ical m a x i m u m S . E . E . for a n i r o n - t h i o n i n e - m e t h y l e n e b l u e 
c e l l at p H = 2 is ~ 4 % . A d d i t i v i t y i n output of T I - T L S n 0 2 / P t cells 
c o n t a i n i n g b o t h dyes at 1 0 ~ 4 M concentrat ion has been a p p r o a c h e d but , 
w i t h b o t h dyes 1 0 " 3 M , c e l l o u t p u t was no more than that obta ined w i t h 
methylene b lue alone a n d o n l y about 8 0 % of the output w i t h 1 0 " 3 M 
thionine . T h e reason for this unsatisfactory result s t i l l is not established. 
R o u g h l y a d d i t i v e output has been ach ieved w i t h 1 m M thionine a n d 4 m M 
methylene b lue incorporated i n different elements of a two- layer c e l l (4). 
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300 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 I I 

Sensi t izat ion of photoga lvanic ac t ion b y dyes w h i c h are themselves 
not capable of photoredox ac t ion has been demonstrated ( 7 ) . A c t i o n 
spectra of solutions conta in ing r h o d a m i n e 6 G a n d t w o c o u m a r i n dyes i n 
a d d i t i o n to th ionine a n d methylene b l u e closely p a r a l l e l absorpt ion 
spectra, corresponding to the possible use of about 5 0 % of the insola t ion 
spec t rum a n d a theoret ical m a x i m u m sunl ight engineer ing efficiency of 
~ 7 % . It has been demonstrated that r h o d a m i n e 6 G does, i n fact, 
increase the p o w e r o u t p u t of i r o n - t h i o n i n e (or other th iaz ine ) cells 
u n d e r w h i t e - l i g h t i l l u m i n a t i o n ; a n approximate ly 4 0 % increase has been 
observed u n d e r i l l u m i n a t i o n w i t h 35 m W c m " 2 ( 8 ) . 

Formation and Decay of Charge Carriers in Solution 

Previous workers have s h o w n that, for thionine , c o m p e t i t i o n of 
R e a c t i o n 2 w i t h R e a c t i o n 3 is essentially negl ig ib le , i .e., the q u a n t u m 
y i e l d for intersystem crossing f r o m S i to T i is close to u n i t y ( 9 ) . W e 
have s tudied the dependence of the rates of intr ins ic decay of t r ip le t 
th ionine to the g r o u n d state, R e a c t i o n 4, a n d of R e a c t i o n 5, the r e d u c t i o n 
of the t r ip le t b y F e ( I I ) , u p o n p H a n d the nature of solvent a n d anions 
u s i n g flash p h o t o l y t i c techniques (10). These measurements have s h o w n 
that r e d u c t i o n b y F e ( I I ) is great ly favored b y use of 50 v / v % aqueous 
C H 3 C N rather than p u r e water a n d b y use of sulfate rather than F3CSO3". 

U n d e r the favored condit ions , . 0 1 M F e ( I I ) r e d u c e d 9 7 % of t r ip le t 
th ionine at p H = 2. I n a re lated study, i t was f o u n d that the l o g a r i t h m 
of the specific rate of d ispropor t ionat ion of semithionine, the f o r w a r d 
d i r e c t i o n of R e a c t i o n 6, varies l inear ly w i t h the v a l u e of K o s o w e r s Z f o r 
the solvent i n w h i c h the react ion occurs (11). T h i s re lat ionship w a s 
observed over three orders of m a g n i t u d e i n rate constant a n d v a r i a t i o n 
of Z b y - 17. 

T h e kinet ics a n d m e c h a n i s m of the b u l k react ion of leucoth ionine , 
T H 4

2 + , w i t h F e ( I I I ) , also has been s tudied b y flash p h o t o l y t i c t e c h n i q u e 
(12). These experiments have s h o w n that the react ion proceeds v i a 
reversible format ion of a 1:1 association complex , R e a c t i o n 7, a n d h a v e 
explored dependence of e q u i l i b r i u m a n d rate constants o n p H , i o n i c 
strength, a n d nature of solvent a n d anions. T h e p r o d u c t of the association 
constant a n d the electron transfer rate constant, K7k8, corresponds to a 
second-order rate constant w h i c h is rather smal l , ^ 350 to 1 8 0 0 M " 1 sec" 1 

u n d e r the range of condit ions used. T h e magni tudes of in t racomplex 
electron transfer rate constants, k8, are of the order of 1 sec" 1 . F o r m a t i o n 
of re la t ive ly l o n g - l i v e d complexes of leucothionine w i t h F e ( I I I ) i n b u l k 
solut ion is consistent w i t h a m e c h a n i s m for loss of charge carriers at the 
S n 0 2 electrode that is suggested b e l o w . 
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24. L I C H T I N E T A L . Sunlight Engineering Efficiency 301 

A great dea l of useful i n f o r m a t i o n has been obta ined b y direct 
measurement of the compos i t ion a n d kinet ics of re laxat ion of the i r o n -
th ionine photostat ionary state ( 1 3 ) . T h e measured dependence of photo-
stationary state compos i t ion o n the i n i t i a l solute concentrations a n d o n 
the nature of solvent has been f o u n d to agree to w i t h i n exper imenta l 
error w i t h values ca lcula ted f r o m measured rate constants for the relevant 
e lementary reactions i n the system. Interest ingly, u n d e r i l l u m i n a t i o n w i t h 
100 m W c m " 2 of l ight f r o m a X e n o n l a m p (essentially "1 s u n " ) , a so lut ion 
i n 50 v / v aqueous C H 3 C N i n i t i a l l y . 0 0 1 M i n thionine , . 0 1 M i n a c i d a n d 
F e ( I I ) , a n d .00006M i n F e ( I I I ) , w i t h sulfate as anion, is 4 8 % b leached . 
T h i s degree of b l e a c h i n g is near ly o p t i m a l since it provides a h i g h con
centrat ion of b o t h absorbing d y e a n d charge-carry ing r e d u c e d species. 

T h e absence of detectable absorpt ion at 390 a n d 770 n m i n the p h o 
tostationary state shows that less than 1 0 % of the r e d u c e d dye is pres
ent as semithionine u n d e r condit ions of observat ion i n v o l v i n g 3 5 - 9 5 % 
p h o t o b l e a c h i n g of 1 0 " 5 - 1 0 " 3 M thionine (14). Ca lcu la t ions based o n 
k inet i c data show that no more than ~ 0 . 3 % of the photob leached d y e 
is present as semithionine i n a solut ion i n i t i a l l y 1 0 " 3 M i n th ionine a n d w i t h 
other aspects of i n i t i a l composi t ion a n d i l l u m i n a t i o n as g iven above. F r o m 
a compar ison of such results w i t h measured monochromat ic q u a n t u m 
yie lds for current generation, e.g., ~ 7 % at 578, 589, a n d 620 n m i n 80 /xm 
cells u n d e r s imi lar condit ions (4), i t can be c o n c l u d e d that leucothionine 
is the p r i n c i p a l charge carrier d e r i v e d f r o m the dye under these condit ions . 

K i n e t i c analysis of the observed l inear dependence of the pseudo 
first-order rate of re laxat ion of the photostat ionary state u p o n i n i t i a l 
concentrations of th ionine a n d F e ( I I I ) (13,14) gives a comple te ly 
independent determinat ion of the apparent second-order rate constant for 
the react ion of F e ( I I I ) w i t h leucothionine , K7k8. T h e resul t ing values 
are i n excellent agreement w i t h those d e t e r m i n e d b y flash photolysis (12). 
T h e same analysis leads to evaluat ion of the rate constant for synpropor-
t ionat ion of leucothionine to give semithionine, k.G. K n o w l e d g e of the 
rate constants for b o t h the f o r w a r d a n d reverse direct ions of R e a c t i o n 6 
makes possible evaluat ion of the e q u i l i b r i u m constant for this react ion, 
KG, u n d e r a var ie ty of condit ions (14). T h e resul t ing values, e.g., KQ = 
[ S e m i ] 2 / [ L e u c o ] [ T h i o n i n e ] = (.6 ± .2) X 10" 6 i n 1 0 " 2 M aqueous su l fur ic 
a c i d , are less b y between four a n d five orders of m a g n i t u d e than a va lue 
est imated b y M i c h a e l i s (15 ) , w h i c h has l e d a n u m b e r of workers to 
conc lude that semithionine is the p r i n c i p a l r e d u c e d f o r m of the dye i n 
i r o n - t h i o n i n e photogalvanic cells. A k n o w l e d g e of K 6 also has m a d e 
possible evaluat ion of the potentials for the t w o one-electron redox 
e q u i l i b r i a of th ionine , e.g., E ° ' T / s = .196 ± .004 V a n d E 0 ,

s / L = .570 ± 
.005 V vs. N H E i n 10~ 2 M aqueous sul fur ic a c i d . I n 1 0 ~ 2 M solutions of 
su l fur ic a c i d i n 50 v / v % aqueous C H 3 C N , E ° ' T / s = .176 ± .005 V a n d 
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E O , S / L = . 5 3 0 ± . 0 0 5 V vs. N H E . These a n d related values have been 
used i n construct ing a n energy d i a g r a m for the Sn0 2 " -e lec t ro ly te interface 
that is descr ibed b e l o w i n the section o n electron transfer at the elec
t r o d e - s o l u t i o n interface. 

Diffusion of Charge Carriers to the Electrodes 

Subst i tut ion of exper imenta l ly d e t e r m i n e d l i fet imes for re laxat ion of 
the photostat ionary state ( 1 3 ) , 1 . 6 sec u n d e r the condit ions i n d i c a t e d 
above, into the di f fus ion e q u a t i o n gives 5 0 /mi as the average d i f f u s i o n 
l e n g t h for charge carriers i n solut ion u n d e r these condit ions . T h u s , loss 
of charge carriers b y r e c o m b i n a t i o n i n b u l k solut ion cannot be a major 
process w i t h the 2 5 a n d 8 0 /nn electrode separations used i n most of o u r 
T I - T L cells. 

Transfer of Charge to the Electrodes 

Short c i r cu i t current of T I - T L cells varies l inear ly w i t h concentrat ion 
of photob leached dye , most ly leucothionine (16). C u r r e n t per un i t area 
of electrode per u n i t concentrat ion of leucothionine was f o u n d to b e 
the same for T I - T L cells w i t h 2 5 a n d 8 0 /nn spacings of a g i v e n set of 
electrodes a n d increased s l ight ly w i t h the p r o p o r t i o n of C H 3 C N i n 
aqueous C H 3 C N solutions. T h e best efficiencies obta ined w i t h S n 0 2 

anodes i n 5 0 v / v % aqueous C H 3 C N w i t h sulfate as a n i o n corresponded 
to about 1 3 0 / x A / m M - c m 2 . Subst i tut ion of this va lue i n the N e r n s t d i f f u 
s ion-layer equat ion indicates a di f fusion- layer thickness of 1 0 0 /mi. T h e 
fact that essentially i d e n t i c a l current densities were obta ined w i t h 2 5 
a n d 8 0 fim e lectrode separations indicates , however , that the di f fus ion 
layer was no greater than 2 5 /xm i n thickness a n d c o u l d have been 
s ignif icant ly less. T h i s suggests that at least 7 5 % of charge carriers that 
reached those par t i cu lar electrodes d i d not p r o d u c e current i n the external 
c i r cu i t a n d were wasted . L i t t l e of this loss is i n c u r r e d w i t h i n the elec
trodes after electron transfer, as reverse b i a s i n g of the c e l l increases the 
current b y o n l y 2 5 - 5 0 % . A p p a r e n t l y , most of this loss results f r o m 
ineff ic iency of electron transfer be tween solut ion charge carriers a n d 
e l e c t r o d e ( s ) . 

S ingle electrode potentials have been measured at S n 0 2 anodes a n d 
I T O cathodes for solutions i n 5 0 v / v % aqueous C H 3 C N , . 0 1 M i n H 2 S 0 4 , 
i n w h i c h the photostat ionary rat io of T H + to T H 4

2 + v a r i e d b y a factor of 
more than 1 0 a n d the F e ( I I I ) : F e ( I I ) rat io v a r i e d b y a factor of a p p r o x i 
mate ly six ( I ) . T h e potent ia l at the S n O 2 anode p a r a l l e l e d the potent ia l 
ca lcula ted for the T H + : T H 4

2 + couple f r o m k n o w n composit ions w i t h the 
a i d of the N e r n s t potent ia l equat ion. M e a s u r e d values were , however , 
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24. L I C H T I N E T A L . Sunlight Engineering Efficiency 303 

m o r e posi t ive ( for the par t i cu lar samples of S n 0 2 used) than ca lcu la ted 
values b y ~ 100 m V . M e a s u r e d potentials at the I T O cathode p a r a l l e l e d 
those ca lcula ted for the F e ( I I I ) : F e ( I I ) c o u p l e b u t w e r e about 70 m V 
more negative ( for the par t i cu lar samples of I T O u s e d ) . C e l l voltages 
w e r e thus about 170 m V smaller t h a n w o u l d be expected f r o m a c e l l w i t h 
a n anode f u l l y selective for the T H + : T H 4

2 + couple a n d a cathode f u l l y 
selective for the F e ( I I I ) : F e ( I I ) couple . 

E l e c t r o n transfer processes at the S n 0 2 e lectrode have been s tudied 
extensively b y c y c l i c v o l t a m m e t r y a n d other e lec t rochemica l techniques 
(4,6,17). T h e t i n ox ide electrodes were character ized b y d e t e r m i n i n g 
charge carr ier densities a n d flat-band potentials b y means of S c h o t t k y -
M o t t plots of 1 / C 2 vs. E. T h e h i g h l y conduct ive (30-100 ohms/sq) 
defect-structure S n 0 2 h a d a charge carr ier densi ty i n the range ( 4 - 7 ) X 
1 0 2 0 c m " 1 . T h e flat b a n d potent ia l was + .05 to + .25 relat ive to N H E 
a n d essentially independent of the solvent i n contact w i t h the S n 0 2 . 
T h u s , E ° ' p H = = 2 of the th ion ine -semi th ion ine couple falls w i t h i n the flat 
b a n d potent ia l range w i t h either . 0 1 M aqueous su l fur ic a c i d or . 0 1 M 
sul fur i c a c i d i n 50 v / v % aqueous C H 3 C N as solvent. E 0 ' p H = 2 of the 
semi th ion ine - leucoth ion ine couple is at least .28 V posi t ive w i t h respect 
to the flat-band potent ia l i n aqueous C H 3 C N a n d more posi t ive b y about 
.04 V i n the neat aqueous solvent w h i l e E 0 ' of the F e ( I I I ) : F e ( I I ) couple 
is at least .4 V posi t ive to the flat b a n d potent ia l i n b o t h m e d i a . F i g u r e 1, 
taken f r o m Ref. 17, summarizes in ter fac ia l energies. These data suggest 
(18) that the S n 0 2 electrode s h o u l d be re la t ive ly p o o r l y selective since 
leucothionine is, as s h o w n above, the p r i n c i p a l r e d u c e d f o r m of the dye 
at the photostat ionary state. T h e results also suggest that select ivity of 
the S n 0 2 anode w i t h respect to the leucoth ionine-semi th ionine couple 
s h o u l d be better w i t h 50 v / v % aqueous C H 3 C N as solvent than w i t h 
neat water . 

Results of c y c l i c v o l t a m m e t r i c measurements at the S n 0 2 e lectrode 
(4,6,17) are s u m m a r i z e d be low. 

(1 ) T h e m e c h a n i s m of r e d u c t i o n of th ionine is E E , i.e., no discernib le 
c h e m i c a l process takes place be tween the t w o electron-transfer steps. 

(2 ) React ions of the t h i o n i n e - l e u c o t h i o n i n e couple are k i n e t i c a l l y 
contro l led . Rect i f i ca t ion s ignif icantly reduces efficiency of ox idat ion of 
leucothionine at the S n 0 2 electrode. 

(3 ) C o n t r a r y to w h a t m i g h t be expected b y cons ider ing only the 
in ter fac ia l energy d i a g r a m , revers ib i l i ty is greater for the d y e couple w i t h 
neat H 2 0 as solvent than w i t h 50 v / v % aqueous C H 3 C N . 

(4 ) L e u c o t h i o n i n e is strongly adsorbed o n SnOo w h i l e th ionine is 
w e a k l y adsorbed. A d s o r p t i o n is greater f r o m solutions i n p u r e water t h a n 
f r o m 50 v / v % aqueous C H 3 C N . 

(5 ) T h e F e ( I I I ) : F e ( I I ) couple is somewhat more reversible at S n 0 2 

w i t h 50 v / v % aqueous C H 3 C N as solvent t h a n w i t h p u r e water , b u t w i t h 
either solvent i t is m u c h less reversible at S n 0 2 than the dye couple is . 
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E,°' 

- - 0.2 

0.4 

t 2 

- p s s 

t F e 2 + / F e 3 + 

E F e 2 + / F e 3 + 

0.6 

E.V.VS.SCE 

Journal of the Electrochemical Society 

Figure 1. Interfacial energy diagram for the Sn02 

anode in contact with the components of the iron-
thionine photogalvanic cell at pH = 2. Solid lines: 
aqueous sulfuric acid. Dashed lines: sulfuric acid 
in 50 v/v % aqueous CH3CN. Taken from Ref. 17. 

Summary and Speculation 

T h e fifty-fold to one h u n d r e d - f o l d factor b y w h i c h the best observed 
values of S . E . E . for the i r o n - t h i o n i n e T I - T L c e l l w i t h a S n 0 2 anode a n d 
a P t or I T O cathode f a l l short of the theoret ica l m a x i m u m can be ascr ibed , 
i n part , to t w o re la t ive ly s imple factors. O n e of these is inefficient absorp
t ion of l ight . A t the photostat ionary state, the concentrat ion of u n b l e a c h e d 
d y e i n o p t i m i z e d cells was ~ 5 X 1 0 " 4 M , so that o n l y ~ 2 5 % of the i n c i 
dent l ight i n the w a v e l e n g t h r e g i o n of the th ionine b a n d was absorbed i n 
the 80 /xm-thick ce l l . If absorpt ion b y S n 0 2 a n d I T O i n the four-e lement 
M T L c e l l is i g n o r e d , approx imate ly two- th i rds of i n c i d e n t l i g h t i n the 
th ion ine b a n d is absorbed b y the dye . T h e difference is, i n fact, s imi lar 
to the difference i n S . E . E . of s ingle-element T I - T L a n d four-e lement 
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24. L I C H T I N E T A L . Sunlight Engineering Efficiency 305 

M T L cells . T h e other s imple factor is the re la t ive ly l o w c e l l potent ia l . 
C e l l potentials at the p o w e r p o i n t were ^ 100 m V , i.e., about 3 5 % of 
E ° ' P H = 2 of the c e l l . M o s t of this def ic iency can be ascr ibed to select ivi ty 
of electrodes b e i n g o n l y p a r t i a l . T h e t w o loss-factors together account 
for r e d u c t i o n of S . E . E . b y a factor of ~ 12. 

T a k e n together, five l ines of evidence suggest that the r e m a i n i n g 
f o u r - f o l d to e ight - fo ld loss factor c a n be ascr ibed to inefficient transfer 
of charge be tween solut ion charge carriers a n d S n 0 2 anodes. O n e p e r t i 
nent p iece of evidence is the re la t ive ly l o n g di f fus ion l e n g t h ca lcu la ted for 
charge carriers i n solut ion. T h i s l ength is sufficient to a l l o w most charge 
carriers to reach the electrodes. Second is the contrast be tween d a t a 
w h i c h suggest that the thickness of the N e r n s t d i f fus ion layer is 100 fim 
a n d evidence that i t cannot be more t h a n 25 /xm i n thickness. T h i r d is 
the c y c l i c - v o l t a m m e t r i c evidence that e lectron transfer at the S n 0 2 - s o l u -
t ion interface is contro l led k ine t i ca l ly . F o u r t h is the cyc l i c -vo l tammetr i c 
evidence that leucothionine is strongly adsorbed on S n 0 2 . F i f t h is the 
evidence that the react ion of leucothionine w i t h F e ( I I I ) i n b u l k so lut ion 
proceeds v i a a re la t ive ly l o n g - l i v e d ( T ^ 1 sec) complex . 

A t least three paths b y w h i c h leucothionine can b e w a s t e d at the 
anode suggest themselves. (1 ) A d s o r b e d leucothionine is o x i d i z e d at the 
interface b y F e ( I I I ) . T h e resul t ing semithionine w o u l d be expected to 
r a p i d l y transfer an electron to S n 0 2 . T h u s , this p a t h c o u l d introduce a 
loss-factor of o n l y t w o . (2 ) A d s o r b e d leucothionine complexes w i t h 
F e ( I I I ) at the interface. T h e resul t ing complex then reacts i n the a d 
sorbed state. T h i s p a t h also w o u l d b e expected to in t roduce a loss-factor 
of o n l y t w o . (3 ) A d s o r b e d leucothionine complexes w i t h F e ( I I I ) at the 
interface. T h e resu l t ing complex desorbs a n d diffuses b a c k into b u l k 
so lut ion before u n d e r g o i n g in t racomplex e lectron transfer. T h i s p a t h c a n 
l e a d to complete wastage of charge carriers. I f the analysis presented i n 
this chapter is correct, p a t h (3 ) plays an impor tant role i n r e d u c i n g the 
efficiency of charge transfer at the S n 0 2 e lectrode. 
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Nickel(0) Catalyzed Reactions of Strained 
Ring Systems 

R. N O Y O R I 

Department of Chemistry, Nagoya University, Nagoya, Japan 

In connection with the activation of saturated hydrocarbons 
via homogeneous catalysis, we have examined transition 
metal catalyzed reactions of various strained hydrocarbon 
systems that have unique steric and electronic properties. 
Strained carbon-to-carbon single bonds have considerable 
π-bonding character. The chemistry of these substrates 
should be intermediate between well-documented transition 
metal chemistry of alkenes and rather unclarified alkane 
chemistry (1, 2, 3). Our attention has been focused particu
larly on the stereoselectivity, regioselectivity, and periselec
tivity of the Ni(0)-catalyzed reactions (4-14). 

React ive organometal l i c intermediates that p l a y a c r u c i a l ro le i n the 
cata lyt ic reactions are dif f icul t to isolate. W e have therefore i n t e n d e d 

to analyze the reactions o n the basis of w e l l - d e f i n e d basic pr inc ip les of 
organic chemistry . 

Nickel (0)-Catalyzed Valence Isomerization of Quadricyclane to i V o r -
bornadiene Catalytic Trapping of the Organometallic Intermediate 

Q u a d r i c y c l a n e (1 ) undergoes b o t h in t ramolecular a n d in termolecular 
2 + 2 react ion w i t h the a i d of a N i ( 0 ) catalyst ( 4 ) . W h e n the h y d r o c a r 
b o n 1 was treated w i t h a cata lyt ic amount of b i s ( a c r y l o n i t r i l e ) n i c k e l ( 0 ) 
[ N i ( a n ) 2 ] or b i s ( l , 5 - c y c l o o c t a d i e n e ) n i c k e l ( 0 ) [ N i ( c o d ) 2 ] , norborna-
diene (2 ) was obta ined i n a h i g h y i e l d . T h e react ion i n the presence of a n 
excess of electron-deficient olefins such as acry loni t r i le or acrylates gave 

0-8412-0429-2/79/33-173-307$05.00/0 
© 1979 American Chemical Society 
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308 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 I I 

rise to the cycloaddition products of type 3. The reaction using methyl 
a,cis-/?-di-deuterio-acrylate has revealed that the catalytic cycloaddition 
goes in a stereospecific manner with retention of configuration. Further
more, this catalytic reaction is in marked contrast with the corresponding 
uncatalyzed reaction which leads to the 2 + 2 + 2 cycloadduct 4. 

Various evidence goes to support the operation of the mechanism 
outlined below. The strained o- bond of 1 undergoes oxidative addition 
to. form the organonickel intermediate 6. Ligand isomerization followed 
by extrusion of the Ni (0) catalyst produces the isomeric diene 2 whereas 
insertion of the coordinated olefin into the Ni-C bond in 6 gives 8, which 

Scheme 1 

4 endo-'i 
exo-3 

Z = C N , COOR. 
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t h r o u g h e l i m i n a t i o n of the N i ( 0 ) complex results i n the c y c l o a d d i t i o n 
products 3. I n the presence of N i ( 0 ) catalysts, the diene 2 also forms 
the olefin a d d i t i o n p r o d u c t 3 ( 1 5 ) . C a r e f u l compar i son of the cata lyt ic 
behavior of 1 a n d 2 s h o w e d that : ( 1 ) the saturated h y d r o c a r b o n 1 reacted 
w i t h acrylates m u c h faster than the diene 2; (2 ) the co-existence of 2 
lowers the rate of the catalyt ic i somer izat ion of 1 to 2 a n d the cyc lo 
a d d i t i o n of 1 across acrylates g i v i n g 3; a n d (3 ) the p r o d u c t d i s t r i b u t i o n 
of the c y c l o a d d i t i o n , endo-iiexo-i rat io, does not d e p e n d o n whether the 
start ing h y d r o c a r b o n is 1 or 2 b u t o n l y o n the react ion condit ions . These 
observations i m p l y that b o t h ca ta lyzed reactions i n v o l v e the c o m m o n 
intermediate 6 i n the p r o d u c t - d e t e r m i n i n g step. T h e transformations 5 
(or the unidentate ly coord ina ted c o m p l e x ) —» 6 7 a n d 5 - » 6 - » 8 are 
fac i le because of the apparent rel ief of strain w h i l e the convers ion of 7 to 
6 is unfavorable because of the signif icant increase i n strain energy w h i c h 
accounts for the difference i n reactivit ies of 1 a n d 2. 

T h e in termediacy of r h o d i u m complex 9 s tructural ly s imi lar to 6 has 
been proposed i n the stoichiometr ic f o r m a t i o n of the a c y l r h o d i u m c o m p l e x 
10 f r o m the h y d r o c a r b o n 1 a n d di - /x -chloro-tetracarbonyldirhodium ( I ) 
(16). T h u s b o t h s toichiometr ic a n d catalyt ic t r a p p i n g experiments have 
demonstrated the valence i somer izat ion 1 —> 2 is g o i n g i n a stepwise 
fashion v i a a n organometal l ic intermediate . 

9 10 

Nickel(0)-Catalyzed Cycloaddition between Bicyclo^.l.O'lpentane 
with Electron-Deficient Olefins 

T h e t i t le react ion exemplifies i n t r i g u i n g features of t rans i t ion m e t a l 
catalysis. I n the absence of t ransi t ion m e t a l catalysts, reac t ion b e t w e e n 
bicyclo[2 .1 .0]pentane ( 1 1 ) a n d electron-poor olefins requires extremely 
f o r c i n g condit ions a n d produces a very complex mixture . F o r example , 
because of the m o l e c u l a r o r b i t a l ( M O ) restrict ions, £rans-l ,2-dicyano-
ethylene enters in to the 2 + 2 c y c l o a d d i t i o n across the centra l a b o n d , 
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25. N O Y O R I Strained Ring Systems 311 

g i v i n g b icyclo[2 .2 .1]heptane der ivat ives i n a p o o r y i e l d a n d w i t h lack of 
stereospecificity ( 1 7 ) . T h e most character is t ic feature is the fact that 
male i c a n h y d r i d e approaches f r o m the endo side of the b i c y c l o envelope 
of 11 i n the c y c l o a d d i t i o n . 

These features of the reac t ion are d r a m a t i c a l l y c h a n g e d b y the a d d e d 
N i ( 0 ) catalysts (10,11). W h e n a m i x t u r e of 11 a n d acry loni t r i le or 
m e t h y l acrylate was treated w i t h N i ( a n ) 2 at 4 0 ° - 7 0 ° C , the 2 + 2 c y c l o -
adducts 12 a n d 13 a n d some subst i tut ive a d d i t i o n p r o d u c t 14 w e r e 
o b t a i n e d i n g o o d yie lds . U n d e r these cata lyt ic condit ions , d i m e t h y l 
fumarate or maleate undergoes the 2 + 2 c y c l o a d d i t i o n i n a h i g h l y 
stereospecific manner w i t h retent ion of conf igurat ion. 

T h e cata lyt ic react ion is most reasonably expla ined b y a m e c h a n i s m 
i n v o l v i n g i n i t i a l ox idat ive a d d i t i o n of the centra l b o n d of 11 onto N i ( 0 ) 
catalyst. Results of the d e u t e r i u m l a b e l i n g experiments w e r e i n f u l l 
a c c o r d w i t h this catalyt ic cycle . O l e f i n insert ion i n the c o m p l e x 15 forms 
the r i n g - e x p a n d e d organonicke l 16, f r o m w h i c h the organic m o i e t y e l i m i 
nates to g ive the f o r m a l 2 + 2 p r o d u c t 17. T h e m o n o c y c l i c 1:1 a d d u c t 19 
c a n be d e r i v e d f r o m the c o m m o n intermediate 16 t h r o u g h the i n t r a 
m o l e c u l a r j3 m e t a l h y d r i d e e l iminat ion , f o r m i n g 18, f o l l o w e d b y the 
r e d u c t i v e e l iminat ion . 

Scheme 3 

N i (an)o 

11 

12 13 14 

Z = C N , C O O C H 3 . 
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L = CHZr=CHZ. 19 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

97
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
97

9-
01

73
.c

h0
25



25. N O Y O R I Strained Ring Systems 

Scheme 5 

313 

Z — elctron-withdrawing group. 

It s h o u l d be noted that the stereochemistry of the ca ta lyzed cyc lo 
a d d i t i o n is v i r t u a l l y the reverse of that encountered i n the u n c a t a l y z e d 
react ion. I n the absence of the t ransi t ion m e t a l complex , the h y d r o c a r b o n 
11 reacts w i t h a n electron-deficient o lef in w i t h d o u b l e invers ion of stereo
chemis try at the angular posit ions w h i l e i n the presence of a N i ( 0 ) 
complex the c y c l o a d d i t i o n proceeds w i t h retent ion of o r i g i n a l con
figuration. 

M O theory provides a p o w e r f u l tool i n u n d e r s t a n d i n g the o r i g i n of 
selectivities of the catalyt ic react ion. T h e p r i n c i p a l b o n d i n g interac t ion 
be tween a t ransi t ion m e t a l a n d a saturated h y d r o c a r b o n molecule is based 
o n o v e r l a p p i n g of a h i g h - l y i n g o c c u p i e d M O of the saturated m o l e c u l e 
(o- donat ion) a n d L U M O of the m e t a l a n d a l o w - l y i n g (TT back donat ion) 
( F i g u r e 1 ) . A s to the coordinat ion mode , t rans i t ion metals c a n interact 
w i t h saturated hydrocarbons i n a n edge-on, face-on, or corner -on m a n n e r 
i f the phase of the M O s coincides each other. H e r e preference i n the 
coordinat ion m o d e as w e l l as re lat ive importance of the electron donat ion 
a n d back donat ion i n s tabi l izat ion of the c o m p l e x h i g h l y depends o n the 
nature of the metals a n d organic molecules . T h e exo a p p r o a c h of the 
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-' \ 
u n o c c u p i e d M O \" N 

\ \ 
x ' * 0 

\ ? L U M° 
; \ C> \\ H O M O 

; ' h i - ' ? 
/ / 
' / 

o c c u p i e d M O — W — C / 

s t r a i n e d 

m o l e c u l e 

Figure 1. Correlation digram 
molecule and 

c o m p l e x m e t a l 

Journal of the American Chemical Society 

)/ the energy levels of a strained 
transition metal 

electroposi t ive N i ( 0 ) complex to b icyc lopentane centra l b o n d is easily 
r a t i o n a l i z e d b y s u c h treatment. A s c a n be seen i n F i g u r e 2, the M O 
c o n t r i b u t i o n o f the C - C b o n d that part ic ipates i n the edge-on c o o r d i n a 
t i o n must be strongly b o n d i n g i n nature i n any appropr ia te h i g h - l y i n g 
filled o r b i t a l a n d , at the same t ime, must have an a n t i b o n d i n g character 
i n a l o w - l y i n g vacant o r b i t a l . A n M O ca lcu la t ion of 11 i n d i c a t e d that 
the exo reg ion of the envelope has a strongly symmetr ic , b o n d i n g 
character w h i l e the endo side has an ant i symmetr ic , a n t i b o n d i n g character 
( 1 8 ) . Therefore , the N i ( 0 ) a t o m approaches the <r b o n d preferent ia l ly 

M 

0,\ 

donation back-donation 

Figure 2. The edge-on interaction of a strained C-C a 
bond and a transition metal 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

97
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
97

9-
01

73
.c

h0
25



25. N O Y O R I Strained Ring Systems 315 

f r o m the exo side to f o r m the edge complex . I n the absence of t rans i t ion 
metals, however , exo 2 + 2 p e r i c y c l i c interact ion of a n electron-poor 
olef in (27r-electron system) is h i g h l y unfavorable , l e a d i n g to the opposi te 
s tereochemical result (17). 

Molecular Orbital Control of the Selectivities in the Transition 
Metal Catalyzed Reactions of 1,8-Bis-Homocubane System 

T h e catalyt ic behavior of 1,8-bis-homocubane (20) a n d its derivat ives 
is qui te meta l dependent . N i ( 0 ) a n d R h ( I ) complexes p r o m o t e d the 
cleavage of a cyc lobutane r i n g to give the dienes of t y p e 21 ( 5 , 6 , 1 9 , 2 0 ) . 
B y contrast, A g + caused the bicyclo[2 .2 .0]hexane to d i c y c l o p r o p y l con
vers ion, 20 —> 22 (21,22). T h e react ion courses w i t h P d ( I I ) complex 
were h i g h l y in f luenced b y the l i g a n d attached to the m e t a l (19). E v e n 
i n the N i ( 0 ) catalysis system, a d d i t i o n of tetracyanoethylene caused a 
considerable change i n the product , a n d the d i c y c l o p r o p y l der ivat ive of 
type 22 became the major p r o d u c t (6). A p p a r e n t l y the 20 -> 21 trans
f o r m a t i o n was achieved b y metals that have strong o x i d a t i v e - a d d i t i o n 
a b i l i t y a n d the 20 -> 22 rearrangement w i t h metals h a v i n g a n eminent 
o--accepting ab i l i ty . 

Scheme 6 

22 20 21 

T h e extended H i i c k e l ca lcula t ion of 20 suggests that o n l y C 2 - C 5 a n d 
the s tructural ly equivalent bonds have M O shapes suitable for the edge-on 
coordinat ion . O n l y these bonds are b o n d i n g i n nature i n the H O M O 
( a n d next H O M O ) a n d a n t i b o n d i n g i n the L U M O . T h i s s i tuat ion is 
c lear ly i n d i c a t e d i n the deta i led contour maps of these M O s a r o u n d 
the C 2 - C 5 b o n d ( F i g u r e 3 ) . T h e o r b i t a l symmetries ru le out posi t ive 
interactions of N i ( 0 ) or R h ( I ) catalyst w i t h other C - C bonds. T h u s the 
b is -homocubane l i g a n d i n the i n i t i a l l y f o r m e d complex 23 undergoes 
oxidat ive a d d i t i o n onto the 7r-donating m e t a l to p r o d u c e the metal lo-
cyclopentane 24 w h i c h i n t u r n experiences the second C - C b o n d breakage, 
y i e l d i n g the final diene p r o d u c t 25 i n a regiospecif ic fashion. J u d g i n g 
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M = N i , R h . Z = C O O C H 3 . 
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25. N O Y O R I Strained Ring Systems 317 

f r o m the M O calcula t ion , the orbitals appear to spread i n direct ions 
appropr ia te to only unidentate , edge-on coordinat ion , a n d any concerted 
mechanisms i n v o l v i n g a face-on coordinated complex (23) are not l i k e l y 
to be operat ing . 

C o r n e r - o n meta la t ion to strained molecules is feasible w i t h strongly 
(T-accepting metals (24,25,26). T o o b t a i n such interact ion, o n l y h y d r o 
carbon-to-metal e lectron donat ion is significant. T h u s the A g + - p r o m o t e d 
rearrangement c a n also be unders tood b y l o o k i n g at the shapes of the 
front ier M O s of 20. T h e A g + catalyst can attack the C 2 corner f r o m the 
back-s ide a long the C 2 - C 5 axis w h e r e the H O M O is d e v e l o p i n g greatly. 
S u c h e lec trophi l ic corner-on interact ion (26) leads to the site-selective 
generat ion of a c y c l o b u t y l o r c y c l o p r o p y l c a r b i n y l ca t ion 27. Subsequent 
ejection of A g + species produces the f o r m a l b i c y c l o [2.2.0] h e x a n e - d i c y c l o -
p r o p y l rearrangement p r o d u c t 28. 

Scheme 8 

Nickel(0)-Catalyzed Reaction of Bicyclo[1.1.0'\butanes Regioselective 
Carbene Generation and the Trapping with Electron-Deficient Olefins 

T h i s type of reactions p r o v i d e a g o o d m o d e l of o lef in metathesis 
reactions. W h e n b i c y c l o f 1.1.0]butane (29) a n d electron-deficient olefins 
s u c h as m e t h y l aery late or acry loni t r i le was exposed to N i ( 0 ) catalysts, 
N i ( c o d ) 2 or N i ( a n ) 2 , the a l ly Icy c lopropane derivat ives (30) were ob
t a i n e d i n g o o d yie lds (7,8,9). T h e l a b e l i n g experiments h a v e revea led 
that the reac t ion involves cleavage of the centra l b o n d a n d one of the 
p e r i p h e r a l bonds ( g e m i n a l t w o - b o n d c leavage) a n d proceeds i n a stereo-
specif ic manner w i t h respect to the olefinic substrates. T h u s this c o u p l i n g 
reac t ion is v i e w e d i n a f o r m a l sense as an in t ramolecular retrocarbene 
a d d i t i o n of a b i c y c l o b u t a n e f o l l o w e d b y an in termolecular o lef in t r a p p i n g 
of the resu l t ing a l ly lcarbene intermediate . 

T h e N i ( 0 ) - c a t a l y z e d react ion is cons idered to p r o c e e d a c c o r d i n g to 
the f o l l o w i n g scheme ( M = N i ) . T h e centra l b o n d of b icyc lobutanes 
shows a symmetr ic shape i n the H O M O a n d a n t i s y m m e t r i c nature i n the 
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L = olefinic ligand. 

Z = COOR.. C N . 

30 
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25. N O Y O R I Strained Ring Systems 319 

L U M O a n d consequent ly can f o r m an edge-on t rans i t ion m e t a l TT 
c o m p l e x ( 3 1 ) . Subsequent ox idat ive a d d i t i o n of the s trained b o n d onto 
the m e t a l produces the meta l locyc l i c intermediate 32 w h i c h i n t u r n 
undergoes metathetic b o n d cleavage to g ive the carbene c o m p l e x 33. 
F i n a l l y , i n t e r l i g a n d react ion be tween the carbenic a n d olef inic l igands 
produces the cyc lopropane a d d u c t 30. 

If one assumes the metathet ic breakage 32 -> 33 as p r o c e e d i n g a l o n g 
a react ion coordinate t h r o u g h a rather late t rans i t ion state, its e lectronic 
structure c o u l d be a p p r o x i m a t e d b y that of 33. N a m e l y , regioselect ivi ty 
of the react ion of u n s y m m e t r i c a l l y subst i tuted bicyc lobutanes c a n be 
d e t e r m i n e d b y the relat ive stabil it ies of the N i ( 0 ) c a r b e n o i d intermediates 
of type 33. T h e M O ca lcu la t ion can shed l i g h t o n the substituent effect 
o n the stabi l i ty of the carbene complexes . F i g u r e 4 i l lustrates the correla
t i o n d i a g r a m of m e t h y l e n e - N i (0) complex ca lcu la ted b y the extended 
H u c k e l m e t h o d . T h e methylene a o r b i t a l is interacted w i t h the (3d^) 
(4s)-hybridized orb i ta l of N i ( 0 ) , a n d the methylene p^ (px) o r b i t a l w i t h 
the N i ( 0 ) dzx o rb i ta l . T h e s tabi l iza t ion energy of the m e t a l complex was 
f o u n d to arise t h r o u g h such H O M O - L U M O interactions. H e r e substit-
uents o n the carbenic carbon affect to a l i t t le or moderate extent the 
s tabi l izat ion energy, AEo-, ga ined t h r o u g h the o- donat ion . O n the other 
h a n d , the effect b y TT back donat ion , A E ^ , great ly depends o n the nature 
of the substituents. I n general , e l e c t r o n - w i t h d r a w i n g groups increase 
m u c h AETT va lue c o m p a r e d w i t h that of the parent methylene complex , 
whereas m e t h y l or p h e n y l substituent decreases this va lue . T h u s the 
calculat ions suggest that the relat ive stabilit ies of the N i ( 0 ) complexes 
are contro l led p r i n c i p a l l y b y AE^ t e rm a n d decrease i n the order of 
C H C O O C H 3 ~ C H C N > C H 2 > C H C H 3 ~ C H C 6 H 5 . T h i s sequence 
does not seem unreasonable i n v i e w of the electroposit ive p r o p e r t y of 
N i ( 0 ) a tom. 

32 34 
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L U M 0 d z i * - / ; ' 
\ / 
i / 
\ i 

\ 

S - P T T ( P X ) 

/ 

LUMO 

HOMO 

4 E a / 
-)—Q HOMO 

Ni(0) complex CH 2 

Figure 4. Correlation diagram of Ni(0)-CH2 complex 

T h e exper imenta l results w e r e f u l l y consistent w i t h this considerat ion 
( 2 7 ) . T h e angular c a r b o n subst i tuted b y a n e lec tron-donat ing m e t h y l 
group or conjugat ive p h e n y l group avoids b e c o m i n g the carbenic carbon . 
I n the react ion of carbomethoxy derivat ives , t w o possible pa thways c o m 
pete w i t h the route v i a carbomethoxy-subst i tuted carbenes p r e d o m i n a t i n g . 

Scheme 11 

R R 
R = C H 3 , C 6 H 5 , or H . 

Z = C O O C H 3 , C N , or H . 
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25. N O Y O R I Strained Ring Systems 321 

Scheme 12 

R 

C H 2 = C H R ' 

L „ W = C H R ' * « 
L r e W = C H 2 

+ 
R C H = C H R ' 

\ 
R, R ' = alkyl. 

T h e d i r e c t i n g effect d i s p l a y e d b y the cyano group is the most en l ightening . 
T h e c a r b o n bear ing the e lectron-accept ing cyano group is incorpora ted 
exclusively as a carben ic center i n the N i ( 0 ) c a r b e n o i d intermediate . 
T h u s the u n i q u e regioselect ivi ty i n the g e m i n a l b o n d cleavage of b i c y c l o -
butanes is p r i m a r i l y contro l led b y electronic propert ies of the m e t a l a n d 
b i cyc lobuta n e substituents a n d is reasonably r a t i o n a l i z e d b y the M O 
treatment. N o t a b l y , c losely re la ted select ivity has been observed i n the 
tungsten-cata lyzed metathesis of olefins (-28). 

Regioselectivity of the Catalytic Hydrogenolysis 
of Strained Molecules 

S t r i k i n g s imilar i t ies i n behavior of s trained hydrocarbons d i s p l a y e d i n 
heterogeneous a n d homogeneous condit ions have p r o m o t e d us to analyze 
the select ivity i n the heterogeneously c a t a l y z e d hydrogenolys is (29) i n 
terms of homogeneous chemistry . H y d r o g e n o l y s i s of b i c y c l o [2.1.0]pen-
tane to cyc lopentane ( 3 0 ) , reduct ive cleavage of 1,8-bis-homocubane at 
the C 2 - C 5 b o n d (31), a n d t w o - b o n d cleavage of bicyclo[1 .1 .0]butanes 
to butanes (32) a l l are interpreted b y a s s u m i n g that meta l loeyc l i c inter
mediates f o r m b y oxidat ive a d d i t i o n of the strained b o n d edgewise 
coordinated o n the m e t a l or meta l ( p o l y ) h y d r i d e . H y d r o g e n o l y s i s of 
cyc lopropane derivat ives also can be cons idered to p r o c e e d b y w a y of 
meta l locyc lobutane intermediates of t y p e 35. 

Scheme 13 

M 

35 
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I n the ac tua l heterogeneous system, M w o u l d constitute a par t of m e t a l 
c luster structures. E l e c t r o n i c a n d steric effects of the substituents are 
k n o w n to p e r t u r b s ignif icant ly the rate a n d react ion course of the c y c l o 
p r o p a n e hydrogenolys is . H e r e any postula ted react ion mechanisms must 
account for the general ly observed regioselect ivi ty ; m o n o - o r 1 ,1 -d ia lkyl -
ated cyclopropanes prefer the c leavage of the C 2 - C 3 b o n d whereas intro
d u c t i o n of a n electronegative group causes breakage at the C i - C 2 b o n d . 
M o n o a l k y l a t e d cyc lopropanes react faster t h a n parent cyc lopropane a l 
t h o u g h fur ther a l k y l a t i o n retards the hydrogenolys is . T h e react ion of the 
substrates b e a r i n g a n e l e c t r o n - w i t h d r a w i n g group requires rather f o r c i n g 
react ion condi t ions . 

M O s of 1 ,1-dimethylcycIopropane a n d 1 ,1 -dicyanocyclopropane as 
models have been ca l cu la ted b y the extended H i i c k e l m e t h o d . Interest
i n g l y , the H O M O s of these substrates ( F i g u r e 5 a n d 6) are not n i c e l y 
set u p for edge-on, TT coord inat ion at the bonds to be b r o k e n cata lyt ica l ly . 
If the front ier M O considerat ion can a p p l y safely here, the ca l cu la t ion 
suggests the i n i t i a t i o n of such hydrogenolys is t h r o u g h corner-on m e t a l 
c o o r d i n a t i o n ( 2 4 ) . E l e c t r o p h i l i c attack of meta l l i c species c a n occur at 
the C 2 corner of a l k y l a t e d cyc lopropanes f r o m outs ide w h e r e H O M O is 
d e v e l o p i n g greatly w h i l e the catalyst approaches f r o m the ins ide to the 

Figure 5. HOMO (lower) and LUMO (upper) of 1,1 -dimethyl-
cyclopropane 
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25. N O Y O R I Strained Ring Systems 323 

Figure 6. HOMO (lower) and LUMO (upper) of 1,1-dicyano-
cyclopropane 

C 2 corner of electronegatively subst i tuted cyclopropanes . T h e coord ina 
t i o n complexes thus f o r m e d , 36 a n d 37, t h e n w i l l rearrange to the 
meta l locyc lobutane intermediates of type 35. E n e r g y levels of H O M O s 
w o u l d be associated w i t h the ease w i t h w h i c h the hydrogenolys is takes 
p lace . F u r t h e r de ta i led exper imenta l a n d theoret ical scrutinies are re
q u i r e d o n this p r o b l e m . 

36 37 

R = alkyl groups. Z = electron-withdrawing groups. 
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Sensitization of Olefin Photoreactions by 
Copper(I) Compounds 

CHARLES KUTAL and PAUL A . GRUTSCH 

Department of Chemistry, University of Georgia, Athens, GA 30602 

Copper(I) compounds accelerate the rates of a diverse assort
ment of olefin photoreactions, including rearrangement, oli
gomerization, and molecular fragmentation. This chapter 
seeks to provide a basis for understanding this sensitization 
effect in terms of the ground- and excited-state properties 
of Cu(I). Thus the ability to generate vacant coordination 
sites and form stable olefin complexes, as well as the 
absence of low-lying vacant d orbitals, are two characteris
tics of the metal which have potentially significant conse
quences for sensitization. A review of Cu(I)-sensitized olefin 
photoreactions is presented and a general classification of 
sensitization processes is proposed. The potential sensitiza
tion behavior of some previously unstudied Cu(I) systems 
also is explored. 

/^Vlefins undergo a fasc inat ing assortment of p h o t o c h e m i c a l t ransforma-
tions (1,2,3). D u r i n g the past 15 years there has been a n increas ing 

awareness that the presence of certa in t rans i t ion m e t a l c o m p o u n d s c a n 
inf luence the course of these processes, i n some cases resul t ing i n the 
f o r m a t i o n of n o v e l or otherwise dif l icul t - to-synthesize products . I n the 
most general sense, the role of the m e t a l is to render the olef in sensit ive 
to the ac t ion of the i r r a d i a t i n g l ight . C o n s e q u e n t l y , i n this chapter w e 
use the term sensit izat ion as a generic l a b e l to denote a process i n w h i c h 
a t rans i t ion m e t a l c o m p o u n d ( the sensit izer) accelerates the rate of a n 
olef in photoreact ion w i t h at least one p h o t o n b e i n g r e q u i r e d per p r o d u c t 
m o l e c u l e f o r m e d . 

P a r t i c u l a r l y p r o m i n e n t i n this ro le are C u ( I ) c o m p o u n d s w h o s e 
sensi t izat ion of a var ie ty of olef in rearrangement (4-13), o l i g o m e r i z a t i o n 
(14,15,16,17,18), a n d m o l e c u l a r f ragmentat ion (19) processes is w e l l 

0-8412-0429-2/79/33-173-325$05.00/0 
© 1979 American Chemical Society 
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326 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 I I 

d o c u m e n t e d . W h i l e the major i ty of systems e x a m i n e d to date have fea
t u r e d C u X ( w h e r e X is C l , B r , a n d F3CSO3) salts as sensitizers, recent 
results f r o m our laboratory have establ ished that a cons iderably broader 
range of C u ( I ) compounds can f u n c t i o n i n this capaci ty . S u c h c o m 
p o u n d s possess a potent ia l ly signif icant advantage over s imple C u X salts 
i n that they p r o v i d e a v e h i c l e for " t a i l o r i n g " the sensi t izat ion propert ies 
of C u ( I ) b y selection of the appropr ia te c o m b i n a t i o n of c o o r d i n a t e d 
l igands . T h i s a p p r o a c h recent ly has been used i n attempts to d e v e l o p 
C u ( I ) sensitizers that absorb strongly i n the v is ib le w a v e l e n g t h r e g i o n 
since this w o u l d faci l i tate the use of sunl ight as a photoexci ta t ion source 
( 2 0 , 2 1 ) . 

I n searching for effective C u ( I ) sensitizers, however , some r a t i o n a l 
basis for select ing the most p r o m i s i n g candidates is needed. T h u s any 
considerat ion of sensit izat ion behavior s h o u l d be p r e d i c a t e d u p o n a f u n 
d a m e n t a l u n d e r s t a n d i n g of the g r o u n d - a n d excited-state propert ies of 
Cu( I ) compounds . T h i s v i e w p o i n t has been a d o p t e d i n the present chapter . 
I n subsequent sections w e survey the s t ructura l a n d c h e m i c a l propert ies of 
C u ( I ) compounds a n d then consider some pert inent features of their 
excited-state behavior . I n this manner w e hope to del ineate the charac
teristics of C u ( I ) w h i c h contr ibute to its effectiveness as a sensitizer. 
W i t h i n this f r a m e w o r k the results of several studies d e a l i n g w i t h C u ( I ) 
sensit ization of olef in photoreactions are r e v i e w e d , a n d some mechanis t i c 
generalizations are proposed . F i n a l l y , the potent ia l sensit izat ion behaviors 
of some n o v e l C u ( I ) systems are cons idered. 

Important Features of Cu(I) Chemistry 

T h e r e exists an extensive l i terature o n the prepara t ion a n d charac
ter iza t ion of C u ( I ) compounds (22,23); a representative s a m p l i n g of 
reactions is presented i n Scheme 1. A l t h o u g h C u + disproport ionates to 
C u + 2 a n d Cu° i n aqueous solut ion, the + 1 ox idat ion state c a n b e s t a b i l i z e d 
v i a coordinat ion of strongly b i n d i n g l igands . T h u s the soluble complexes 
C u l 2 ~ a n d C u ( N H 3 ) 2

+ are stable i n aqueous solut ion, a n d inso luble salts 
such as the C u ( I ) hal ides exist i n the s o l i d state or i n contact w i t h water . 
L i g a n d s possessing l o w l y i n g , vacant TT* orbitals w h i c h are capable of 
accept ing electron density f r o m the m e t a l also t e n d to stabi l ize the + 1 
state; c o m m o n examples are l , 1 0 - p h e n a n t h r o l i n e ( p h e n ) , 2 ,2 / -b ipyr id ine 
( b i p y ) , phosphines , arsines, a n d olefins. 

W h i l e discrete t w o - a n d three-coordinate C u ( I ) c o m p o u n d s h a v e 
b e e n reported, the f a v o r e d coordinat ion n u m b e r of the m e t a l is four . 
Q u i t e f requent ly , t w o or m o r e copper atoms w i l l share l igands, resu l t ing 
i n the f o r m a t i o n of p o l y n u c l e a r clusters. Complexes of s to ichiometry 
&14X4L4 ( X = C1, B r , I; L = P R 3 , A s R 3 ) for example, exist as tetrameric 
units whose structure depends u p o n the steric demands of X a n d R . I n 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

97
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
97

9-
01

73
.c

h0
26



26. K U T A L A N D G R U T S C H 

C u I ( P P h 3 ) 3 <-
P P h 3 

C H C I 3 

phen CeHc 

Sensitization of Olefin Photoreactions 327 

Scheme 1 

C u l N H 3 f f l > [ C u ( N H 3 ) 2 ] I 0 8 

LiI0 3 

K I H 2 0 

[ C u ( p h e n ) 2 ] I < p h e n K [ C u I 2 ] F B U 3 " > [ C u I ( P B u a » ) L 

A s M e P h 2 EtOH bipy E t 2 0 

[ C u ( A s M e P h 2 ) 4 ] I C u l (b ipy) ( P B u 3
n 

[ C u C l P P h 3 ] 4 the geometry of the C u 4 C l 4 core has b e e n loosely descr ibed 
(24) as " c u b a n e - l i k e " ( F i g u r e 1 A ) w h i l e increased a n i o n c r o w d i n g forces 
[ C u B r P P h 3 ] 4 to adopt a "s tep" s tructure (25) conta in ing b o t h three- a n d 
four-coordinate C u ( I ) ( F i g u r e I B ) . T h e l o n g C u - C u distances a n d 
r e a d y d e f o r m a b i l i t y of the C u 4 X 4 f r a m e w o r k i n these clusters suggest the 
absence of strong metal—metal b o n d i n g . I n d e e d the p r o p o s a l has b e e n 
a d v a n c e d that the stabilit ies of copper clusters arise f r o m the presence of 
b r i d g i n g l igands rather t h a n f r o m direct m e t a l - m e t a l bonds (26,27). 

Figure 1. Structures of Cu^XjL^ cluster compounds 
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H 
I 

C 
Figure 2. Structure of Cu- III 

[HB(pz)3]CO 0 

C u ( I ) forms stable complexes w i t h a var ie ty of c y c l i c a n d a c y c l i c 
olefins (22). T h e b o n d i n g i n s u c h complexes is adequate ly descr ibed i n 
terms of the synergist ic m o d e l proposed b y D e w a r a n d b y C h a t t a n d 
D u n c a n s o n (28, 29). T h u s o- donat ion f r o m a filled olef in TT o r b i t a l to an 
e m p t y m e t a l o r b i t a l a n d TT b a c k donat ion f r o m a filled m e t a l d o r b i t a l to 
a n e m p t y TT* o lef in orb i ta l b o t h contr ibute to the s tabi l i ty of the C u ( I ) -
olef in b o n d (30,31). C o n t r a r y to its behav ior towards olefins, C u ( I ) 
forms f e w stable, i so lable complexes w i t h C O . T h i s difference reflects the 
i n a b i l i t y of C u - » C O b a c k b o n d i n g to offset the poor o-donor character
istics of the l i g a n d . T h e degree of b a c k b o n d i n g over lap c a n b e i m p r o v e d , 
however , i f the electron densi ty o n copper is enhanced b y the incor
p o r a t i o n of a s trongly e lec tron-donat ing group into the complex . T h u s 
tert-BuOCu(CO) can b e s u b l i m e d ( 6 0 ° C , 1 m m ) w i t h no apparent 
decompos i t ion (32), a n d C u [ H B ( p z ) 3 ] C O ( F i g u r e 2; H B ( p z ) 3 is h y -
d r o t r i s ( l - p y r a z o l y l ) b o r a t e ) is b o t h air a n d heat stable i n the s o l i d state 
(33, 34, 35). I n so lut ion the latter complex reacts w i t h a var ie ty of donor 
l igands L , i n c l u d i n g olefins, to p r o d u c e C u [ H B ( p z ) 3 ] L w i t h the con
comitant evo lut ion of C O . 

B a s e d u p o n s imple l i g a n d field considerations (i .e. , d10 complexes 
have zero l i g a n d field c o n t r i b u t i o n to the act ivat ion e n e r g y ) , w e w o u l d 
expect u n c h a r g e d , n o n c h e l a t i n g l igands ( s u c h as C O ) to undergo fac i le 
exchange b e t w e e n the first coordinat ion sphere of C u ( I ) a n d b u l k so lu
t ion . D i r e c t support for this premise emerges f r o m the observat ion that 

Table I. Spectral Characteristics 

Compounda Solvent kmax (nm) 

C I C u - N B D E t h a n o l 248 
C u (2 ,9-Mephen) 2

+ I s o a m y l a lcohol 454 
C u C l , " 2 H C 1 / H 2 0 273 
C u ( P P h 3 ) 2 B H 4 Benzene 264 

°NBD is norbornadiene; 2,9-Mephen is 2,9-dimethyl-l,10-phenanthroline; P P h 3 

is triphenylphosphine. 
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26. K U T A L A N D G R U T S C H Sensitization of Olefin Photoreactions 329 

the exchange of u n c o o r d i n a t e d a n d C u ( I ) b o u n d phosphines (36) or 
olefins (30,31) is r a p i d o n the N M R t i m e scale. T h i s a b i l i t y of cer ta in 
C u ( I ) compounds to r e a d i l y generate a vacant site can b e prof i tab ly 
i n c o r p o r a t e d into use fu l cata lyt ic schemes ( v i d e i n f r a ) . 

Excited State Characteristics of Copper (I) Compounds 

Because of the presence of a comple te ly filled m e t a l 3d subshel l , 
C u ( I ) c o m p o u n d s possess no l o w - l y i n g l i g a n d field exc i ted states; fur 
thermore, the m e t a l l o c a l i z e d 3d-* 4p t rans i t ion is p r e d i c t e d (37) to l i e 
at inconvenient ly h i g h energies ( > 60,000 c m " 1 ) . T h u s the absorpt ion 
characteristics of C u ( I ) compounds c a n b e a t t r ibuted to one or m o r e of 
the f o l l o w i n g transit ions: (1 ) l igand- to -meta l charge transfer; (2 ) m e t a l -
t o - l i g a n d charge transfer; (3 ) charge transfer to solvent ( C T T S ) ; a n d 
(4) i n t r a l i g a n d . Some repersentative spectral assignments are l i s ted i n 
T a b l e I. 

Di f ferent types of behavior are expected d e p e n d i n g u p o n the i d e n t i t y 
of the exci ted state p o p u l a t e d . T h e p h o t o - i n d u c e d re d i s t r ibut io n of elec
t r o n density i n a l igand- to -meta l C T state f o r m a l l y generates a r e d u c e d 
m e t a l a n d o x i d i z e d l i g a n d r a d i c a l ; the latter can b e susceptible to nuc leo-
p h i l i c attack b y solvent or other species i n solut ion. F o r a meta l - to - l igand 
C T state, p r o m o t i o n of e lectron density to the p e r i p h e r y of the c o m p l e x 
c a n favor b i m o l e c u l a r e lectron transfer. T h u s M c M i l l i n a n d co-workers 
recent ly have repor ted that v i s ib le i r r a d i a t i o n of C u ( 2 , 9 - M e p h e n ) 2

+ i n 
the presence of d 5 - b i s ( i m i n o d i a c e t a t o ) c o b a l t a t e ( I I I ) i o n i n a w a t e r -
a l c o h o l m i x t u r e results i n the p r o d u c t i o n of C u ( I I ) a n d C o ( I I ) (40). 
T h i s p h o t o - i n d u c e d redox behavior m i m i c s that of R u ( b i p y ) 3

+ 2 (41) a n d 
suggests that the C u ( I ) c o m p o u n d funct ions as an excited-state re duc -
tant. Q u a l i t a t i v e l y s imi lar behav ior has b e e n f o u n d b y H u r s t a n d co
workers (42,43) i n the b i n u c l e a r b r i d g e d systems ( N H 3 ) 5 C o - L - C u ( L 
is 0 2 C ( C H 2 ) n C H — C H R or N H 2 ( C H 2 ) n C H = C H 2 ) w h e r e i r r a d i a t i o n 
induces C u ( I ) - t o - C o ( I I I ) e lectron transfer m e d i a t e d b y the 7r-delocalized 
orbitals of the b r i d g i n g l igands . Stevenson a n d D a v i s have repor ted that 
p o p u l a t i o n of a C T T S state i n C u C l 3 " 2 c a n result i n p r o d u c t i o n of a 

of Some C u ( I ) Compounds 

c (M'1 cm'1) 

6.3 X 10 3 

7.8 X 10 3 

3.3 X 10 3 

1.9 X 10 4 

Assignment 

N B D - » C u or C u -> N B D 
C u 2 , 9 - M e p h e n 
C T T S 
n ( P ) ->TT* 

Ref. 

11 
38 
39 
13 
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330 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 I I 

solvated e lectron w h i c h , i n t u r n , can b e scavenged b y H + ( p r o d u c i n g 
h y d r o g e n ) or other fac i le e lectron acceptors (44). I n t r a l i g a n d TT-TT* or 
n - r r * exc i ted states are expected to exhibi t the react iv i ty patterns charac
terist ic of the u n c o o r d i n a t e d molecule . T h e poss ib i l i ty exists, however , 
that coordinat ion to the m e t a l can orient the l i g a n d i n a p a r t i c u l a r l y reac
t ive (or nonreact ive) conformat ion or perhaps i n d u c e a h i g h degree of 
stereospecificity i n p r o d u c t f o r m a t i o n . F u r t h e r m o r e , the m e t a l can per
t u r b the radiat ive a n d nonradia t ive processes of the l i g a n d exci ted states. 

A d d i t i o n a l possibi l i t ies arise w h e n cons ider ing the behavior of cop
per cluster systems. T h u s transitions w h i c h i n v o l v e the s t a b i l i z i n g b r i d g 
i n g l igands can result i n one or m o r e of the f o l l o w i n g p a t h w a y s : (1 ) m u l 
t i p l e l i g a n d loss; ( 2 ) s t ructura l changes i n the cluster f r a m e w o r k ; a n d 
(3 ) decluster i f icat ion. 

R e l a t i v e l y f e w cases of luminescence f r o m C u ( I ) c o m p o u n d s have 
b e e n reported . Z i o l o , et a l . observed emiss ion f r o m ( P P h 3 ) m C u n X n ( X is 
a ha logen) i n solid-state a n d low-temperature glasses (45). H a r d t re
p o r t e d that cuprous hal ides react w i t h var ious n i t rogen bases (e.g., p y r i 
dine , p ico l ines ) to f o r m c o m p o u n d s whose emission m a x i m a are strongly 
temperature dependent ( so-ca l led fluorescence t h e r m o c h r o m i s m ) (46, 
47). Some 1:1 cuprous ha l ide complexes w i t h m e t h y l or e t h y l i sonico-
t inate have been n o t e d to emit w h i l e the corresponding 1:2 species d o 
not (48). M c M i l l i n a n d B u c k n e r have observed emission f r o m C u ( b i p y ) -
( P P h 3 ) 2 b o t h i n the so l id state a n d i n a glass at 77 ° K a n d suggest that i t 
originates f r o m a meta l - to -b ipy charge transfer state (49). R e c e n t l y w e 
r e p o r t e d some rare examples of luminescence f r o m C u ( I ) complexes i n 
room-temperature fluid so lut ion (13). T h u s C u ( P P h 3 ) 2 B H 4 a n d C u -
( d i p h o s ) B H 4 ( d i p h o s is 1 , 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 ) b o t h exhib i t 
a b r o a d emission i n the v is ib le reg ion w h i c h is tentat ively assigned as 
l i g a n d l o c a l i z e d . 

Survey of Cu (I)-Sensitized Olefin Photoreactions 

I n a series of papers (14,15,16) T r e c k e r et a l . r epor ted their de ta i l ed 
studies of the cuprous hal ide-sens i t ized d i m e r i z a t i o n of norbornene . 
C o m p e l l i n g evidence was presented for the i n v o l v e m e n t of a p r e f o r m e d 
m e t a l - o l e f i n complex i n the m e c h a n i s m of sensit ization. T h u s ether so lu
tions of norbornene a n d C u B r separately d i s p l a y e d no m a x i m u m i n the ir 
e lectronic spectra d o w n to 220 n m whereas a mixture of the t w o e x h i b i t e d 
a n intense absorpt ion at 239 n m . T h e appearance of this b a n d was attr ib
u t e d to the f o r m a t i o n of a 1:1 B r C u - n o r b o r n e n e complex . U p o n 254-nm 
i r r a d i a t i o n , p r e d o m i n a n t p r o d u c t i o n of the exo-trans-exo d i m e r 1 ( R e a c 
t i o n 1) ensued. T h e observed second-order dependence of the q u a n t u m 
y i e l d for this process u p o n the norbornene concentrat ion was in terpre ted 
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26. K U T A L A N D G R U T S C H Sensitization of Olefin Photoreactions 331 

i n terms of a termolecular interact ion b e t w e e n t w o ground-state o lef in 
molecules a n d the photo-exc i ted B r C u - n o r b o r n e n e complex . 

Sa lomon a n d K o c h i reexamined this d i m e r i z a t i o n process ( a m o n g 
others) b y u s i n g the very attractive sensitizer, C u ( F 3 C S 0 3 ) (17). E a r l i e r 
w o r k (30,31) b y these authors h a d establ ished that C u ( I ) complexes 
c o n t a i n i n g one, t w o , three, a n d even f o u r coordinated olef inic bonds 
c o u l d be f o r m e d b y displacement of the w e a k l y coordinat ing F 3 C S 0 3 

anion . I n contrast, cuprous hal ides exhibi t l i t t le tendency to coordinate 
more than one olef inic b o n d (30, 50). I r rad ia t ion of solutions conta in ing 
C u ( F 3 C S 0 3 ) a n d norbornene resul ted i n preferent ia l fo rmat ion ( ^ 9 0 % ) 
of d i m e r 1 b u t w i t h a q u a n t u m y i e l d that d i s p l a y e d a first-order de
pendence u p o n olef in concentrat ion. W h i l e no comple te ly satisfactory 
explanat ion for this d iscrepancy w i t h the results of Trecker , et a l . ( v i d e 
supra) c o u l d be offered, i t was n o t e d that so lub i l i ty considerations 
a l l o w e d the q u a n t u m y i e l d dependence to b e tested over a m u c h w i d e r 
olef in concentrat ion i n the C u ( F 3 C S 0 3 ) system. T h e p h o t o c h e m i c a l data 
w e r e expl icable i n terms of the mechanis t ic sequence o u t l i n e d i n Scheme 
2. T h u s w h i l e b o t h 1:1 a n d 1:2 C u ( I ) - n o r b o r n e n e complexes are present 
i n solut ion, d i m e r 1 is p r o d u c e d exclusively b y photoexci tat ion of the 
latter species. 

M i n i m a l l y , ground-state complex f o r m a t i o n be tween C u ( I ) a n d nor
bornene facil itates the absorpt ion of l i g h t b y the otherwise w e a k l y 
a b s o r b i n g olefin. T h e r e is, i n a d d i t i o n , the poss ib i l i ty that the close 
p r o x i m i t y of t w o ( o r more ) norbornene molecules i n the complex p r e 
disposes them t o w a r d d i m e r i z a t i o n . A m p l e precedent exists for this 
template effect of transit ion metals i n olef in c y c l o a d d i t i o n reactions (51, 
52, 53). A n o t h e r , qu i te i n t r i g u i n g role w h i c h has been proposed for C u ( I ) 
involves the p h o t o - i n d u c e d f o r m a t i o n of a c a r b e n i u m i o n intermediate 2 
f r o m the i n i t i a l l y f o r m e d complex ( R e a c t i o n 2 ) . S u c h " p h o t o c u p r a t i o n " 
recent ly has been i m p l i c a t e d i n a series of n o v e l C u ( I ) - sens i t ized re
arrangement a n d f ragmentat ion processes of 7-methylenenorcarane (19). 
A d d i t i o n a l studies are c lear ly w a r r a n t e d to test the general i ty of this 
process. 
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26. K U T A L A N D G R U T S C H Sensitization of Olefin Photoreactions 333 

(2) 

2 

Recent w o r k (20, 21) i n our laboratory has focused u p o n the use of 
t ransi t ion m e t a l compounds to sensitize the energy-stor ing valence i som
er izat ion of norbornadiene , N B D , to quadr icyc lene , Q ( R e a c t i o n 3 ) . I n 
p a r t i c u l a r w e have f o u n d that a catalyt ic amount of C u C l funct ions as an 
effective a n d q u i t e specific sensitizer for this t ransformat ion. Convers ions 
of greater than 9 0 % have been ach ieved since C u ( I ) is ineffect ive as a 
catalyst for the energy-releasing reverse react ion. Spectra l a n d photo
c h e m i c a l evidence support a m e c h a n i s m w h i c h features a 1:1 C I C u — N B D 
complex as the photoact ive species. A s i l lus t ra ted i n F i g u r e 3, an obvious 
consequence of complexa t ion is a shift of the absorpt ion spectrum of the 
system into a r e g i o n accessible to the 313-nm i r r a d i a t i o n used. Poss ib le 
pathways b y w h i c h the photo-exci ted complex relaxes to Q have b e e n 
discussed (12). 

N B D Q 
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200 250 300 350 
\,nm 

Inorganic Chemistry 

Figure 3. Spectral evidence for complex formation be
tween CuCl and NBD in ethanol (11) 

T h e C u ( I ) sensit ized rearrangement of c i , s ,ds- l ,5-cyclooctadiene, 
C O D , to tr icyclo[3 .3 .0 .0 2 ' 6 ]octane, 3 ( R e a c t i o n 4 ) , represents a n interest
i n g contrast i n behavior to the systems cons idered thus far . I n his s tudy 
of this process ( 4 , 5 ) , Sr in ivasan n o t e d that the spec t rum of an ether 
so lut ion conta in ing b o t h C u C l a n d the olef in is essentially the s u m of the 
i n d i v i d u a l component spectra, suggest ing ( a l t h o u g h not conc lus ive ly 

cis,cis- 1 , 5 - C O D 3 
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26. K U T A L A N D G R U T S C H Sensitization of Olefin Photoreactions 335 

p r o v i n g ) the absence of apprec iab le complex f o r m a t i o n . S ince cis,cis-l,5-
C O D was present i n considerable excess i n the p h o t o c h e m i c a l studies, i t 
const i tuted the major absorb ing species. I n fact, a reasonable v a l u e ( < 1) 
for the q u a n t u m y i e l d of rearrangement c o u l d o n l y b e ca lcu la ted o n the 
basis of the l ight absorbed b y a l l ( c o o r d i n a t e d a n d u n c o o r d i n a t e d ) of 
the olef in i n the system. T h e p r o p o s e d m e c h a n i s m ( R e a c t i o n 5) involves 
the interact ion of C u C I w i t h a photo-exc i ted olefin molecule . T h e exact 
nature of this interact ion, however , was not specif ied. 

3 

I n a subsequent s tudy ( 9 ) , Whi tes ides , et a l . e x a m i n e d the photo-
behavior of Cu2Cl2(cis,cis-l,5-COD), 4 , i n pentane. W h i l e precise q u a n 
t u m y i e l d measurements were p r e c l u d e d b y the u n k n o w n , t h o u g h appar
ent ly apprec iab le extent of l i g a n d dissociat ion a n d the presence of a 
heterogeneous suspension, several noteworthy observations were repor ted . 
T h u s 254-nm i r r a d i a t i o n of the system p r o d u c e d , i n a d d i t i o n to 3, s ig 
nif icant quantit ies of inso luble C u C I complexes of cis,trans- 1 , 5 - C O D a n d 
trans,trans-l,5-COD. T h e i n i t i a l rate of f o r m a t i o n of 3 was less than that 
of cis,trans- 1 , 5 - C O D b u t became greater at h igher conversions. W h i l e 
i r r a d i a t i o n of cis,cis-l,5-COD or cis, f r a n s - 1 , 5 - C O D i n the absence of C u C I 
a f forded no 3, i r r a d i a t i o n of trans,trans- 1 , 5 - C O D y i l d e d 3 w i t h h i g h 
efficiency. 

These observations suggest that 3 is not f o r m e d d i rec t ly f r o m cis,cis-
1 , 5 - C O D b u t instead involves the in termediacy of cis,trans-l,5-COD a n d 
perhaps trans,trans- 1 , 5 - C O D . A general m e c h a n i s m w h i c h incorporates 
these features is o u t l i n e d i n Scheme 3. W h i l e the de ta i l ed role of C u C I 
was not def ini t ive ly established, it was suggested that the a b i l i t y of C u ( I ) 
to b i n d strongly to ground-state trans olef inic bonds shifts the pos i t ion 
of the p h o t o e q u i l i b r i a be tween the three 1 , 5 - C O D isomers t o w a r d the 
sterical ly strained b u t strongly c o m p l e x i n g cis-trans- a n d trans,trans-dienes 
at the expense of the re la t ive ly strain-free b u t w e a k l y c o o r d i n a t i n g 
cis,cis-l,5-COD. 

A re lated s tudy (18) b y Sa lomon, et a l . concern ing the C u ( F 3 C S 0 3 ) -
sensi t ized d i m e r i z a t i o n of cyclohexene a n d cycloheptene also e m p h a s i z e d 
the impor tance of photo-generated trans olef inic bonds . T h u s the p r o -

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

97
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
97

9-
01

73
.c

h0
26



336 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 II 

p o s e d m e c h a n i s m involves the p h o t o - i n d u c e d i somer iza t ion of a pre
f o r m e d C u ( I ) - o l e f i n complex to a h i g h l y s tra ined a n d react ive trans-
cyclohexene or frans-cycloheptene f o l l o w e d b y a t h e r m a l c y c l o a d d i t i o n of 
a second olef in m o l e c u l e ( R e a c t i o n 6 ) . 

I n a recent p h o t o c h e m i c a l s tudy (13) of the N B D to Q convers ion 
( R e a c t i o n 3) i n the presence of C u ( P ) 2 B H 4 ( w h e r e P is a tert iary phos
p h i n e ) , w e presented evidence for a prev ious ly u n r e p o r t e d mechanis t i c 
ro le of C u ( I ) compounds i n sensi t ized olef in photoreact ions. T h e salient 
features of our results can be s u m m a r i z e d b y reference to the b e h a v i o r 
of C u ( P P h 3 ) 2 B H 4 , the structure of w h i c h is s h o w n i n F i g u r e 4 (54, 5 5 ) . 
W h i l e m o l e c u l a r w e i g h t measurements ind ica te that this coordinat ive ly 
saturated c o m p o u n d is undissoc ia ted i n solut ion, 3 1 P N M R studies revea l 
that the b o u n d phosphines are labi le a n d undergo r a p i d exchange w i t h 
a d d e d P P h 3 . Nevertheless , experiments des igned to detect the displace
ment of b o u n d P P h 3 b y N B D to f o r m a l o g i c a l C u ( I ) - N B D precursor to 
sensit izat ion i n v a r i a b l y have y i e l d e d negat ive results. Consequent ly , the 
direct coord inat ion of N B D to the m e t a l does not represent a v i a b l e 
p a t h w a y for sensit izat ion i n this system. T h e alternative m e c h a n i s m 
i n v o l v i n g interact ion of photo-exc i ted C u ( P P h 3 ) 2 B H 4 w i t h ground-state 
olef in thus appears to b e operat ive. C u r r e n t w o r k i n our laboratory is 
d i rec ted t o w a r d def in ing the nature of this excited-state in terac t ion as 
w e l l as d i scover ing a d d i t i o n a l examples of this type of sensit ization. 
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Classification of Cu(I) Sensitization Processes 

I n this chapter w e have used the term sensit izat ion i n a generic sense 
to denote a process i n w h i c h a C u ( I ) c o m p o u n d ( the sensit izer) acceler
ates the rate of a n olefin photoreact ion w i t h at least one p h o t o n b e i n g 
r e q u i r e d per p r o d u c t m o l e c u l e f o r m e d . W i t h i n this rather b r o a d def in i 
t ion , the p r e c e d i n g section provides examples of three general classes 
of sensit izat ion process; these are d e p i c t e d i n Scheme 4, w h e r e the s y m b o l 
C u ( I ) is taken to represent some C u ( I ) c o m p o u n d , an asterisk signifies 
a n exci ted e lectronic state, a n d a p r i m e indicates that the olef in has 
undergone a p h o t o - i n d u c e d transformat ion. 

Scheme 4 

hp 
C l a s s 1 C u 1 + olefin — C u 1 - olefin - » [ C u 1 - o l e f i n ] * -> C u 1 + o l e f i n ' 

C u 1 

C l a s s 2 olef in o le f in* > [ C u 1 + olef in*] - » C u 1 + o le f in ' 

hp olefin 
Class 3 C u 1 - » C u 1 * > [ C u 1 * + olefin] -> C u 1 + o le f in ' 

Class 1—Photoexc i ta t ion of a p r e f o r m e d c o p p e r - o l e f i n complex . 
C o m p l e x a t i o n plays a key role b y sh i f t ing the absorpt ion spec t rum of the 
system into a w a v e l e n g t h reg ion accessible to the i r r a d i a t i n g l i g h t and/or 
b y p r o v i d i n g a sterical ly or e lectronical ly f a v o r e d p a t h w a y to the photo-
p r o d u c t . 

Class 2 — B i m o l e c u l a r interact ion b e t w e e n an exc i ted state of the 
olef in a n d the ground-state C u ( I ) c o m p o u n d . T h e role of C u ( I ) can 
be to stabi l ize the exci ted state of the olefin v i a complexa t ion (9 ) or 
perhaps to f o r m a n intermediate ( s u c h as that postula ted for photo-
c u p r a t i o n (19)) w h i c h is p a r t i c u l a r l y amenable to p r o d u c t format ion . 

Class 3 — B i m o l e c u l a r interact ion b e t w e e n an exci ted state of the 
C u ( I ) c o m p o u n d a n d ground-state olef in. Possible interactions i n c l u d e 
electronic energy transfer a n d exciplex format ion (56, 57). 

A l t h o u g h most repor ted examples of C u ( I ) sensit izat ion c a n be 
a c c o m m o d a t e d w i t h i n a single class ( T a b l e I I ) , a m o r e c o m p l i c a t e d si tu
a t ion m a y result i n systems where m u l t i p l e p h o t o c h e m i c a l steps are 
i n v o l v e d . T h u s the overa l l C u C l - s e n s i t i z e d convers ion of cis,cis- 1 , 5 - C O D 
to 3 (Scheme 3) appears to feature b o t h Class 1 a n d Class 2 sensi t izat ion 
processes. 

T h e most obvious d i s t inc t ion a m o n g the three classes rests u p o n the 
i d e n t i t y of the l ight -absorb ing species. O u r choice i n o r g a n i z i n g the 
exper imenta l results a l o n g these lines rather than, for example, o n the 
basis of the identit ies of possible g r o u n d - or excited-state intermediates 
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26. K U T A L A N D G R U T S C H Sensitization of Olefin Photoreactions 339 

Table II. Classification of Some C u (I)-Sensitized 
Olefin Photoreactions 

Example Ref. 

D i m e r i z a t i o n of norbornene i n presence of C u B r 16,17 
(Reac t ion 1) or C u ( F 3 C S 0 3 ) (Scheme 2) 

Rearrangement and f ragmentat ion of 7-methylene- 19 
norcarane i n the presence of C u ( F 3 C S 0 3 ) 

Va lence i somer izat ion of norbornadiene to q u a d r i - 11,12 
cyclene i n presence of C u C I (Reac t ion 3) 

Rearrangement of cis,trans-l,5-C0T> to 3 i n presence 9 
of C u C I (Scheme 3) 

I somer izat ion of cis,cis-l,5-C0D to cis,trans-l,5-C0T> 9 
i n presence of C u C I (Scheme 3) 

Va lence i somer izat ion of norbornadiene to q u a d r i - 13, 59 
cyclene i n presence of C u ( P P h 3 ) 2 B H 4 and related 
compounds 

f o r m e d subsequent to l ight absorpt ion reflects the present ly i n c o m p l e t e 
u n d e r s t a n d i n g of m a n y of the mechanis t ic details of C u ( I ) - s e n s i t i z e d 
processes. F u t u r e w o r k a long these lines is c lear ly needed. 

B a s e d u p o n the general classif ication i n Scheme 4, however , i t is 
poss ible to del ineate some g r o u n d - a n d excited-state characteristics of 
C u ( I ) w h i c h can contr ibute to its effectiveness as a sensitizer. T h u s the 
a b i l i t y of a C u ( I ) c o m p o u n d to generate vacant coord ina t ion sites a n d 
to f o r m stable olef in complexes is c learly advantageous for Class 1 sensiti
za t ion ; a l t h o u g h less certain, i t is p r o b a b l y impor tant i n Class 2 processes 
as w e l l . Converse ly , Class 3 sensit izat ion w i l l be more p r o m i n e n t a m o n g 
coordinat ive ly saturated C u ( I ) compounds whose l igands are not r e a d i l y 
d i s p l a c e d b y olefins. T h e absence of l o w - l y i n g vacant d orbitals o n C u ( I ) 
has potent ia l ly signif icant consequences i n that the energy of an absorbed 
p h o t o n , w h i c h m i g h t otherwise b e diss ipated v i a the l i g a n d subst i tut ion 
processes characterist ic of l i g a n d - f i e l d exc i ted states ( 5 8 ) , can b e chan
n e l e d into c h e m i c a l l y more p r o d u c t i v e pathways . T h i s feature is par 
t i c u l a r l y c r u c i a l for Class 3 sensit izat ion w h i c h requires that an exc i ted 
state characterist ic of the C u ( I ) c o m p o u n d undergo a b i m o l e c u l a r inter
ac t ion w i t h a ground-state olef in molecule . 

Future Directions 

T h e ava i lab i l i ty of a diverse assortment of reasonably stable a n d , i n 
m a n y cases, h i g h l y co lored C u ( I ) compounds (23) suggests that studies 
of C u ( I ) sensit izat ion need not b e l i m i t e d to s imple C u X salts. T h e 
n o v e l results o b t a i n e d for C u ( P P h 3 ) 2 B H 4 (13) a n d re la ted compounds 
(59) re inforce this v i e w . Consequent ly , i n this final sect ion w e br ie f ly 

C l a s s 1 

C l a s s 2 

C l a s s 3 
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340 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 II 

consider the potent ia l sensit izat ion propert ies of some p r e v i o u s l y u n 
s tudied , b u t rather i n t r i g u i n g C u ( I ) systems. W h i l e the discussion is 
a d m i t t e d l y speculat ive, w e hope that i t is e q u a l l y suggestive. 

W e have recently noted (21) the attract ive characteristics of the 
series, C u X P R 3 ( N - N ) ( t y p i c a l l y X — C l , B r ; R = a l k y l or p h e n y l , N - N 
= p h e n or b i p y ) . D e p e n d i n g u p o n the l a b i l i t y of P R 3 , these c o m p o u n d s 
c a n conce ivably f u n c t i o n as either Class 1 or Class 3 sensitizers. F u r t h e r 
more , their strong absorpt ion i n the v i s i b l e w a v e l e n g t h reg ion raises the 
poss ib i l i ty of harnessing sunl ight to d r i v e u s e f u l p h o t o c h e m i c a l reactions. 

T h e ready accessibi l i ty of o n l y one coord ina t ion ( v i a loss of C O ) 
site about copper makes C u [ H B ( p z ) 3 ] C O ( F i g u r e 2) potent ia l ly attrac
t ive as a specific sensitizer for photorearrangements of olefins. F o r exam
ple , endo-dicyc lopentadiene i n the presence of C u ( 0 3 S C F 3 ) undergoes 
v i r t u a l l y exclusive p h o t o d i m e r i z a t i o n ( R e a c t i o n 7, p a t h i ) , p r e s u m a b l y 
v i a p r i o r f o r m a t i o n of a 2 :1 o l e f i n : C u ( I ) complex (17). S ince the analo
gous bis-olef in complex i n v o l v i n g the C u [ H B ( p z ) 3 ] moie ty is s ter ical ly 
i m p r o b a b l e , the most l i k e l y photoprocess is in terna l c y c l i z a t i o n ( R e a c t i o n 
7, p a t h i i ) . P r e l i m i n a r y studies i n our laboratory indica te that C u [ H B -
( p z ) 3 ] C O sensitizes the N B D - t o - Q convers ion ( R e a c t i o n 3) w i t h respec
table q u a n t u m efficiency (21). 

T h e sensit ization properties of cluster systems such as [ C u X L ] 4 ( F i g 
ure 1) are p a r t i c u l a r l y i n t r i g u i n g since the poss ib i l i ty of mul t i center 
sensit izat ion exists. T h u s the p h o t o c h e m i c a l or t h e r m a l ( l i k e l y w h e n L is 
b u l k y ) subst i tut ion of t w o or m o r e L groups b y olefins generates a species 
i n w h i c h the olefin molecules are s i tuated i n close p r o x i m i t y to each other. 
O n e l i k e l y consequence of this template effect of the cluster is efficient 
p h o t o - i n d u c e d olefin o l igomer iza t ion . 

A n o t h e r interest ing cluster system is [ C u H P P h 3 ] 6 , whose structure 
contains the copper atoms at the apices of a dis torted oc tahedron ( F i g u r e 
5) ( 6 0 ) . A l t h o u g h the exact locations of the h y d r i d e l igands are uncer -
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26. K U T A L A N D G R U T S C H Sensitization of Olefin Photoreactions 341 

0 = Cu 

Advanced Inorganic Chemistry 

Figure 5. Structure of [CuH(PPh3)]6 

(26) 

ta in , they most l i k e l y b r i d g e the six l o n g C u - C u distances i n d i c a t e d b y 
s o l i d l ines. T w o potent ia l photoreact ive pathways of the cluster are 
e l i m i n a t i o n of h y d r o g e n (61, 62) a n d h y d r o g e n a t i o n of a d d e d unsaturated 
molecules . T h e latter process can have some catalyt ic va lue i f a n appro
priate source to replenish the h y d r o g e n consumed c a n b e f o u n d . 
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27 

Catalysts for the Isomerization of Quadricyclane 
to Norbornadiene in a Photochemical Energy 
Storage System 

E . M. S W E E T , R. B. K I N G , R. M. HANES, and S. I K A I 

Department of Chemistry, University of Georgia, Athens, GA 30602 

The applications of transition metal complexes as catalysts 
for the conversion of quadricyclane to norbornadiene in the 
energy release step of a solar energy storage system are 
discussed. Co(II) tetraarylporphyrins anchored to macro
reticular polystyrene through sulfonamide and carboxamide 
linkages can be prepared which are active catalysts for the 
conversion of quadricyclane to norbornadiene. Certain poly
styrene-supported phosphine Pd(II) chloride derivatives are 
also active catalysts for this reaction. New homogeneous 
catalysts for the conversion of quadricyclane to norborna
diene include the triphenylcyclopropenylnickel complexes 
[(C6H5)3C3Ni(CO)X]2 (X = Cl and Br) and the metal dithio
lenes [(CF3)2C2S2]3MO and [(CF3)2C2S2]2Ni. 

H p h e photosensi t ized convers ion of norbornadiene (S t ructure 1) to 
q u a d r i c y c l a n e (S t ructure 2) c o u p l e d w i t h the t rans i t ion m e t a l c o m 

plex-ca ta lyzed reversion of q u a d r i c y c l a n e to norbornadiene is a p r o m i s i n g 
system for p h o t o c h e m i c a l solar energy storage (1,2,3,4). A device based 
o n this react ion requires t w o steps: ( a ) energy storage t h r o u g h the 
sensi t ized photolysis of norbornadiene ( 1 ) to q u a d r i c y c l a n e ( 2 ) i n a n 
endothermic react ion; ( b ) energy release t h r o u g h the ca ta lyzed recon
vers ion of q u a d r i c y c l a n e ( 2 ) to norbornadiene ( l ) i n a n exothermic 
react ion. T h e p r e c e d i n g chapter ( I ) describes some research at the U n i 
vers i ty of G e o r g i a d i rec ted towards the development of i n o r g a n i c sensi
tizers based o n C u ( I ) complexes for the energy storage step ( ( a ) a b o v e ) . 

0-8412-0429-2/79/33-173-344$05.00/0 
© 1979 American Chemical Society 
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27. S W E E T E T A L . Quadricyclane to Norbornadiene 345 

ca ta lys t 

1 2 

T h i s chapter summarizes some key aspects of our w o r k at the U n i v e r s i t y 
of G e o r g i a d i rec ted towards the deve lopment of appropr ia te transi t ion-
m e t a l complex catalysts for the energy release step ( ( b ) a b o v e ) . 

T h e catalyst for the energy release step ( b ) i n a p h o t o c h e m i c a l 
energy storage system based o n this p r i n c i p l e must be k e p t a w a y f r o m 
the site i n the system w h e r e the energy storage step ( a ) is t a k i n g p lace . 
T h i s c a n be most effectively a c c o m p l i s h e d b y i m m o b i l i z i n g the ca ta lyt i -
c a l l y act ive structure b y c h e m i c a l b o n d i n g to a n inso lub le p o l y m e r i c 
matr ix . T h i s chapter discusses some approaches d i rec ted towards anchor
i n g ca ta lyt ica l ly ac t ive structures for the convers ion of q u a d r i c y c l a n e to 
norbornadiene onto macrore t i cu lar polystyrene beads t h r o u g h c h e m i c a l 
b o n d i n g to the benzene r ings of the polystyrene . I n a d d i t i o n , some n e w 
homogeneous catalysts for the convers ion of q u a d r i c y c l a n e ( 2 ) to nor
b o r n a d i e n e ( 1 ) are descr ibed. 

Supported Co (II) Tetraphenylporphyrin Catalysts 

T h e demonstrated h i g h cata lyt ic a c t i v i t y of C o ( I I ) te t raphenylpor-
p h i n e for convers ion of q u a d r i c y c l a n e to norbornadiene ( 5 , 6 ) suggested 
that this w o u l d be a n attract ive t ransi t ion meta l system to incorporate 
in to our suppor ted catalysts. S u c h a suppor ted catalyst also a p p e a r e d 
p r o m i s i n g for the f o l l o w i n g reasons: (1 ) l e a c h i n g of the cobalt f r o m the 
tetradentate p o r p h y r i n l i g a n d appeared i m p r o b a b l e ; (2 ) even i f the 
cobal t w e r e leached f r o m the p o r p h y r i n , as n o n p o r p h y r i n C o ( I I ) , i t 
w o u l d be cata lyt ica l ly inact ive ; a n d (3) a catalyst b a s e d o n cobalt w o u l d 
b e s ignif icant ly less expensive t h a n one based o n a p l a t i n u m m e t a l s u c h 
as r h o d i u m . 

T h e t e t r a a r y l p o r p h y r i n l i g a n d was b o n d e d to macrore t i cu lar p o l y 
styrene t h r o u g h carboxamide a n d su l fonamide l inkages. T h e a m i n o p o l y -
styrene used for the p r e p a r a t i o n of these materials was obta ined f r o m 
u n f u n c t i o n a l i z e d polystyrene b y n i t ra t ion , f o l l o w e d b y r e d u c t i o n of the 
ni tro groups w i t h stannous ch lor ide . T h i s aminopolys tyrene was t h e n 
c o u p l e d w i t h the t e t r a ( p - c h l o r o s u l f o p h e n y l ) p o r p h i n e a n d the t e t r a ( p -
c h l o r o c a r b o n y l ) - p h e n y l p o r p h i n e o b t a i n e d f r o m the respect ive acids or 
a c i d salts to g ive the s u l f o n a m i d e - l i n k e d a n d the c a r b o x a m i d e - l i n k e d 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

97
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
97

9-
01

73
.c

h0
27



346 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 I I 

polys tyrene-anchored te t raarylporphyr ins , respect ively. These c o u p l i n g 
reactions w e r e effected i n ch lor inated h y d r o c a r b o n solvents u s i n g tert iary 
amines as p r o t o n scavengers. C o b a l t was incorporated into these p o l y 
styrene-anchored te t raarylporphyr ins b y treatment u n d e r n i t rogen w i t h 
C o ( I I ) acetate 4-hydrate i n b o i l i n g acetic a c i d . T h e resul t ing materials 
can be schemat ica l ly represented b y Structures 3a a n d 3b. 

F i v e batches of s u l f o n a m i d e - l i n k e d (3a) a n d t w o batches of car-
b o x a m i d e - l i n k e d (3b) polys tyrene-anchored C o ( I I ) t e t r a - a r y l p o r p h y r i n 
catalysts w e r e p r e p a r e d w i t h cobalt contents r a n g i n g f r o m 0.28 to 0 .48%. 
T h e s tandard activit ies w i t h 0 . 1 M q u a d r i c y c l a n e i n benzene were meas
u r e d for each b a t c h ( T a b l e I ) . T h e pseudo first-order rate constants for 
disappearance of q u a d r i c y c l a n e were obta ined w i t h 0.1 g of catalyst i n 
10 m L of solvent. These rates were n o r m a l i z e d to s tandard ac t iv i ty 
condit ions of 1.0 g / L (fcw i n T a b l e I ) a n d to a n ac t iv i ty based o n m e t a l 
content (A: M i n T a b l e I ) . 

N o i m m e d i a t e corre lat ion of ac t iv i ty w i t h meta l content is apparent 
for these polystyrene-anchored C o ( I I ) t e t r a a r y l p o r p h y r i n catalysts. 
T h e r e is some evidence that n o n p o r p h y r i n cobalt is present, perhaps 
b o u n d to unreacted pendant amino groups, since the s u l f u r : c o b a l t ratios 
of t w o batches were 3.9:1 ( b a t c h 2 A - 1 ) a n d 2.7:1 ( b a t c h 2B-4) as 
c o m p a r e d w i t h a theoret ical m i n i m u m of 4 :1 w h e n cobalt is b o u n d o n l y 
to t e t r a ( p - s u l f o p h e n y l ) p o r p h i n e units . H o w e v e r , this observat ion should 
be interpreted w i t h caut ion since e lemental analyses are notor iously 
unre l iab le for p o l y m e r systems ( 7 ) . 

T h e effect of repeated use o n the ac t iv i ty of the catalyst was exam
i n e d . T h u s a single 0.1 g charge of catalyst b a t c h 1A-1 was treated 
repeatedly w i t h 1.0Af q u a d r i c y c l a n e i n xylene. T h e act iv i ty (fc w ) s h o w e d 
a steady decrease corre la t ing w e l l w i t h the tota l v o l u m e ( V T ) of the 

Table I . Standard Activities of the Polystyrene-Anchored Co ( I I ) 
Tetraarylporphyrin Catalysts for the Conversion of 

Quadricyclane to Norbornadiene 

mol Co kl0 X 10* in k M in sec'1 

Batch Linkage" % Co X 10*/g sec1 (g/L)-1 (g-atom Co/L) 

1 A - 1 C 0.44 7.5 2.42 (0 .23) b 3.2 (0 .31) 6 

2 A - 1 s 0.45 7.6 1.95 (0.19) 2.6 (0.25) 
2 A - 2 s 0.34 5.8 2.15 (0.11) 3.7 (0.20) 
2 B - 1 s 0.31 5.3 2.07 (0.13) 3.9 (0.25) 
2 B - 2 s 0.28 4.8 0.88 (0.052) 1.8 (0.11) 
2 B - 3 C 0.45 7.6 1.37 (0.11) 1.8 (0.15) 
2 B - 4 s 0.48 8.2 1.73 (0.13) 2.1 (0.16) 

° C = carboxamide linked, S = sulfonamide linked. 
6 The figures in parentheses in these columns refer to standard deviations obtained 

from four or more runs. 
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348 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 I I 

solut ion to w h i c h the catalyst h a d been exposed ( F i g u r e 1 ) . T h e 
extrapolated intercept for zero catalyt ic ac t iv i ty was 127 m L , correspond
i n g to an average turnover per m e t a l i n excess of 15,000 moles of 
q u a d r i c y c l a n e per g-atom of cobalt . I n a s imi lar s tudy o n b a t c h 2 A - 1 
u s i n g 0 . 1 M q u a d r i c y c l a n e i n benzene, the decrease i n ac t iv i ty w i t h v o l u m e 
was not as regular ( T a b l e I I ) . Some of the lost catalyt ic ac t iv i ty c o u l d 
be restored b y treatment of the catalyst w i t h strong r e d u c i n g agents, 
either T i ( I I I ) i n organic solvents or potass ium benzophenone k e t y l i n 
T H F . T h i s restoration of ac t iv i ty b y treatment w i t h strong r e d u c i n g 
agents suggests that the loss of catalyt ic ac t iv i ty u p o n repeated use arises 
f r o m ox idat ion of C o ( I I ) to C o ( I I I ) . 

D i f f u s i o n was s h o w n to reduce the ac t iv i ty of the polystyrene-
a n c h o r e d C o ( I I ) t e t r a a r y l p o r p h y r i n catalysts. T h u s w h e n beads of 
catalyst b a t c h 2 A - 1 were g r o u n d to a fine p o w d e r , the activit ies i n four 
runs (fc w ) were greater b y factors of 2 - 5 than i n any runs u s i n g the w h o l e 
b e a d catalyst. I n the studies w i t h the p u l v e r i z e d catalysts, the s tandard 
act ivit ies were f o u n d to increase w i t h a n increase i n the rat io of w e i g h t 
of catalyst to the v o l u m e of the solution, a g a i n suggesting that some 
component of the solut ion is responsible for the deact ivat ion of the 
catalyst. 

1.5 

~ 1.0 
i o <D to 

x 0.5 

0 50 100 
V T ( m l ) 

Figure 1. Recycling study of hatch 1A-1 of 
the carboxamide-linked polystyrene-anchored 
Co(II) tetraarylporphyrin catalyst for the con
version of quadricyclane to norbornadiene; 
plot of activity (kw) vs. total volume of solution 

to which the catalyst was exposed (WT) 
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27. S W E E T E T A L . Quadricyclane to Norbornadiene 349 

Table II. Studies on the Regeneration of Recycled 
Catalyst Using Reducing Agents" 

Run/Operation kw X 104insec'1 (g/L)'1 

1 2.59 (0 .042) 6 

2 L 8 4 (0.047) 
3 1.44 (0.019) 
4 1.29 (0.013) 
5 1.39 (0.012) 
6 1.31 (0.011) 
R e d u c t i o n w i t h T i ( I I I ) i n methanol (5 m L for 30 m i n ) 
7 1.67 (0.022) 
8 1.56 (0.013) 
R e d u c t i o n w i t h T i ( I I I ) i n methanol (5 m L for 30 m i n ) 
9 1.71 (0.012) 

10 1.55 (0.012) 
11 1.46 (0.0090) 
12 1.39 (0.0079) 
13 1.37 (0.0082) 
14 1.34 (0.0099) 
15° 0.69 (0.0037) 
16 c 0.50 (0.0081) 
17 0.53 (0.0075) 
R e d u c t i o n w i t h T i ( I I I ) i n methanol (10 m L for 45 min) 
18 0.73 (0.0090) 
R e d u c t i o n w i t h T i ( I I I ) i n T H F (5 m L for 2 hr) 
19 0.83 (0.0086) 
R e d u c t i o n w i t h T i ( I I I ) i n T H F 
20 0.98 (0.019) 
21 0.87 (0.0097) 
R e d u c t i o n w i t h potass ium benzophenone k e t y l i n T H F 
22 1.07 (0.020) 
23 1.04 (0.012) 

° These runs were performed in the indicated sequence using 0.107 g of sulfona
mide-linked polystyrene-supported Co(II) porphyrin from batch 2A-1 (Table I) . 
Except where indicated, 10 mL of 0.1M quadricyclane in benzene was used. 

b The figures in parentheses in this column represent the error in the first-order 
kinetics plots, volumes of reaction solutions, and initial weight of the catalyst. Varia
tions in temperature (±0.2°C) and physical loss of catalyst on workup are not 
included. 

0 These runs were made using neat quadricyclane rather than 10 mL of 0.1M 
quadricyclane in benzene. 

Supported Palladium Chloride Catalysts 

H o g e v e e n a n d V o l g e r (8 ) observed that 1 ,5-cyclooctadienedichloro-
p a l l a d i u m a n d ?7 3 -a l lylchloropal ladium d i m e r w e r e act ive catalysts for the 
convers ion of q u a d r i c y c l a n e ( 2 ) to norbornadiene ( 1 ) . F u r t h e r m o r e , 
D a u b e n a n d K i e l b a n i a (9) have f o u n d that [ ( C e H g ^ P ^ P d C l s effects the 
convers ion of t r i cyc lo - [4 ,1 ,0 ,0 2 7 ] -heptane into 3-methylenecyclohexene. 
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These observations suggested that P d ( I I ) ch lor ide b o u n d to p h o s p h i n e -
subst i tuted polystyrene m i g h t be a n effective catalyst for the convers ion 
of q u a d r i c y c l a n e to norbornadiene . W e therefore invest igated the p r e p a 
ra t ion of such a p o l y m e r - a n c h o r e d phosphine P d ( I I ) c h l o r i d e catalyst. 

M a c r o r e t i c u l a r polystyrene beads w e r e d i p h e n y l p h o s p h i n a t e d b y 
l i t h i a t i o n w i t h n - b u t y l l i t h i u m (10) i n the presence of te t ramethyle thyl -
enediamine , f o l l o w e d b y a d d i t i o n of d i p h e n y l c h l o r o p h o s p h i n e . P d ( I I ) 
c h l o r i d e was then c o m p l e x e d w i t h this p o l y m e r b y s t i r r ing i n acetonitr i le 
so lut ion . T h e resul t ing l e m o n y e l l o w beads were f o u n d to be act ive cata
lysts for the conversion of q u a d r i c y c l a n e ( 2 ) norbornadiene ( 1 ) . T w o 
batches of beads p r e p a r e d b y this general m e t h o d gave the f o l l o w i n g 
e lemental analyses: ( A ) 0 .70% P d , 0 .28% P , 0 .39% C I ; a n d ( B ) 1.36% 
P d , 0 .97% P , 1.08% C I , a n d 0.026% N , corresponding to the e lementa l 
ratios P d : P : C l : N of 1:1.4:1.7:? a n d 1:2.4:2.4:0.14, respect ively. W h i l e 
( R 3 P ) 2 P d C l 2 coordinat ion is not r e q u i r e d for b o n d i n g of the p a l l a d i u m 
to the p o l y m e r , these e lemental ratios, p a r t i c u l a r l y the l o w N : P d ratio, 
indicate that a substantial p o r t i o n of the p a l l a d i u m m a y be i n such a 
coordinat ion environment . 

A c t i v i t i e s of the p o l y m e r - b o u n d p a l l a d i u m catalysts were measured 
for b o t h batches A a n d B ( T a b l e I I I ) . E x c e p t for the first r u n w i t h a 
g iven charge of catalyst, the disappearance of q u a d r i c y c l a n e was f o u n d 
to obey first-order kinet ics . H o w e v e r , the first r u n of a g iven charge w a s 
f o u n d to give a first-order rate decreasing i n t ime. T h u s w i t h b a t c h A , 
the act iv i ty of the catalyst appears to decrease between the first a n d 
second use; however , independent analysis of the final p o r t i o n of the first 
r u n gives a n ac t iv i ty qui te s imi lar to that of the second r u n . U n u s e d 
catalyst that h a d been pretreated w i t h norbornadiene was f o u n d to g ive 
an ac t iv i ty for its i n i t i a l r u n s imi lar to that of the second r u n w i t h 
untreated catalyst. These observations suggest the format ion of a p o l y 
m e r - b o u n d p a l l a d i u m - n o r b o r n a d i e n e complex . 

T h e catalyt ic activit ies of bo th batches A a n d B of the polystyrene-
suppor ted phosphine P d ( I I ) ch lor ide catalyst were f o u n d to be substan
t i a l l y less than that of the homogeneous analogue [ ( C e H s ^ P ^ P d C L a n d 
to decrease w i t h extended use. T h e precise cause of this loss of cata lyt ic 
ac t iv i ty is unclear . Possible causes i n c l u d e ox idat ion of the p e n d a n t 
phosphine groups, l e a d i n g to meta l l eaching , or p o l y m e r i z a t i o n of nor
bornadiene w i t h i n the polystyrene matr ix in i t ia ted b y intermediates i n 
such phosphine ox idat ion . 

T h e cata lyt ic activit ies of the polys tyrene-supported p h o s p h i n e Pd( I I ) 
catalysts ( T a b l e I I I ) for the convers ion of q u a d r i c y c l a n e to norbornadiene 
were cons iderably less t h a n those of the polys tyrene-supported C o ( I I ) 
t e t r a p h e n y l p o r p h y r i n catalysts ( T a b l e I ) under comparab le condit ions . 
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27. S W E E T E T A L . Quadricyclane to Norbornadiene 351 

Table III. Standard Activities of the Polystyrene-Anchored 
Pd(II) Chloride Catalysts for the Conversion of 

Quadricyclane to Norbornadiene 

System Solvent 

Quadri
cyclane X 104 in k M in sec1 

Cone. ( M ) sec1 (g/L)-1 (g-atom Pd/L)'1 

P o l y m e r B a t c h A , Charge 1 
R u n 1 A v e r a g e xylene 1.0 0.20 0.31 

I n i t i a l 0.31 0.47 
F i n a l 0.13 0.20 

R u n 2 xylene 1.0 0.15 0.23 
R u n 3 xylene 1.0 0.16 0.24 
R u n 4 xylene 1.0 0.041 0.062 
R u n 5 xylene 1.0 0.018 0.028 

P o l y m e r B a t c h A , Charge 2 (pretreated w i t h excess norbornadiene) 
R u n 1 xylene 1.0 0.14 0.21 

P o l y m e r B a t c h A , Charge 3 
R u n 1 benzene 1.0 0.29 0.44 

P o l y m e r B a t c h B , Charge 1 
R u n 1 benzene 1.0 0.94 0.63 
R u n 2 benzene 1.0 0.36 0.24 
R u n 3 benzene 1.0 0.19 0.13 
R u n 4 benzene 1.0 0.10 0.07 

[ ( C G H 5 ) 3 P ] 2 P d C l o 

R u n 1 benzene 0.5 80 

Homogeneous Catalysts 

A n o t h e r aspect of our w o r k has i n v o l v e d ident i f i ca t ion a n d develop
ment of n e w homogeneous catalysts for the convers ion of q u a d r i c y c l a n e 
to norbornadiene . N e w classes of compounds f o u n d to have p r o m i s i n g 
cata lyt ic ac t iv i ty i n c l u d e certain t r i p h e n y l c y c l o p r o p e n y l n i c k e l ha l ide a n d 
meta l di thiolene complexes. 

Triphenylcyclopropenylnickel Halide Catalysts. A d d i t i o n of 
[ ( C G H 5 ) 3 C 3 N i ( C O ) X ] 2 ( 4 : X = C l or B r ) (11) to pure q u a d r i c y c l a n e 
r a p i d l y produces norbornadiene w i t h not iceable evo lut ion of heat. H o w 
ever, a d d i t i o n to the ch lor ide [ ( C G H 5 ) 3 C 3 N i ( C O ) C l ] 2 ( 4 : X = C l ) of 
l igands conta in ing funct ional i t ies use fu l for b i n d i n g the complexes to a 
p o l y m e r support (e.g. , t r i -valent phosphorus der ivat ives) was f o u n d to 
p r o d u c e n e w complexes, w h i c h i n s imi lar qual i ta t ive studies ( T a b l e I V ) 
show general ly decreased act iv i ty . I n prac t i ca l ly a l l cases, the p h o s p h i n e 
a n d phosphi te complexes p r o v e d dif f icult to p u r i f y , a n d i n some instances, 
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Table IV. Some Triphenylcyclopropenylnickel Halide Derivatives 
and Their Catalytic Activities for the Conversion of 

Quadricyclane to Norbornadiene 

Catalytic 
Compound* Color Activity* 

[ P h 3 C B N i ( C O ) C l ] . orange +++ [ P h 8 C 8 N i ( C O ) B r ] s orange +++ P h 3 C 3 N i ( b i p y ) C l c d a r k red — 
P h 3 C , N i ( P P h o M e ) C l b r o w n + P h , C 8 N i ( P P h . . M e ) o C l d a r k orange — 
P h 8 C 8 N i ( P P h 3 ) C l * d a r k b r o w n ++ P h 8 C 8 N i ( P P h 3 ) o C l d a r k red + P h 3 C 3 N i [ P ( O P h ) 3 ] C r b r o w n +++ P h 8 C 8 N i [ P ( O P h ) 8 ] o C l orange + P h 8 C „ N i [ P ( O M e ) 8 ] , C l orange — 
P h 8 C 8 N i [ P ( O P r ' ) ? ] o C l orange + P h 3 C 3 N i ( P P h . , C l ) o C l y e l l o w + P h 8 C 8 N i ( P P h C l . . ) . . C l ' y e l l o w +++ 

a bipy = 2,2'-bipyridyl; M e = methyl; P i 4 = isopropyl; Ph = phenyl. 
"The catalytic activities at 23°C are indicated as follows: ( —) no detectable 

activity; ( + ) minimum detectable activity (5-10% conversion even upon prolonged 
standing at room temperature); ( + + ) moderate activity (some conversion in short 
periods at room temperature; major amounts of conversion at higher temperatures 
or upon prolonged standing at room temperature); and ( + + + ) high activity result
ing in an immediate exothermic nearly complete conversion of quadricyclane to 
norbornadiene. 

0 The approximate compositions of these previously unreported compounds were 
verified by carbon and hydrogen analyses. 

the " c o m p o u n d s " i n T a b l e I V are in fer red f r o m the s toichiometry of the 
reagents (i.e., [ ( C 6 H 5 ) 3 C 3 N i ( C O ) C l ] 2 a n d the t r i -valent phosphorus 
l i g a n d ) used i n their preparat ion . T h e p r e v i o u s l y repor ted t r i p h e n y l c y c l o 
p r o p e n y l n i c k e l complexes ( C o H s ^ C s N i C s r ^ (12) a n d ( C e H s ^ C s N i -
( N C 5 H 5 ) 2 C 1 • N C 5 H 5 (13) w e r e f o u n d to be ca ta ly t i ca l ly inact ive for the 
convers ion of q u a d r i c y c l a n e to norbornadiene . 

C 0 H 3 

C 0 H 5 

4 
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27. S W E E T E T A L . Quadricyclane to Norbornadiene 353 

T h e notable exceptions to the decrease i n cata lyt ic ac t iv i ty of 
[ ( C G H 5 ) 3 C 3 N i ( C O ) C l ] 2 u p o n a d d i t i o n of the tr i -valent phosphorus l i g a n d 
arise f r o m the complexes of stoichiometries ( C G H 5 ) 3 C 3 N i P ( O C 6 H 5 ) 3 C l 
a n d ( C 6 H 5 ) 3 C 3 N i ( P C l 2 C 6 H 5 ) 2 C l ( T a b l e I V ) . B o t h of the t r i -valent 
phosphorus l igands i n these complexes are re la t ive ly strong TT acceptors 
a n d w e a k a donors. T h e re lat ively l o w catalyt ic ac t iv i ty i n the c o m p l e x 
( C G H 5 ) 3 C 3 N i [ P ( O C G H 5 ) 3 ] 2 C l suggests that l i g a n d dissociat ion occurs 
f r o m ( C G H 5 ) 3 C 3 N i ( P C l 2 C G H 5 ) 2 C l u n d e r the react ion condit ions to g ive 
an act ive 16-electron species such as ( C G H 5 ) 3 C 3 N i ( P C l 2 C 6 H 5 ) C l . 

A more deta i led invest igat ion of the kinet ics was m a d e w i t h [ ( C 6 H 5 ) 3 -
C 3 N i ( C O ) C l ] 2 i n methylene ch lor ide . E x c e p t for v e r y l o w ratios of 
q u a d r i c y c l a n e to catalyst, w h e r e first-order behavior was observed, the 
t ime-dependent react ion is of m i x e d order ( F i g u r e 2 ) . A t l o n g react ion 
times the react ion approaches first-order behavior w i t h a rate apparent ly 
independent of catalyst concentrat ion. T h i s latter observat ion c o u l d be 
a fortuitous c o m b i n a t i o n of the effects of m e t a l concentrat ion a n d of 
i n h i b i t i o n b y the norbornadiene product , w i t h greater concentrations of 
norbornadiene b e i n g present for h igher m e t a l concentrations d u r i n g the 
p e r i o d w h e n this behavior is observed. T h a t the [ ( C G H 5 ) 3 C 3 N i ( C O ) C l ] 2 
catalyst is i n h i b i t e d b y norbornadiene is i n d i c a t e d b y separate exper i 
ments i n the presence of a d d e d norbornadiene ( F i g u r e 3 ) . 

1.5 r 

T I M E (min) 

Figure 2. Plot of —In ([quadricylane]/ 
[quadricyclane]0) vs. time for various 
[(C6H5)3C3Ni( CO )Cl ]2 concentrations. 
(D) [Ni] = 4.38 m M ; (O) [Ni] = 2.19 

mM; (A; [Ni] = 1.42 mM. 
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1.5 r 

T I M E (min) 

Figure 3. Plot of —In ([quadricyclane]/ 
[quadricyclane]0) vs. time for [(CrtH5)3-
CjNtfCOjCljg in the presence of added 
norbornadiene. (U) [NBD] = 0.0; (O) 
[NBD] = 0.27M; (A) [NBD] = 1.1M. 

Table V . Evaluation of Metal Dithiolenes as Catalysts 

Initial 
Catalyst Quadricyclane 

(mol/L X 10s) Cone. (mol/L) 

M o l y b d e n u m Complexes 
[ ( C F 3 ) : , C 2 S 2 ] 3 M o (0.95) 0.42 
[ ( C F 3 ) 2 C , S 2 ] 3 M o (0.95) 0.47 
[ ( C F s h C o S a J s M o (0.95) 0.79 
[ ( C F 3 ) 2 C 2 S 2 ] 3 M o (0.95) 0.77 
[ ( C F 3 ) , C 2 S 2 ] 3 M o (0.95) 0.12 
[ ( C F 3 ) 2 C 2 S 2 ] 3 M o (0.95) 0.12 
[ ( C F 3 ) 2 C 2 S 2 ] 2 M o ( P f - P f ) ° (0.95) 0.64 
[ P h 4 A s ] [ ( C F 3 ) 2 C , S , ] 3 M o (0.95) 0.46 
[ P h 4 A s ] 2 [ ( C F 3 ) 2 C 2 S 2 ] 3 M o (0.95) 0.49 
( P h 2 C , S . , ) 3 M o (0.95) 0.58 
( P h 2 C 2 S 2 ) 2 M o ( C O ) 2 (0.95) 0.78 

N i c k e l Complexes 
[ ( C F 3 ) 2 C 2 S 2 ] 2 N i (3.78) 2.35 
[ E t 4 N ] [ ( C F 3 ) 2 C 2 S 2 ] 2 N i (3.78) 1.10 
[ E t 4 N ] 2 [ ( C F 3 ) 2 C 2 S 2 ] 2 N i (3.78) 1.19 
( P h 2 C 2 S 2 ) 2 N i (3.78) 1.08 

° P f - P f = P h 2 P C H 2 C H 2 P P h 2 . 
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27. S W E E T E T A L . Quadricyclane to Norbornadiene 355 

N o deta i led mechanis t ic interpretat ion of the catalysis of the con
vers ion of q u a d r i c y c l a n e to norbornadiene b y these t r i p h e n y l c y c l o p r o -
p e n y l n i c k e l derivat ives is w a r r a n t e d at the present t ime. H o w e v e r , these 
reactions appear to be qui te s imi lar to isomerizat ions of q u a d r i c y c l a n e 
to norbornadiene ca ta lyzed b y other n i c k e l complexes (14). 

Metal Dithiolene Catalysts. T h e meta l dithiolenes (15) [ ( C F 3 ) 2 C 2 -
S 2 ] 3 M o a n d [ ( C F 3 ) 2 C 2 S 2 ] 2 N i , obta ined b y treatment of b i s ( t r i f luoro-
m e t h y l ) di thietene w i t h the meta l carbonyls , w e r e f o u n d to catalyze the 
i somerizat ion of q u a d r i c y c l a n e to norbornadiene . T h e m o l y b d e n u m c o m 
plex is s ignif icant ly more cata lyt ica l ly act ive t h a n the n i c k e l complex 
( T a b l e V ) . T h e catalyt ic activit ies of these neutra l m e t a l dithiolenes 
[ ( C F 3 ) 2 C 2 S 2 ] n M ( M = M o , n = 3; M = N i , n = 2) are destroyed u p o n 
r e d u c t i o n to the corresponding m o n o - or dianions b y subst i tut ion of the 
C F 3 groups w i t h less electronegative groups such as p h e n y l a n d b y 
subst i tut ion of even one of the di thiolate l igands b y a tr i -valent phos
phorus l i g a n d . T h u s the presence of the highest possible m e t a l ox idat ion 
state, the presence of strongly e l e c t r o n - w i t h d r a w i n g substituents such as 
C F 3 , a n d the exclusive presence of di thiolate l igands a l l appear to be 
necessary for meta l dithiolenes to have apprec iable catalyt ic ac t iv i ty for 
the convers ion of q u a d r i c y c l a n e ( 2 ) to norbornadiene ( 1 ) . 

for the Conversion of Quadricyclane to Norbornadiene 

Norbornadiene Production 
Other 

Additive 
Solvent (mol/L) 

after 20 hr 
(as % of total C7H8 

hydrocarbons) 

benzene 
benzene 
M e O H 
M e O H 
CH 2Clo 
C H 2 C 1 2 

benzene 
benzene 
benzene 
benzene 
benzene 

none 
H 2 0 (0.37) 
none 
H 2 0 (0.37) 
none 
p y r i d i n e (0.083) 
none 
none 
none 
none 
none 

+ p o l y m e r 
+ n o r t r i c y c l a n o l 

98 
13 

4.3 
0 

100 + p o l y m e r 
0.2 
1.5 
4.3 
0.8 
0.1 
0 

C H 2 C I 0 none 21 
C H 2 C 1 2 none 2.2 
CH 2Clo none 0 
CH.Clo none 1.7 
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T h e a b i l i t y of [ ( C F 3 ) 2 C 2 S 2 ] 3 M o to i somer ize q u a d r i c y c l a n e to 
norbornadiene a n d the u l t imate course of the react ion appear to be rather 
solvent sensitive ( T a b l e V ) . T h u s the catalyt ic a c t i v i t y of [ ( C F 3 ) 2 C 2 -
S 2 ] 3 M o was f o u n d to decrease w h e n c o o r d i n a t i n g solvents w e r e used or 
w h e n water was a d d e d . U n f o r t u n a t e l y , i n no case was a c lean convers ion 
of q u a d r i c y c l a n e to norbornadiene observed. 

T h e treatment of q u a d r i c y c l a n e w i t h catalyt ic amounts of [ ( C F 3 ) 2 -
C 2 S 2 ] 3 M o i n benzene or d ich loromethane solut ion at r o o m temperature 
was f o u n d to p r o d u c e not o n l y the expected norbornadiene b u t also a 
p o l y m e r . C o n t r o l experiments indicate that [ ( C F 3 ) 2 C 2 S 2 ] 3 M o polymer izes 
norbornadiene i n benzene at the b o i l i n g po in t but not at r o o m tempera
ture. A d d i t i o n of water to a benzene solut ion of q u a d r i c y c l a n e conta in ing 
[ ( C F 3 ) 2 C 2 S 2 ] 3 C M o gives s m a l l quantit ies of n o r t r i c y c l a n o l i n a d d i t i o n to 
s l o w i n g the rate of convers ion of q u a d r i c y c l a n e to norbornadiene . 

Conclusions 

T h e results s u m m a r i z e d i n this art ic le indicate that a var ie ty of 
transi t ion meta l derivat ives can catalyze the convers ion of q u a d r i c y c l a n e 
( 2 ) to norbornadiene ( 1 ) . These i n c l u d e not o n l y the derivatives of 
cobalt , p a l l a d i u m , n i c k e l , a n d m o l y b d e n u m discussed i n this chapter but 
also derivat ives of other metals ( p a r t i c u l a r l y r h o d i u m (8)) that have 
been s tudied i n deta i l b y other workers . O f the systems that have been 
s tudied u p to the present t ime, the C o ( I I ) te t raarylporphyr ins appear to 
be the most p r o m i s i n g ones for use i n a p r a c t i c a l solar energy storage 
system for the f o l l o w i n g reasons: (1 ) the l o w cost of cobalt re lat ive to 
the p l a t i n u m metals, p a r t i c u l a r l y r h o d i u m ; (2) the relat ive ease of c h e m 
i c a l l y b o n d i n g the p o r p h y r i n nucleus to a n insoluble p o l y m e r b y conven
t iona l c h e m i c a l reactions; (3 ) the general s tabi l i ty of p o r p h y r i n systems 
t o w a r d p r o l o n g e d exposure to heat a n d l ight (e.g. , the s tabi l i ty a n d 
u b i q u i t y of c h l o r o p h y l l i n n a t u r e ) ; a n d (4) the requirement of complexa
t i o n w i t h a p o r p h y r i n or s imi lar p lanar polydentate l i g a n d (5) for cobal t 
to be an active catalyst for the convers ion of q u a d r i c y c l a n e to norborna
diene, thereby p r e v e n t i n g m a l f u n c t i o n of the solar energy storage system 
b y u n c o m p l e x e d cobalt l eached u p o n p r o l o n g e d use of the system. F o r 
these reasons, fur ther w o r k i n this laboratory d i r e c t e d towards the 
development of catalysts for a p r a c t i c a l solar energy storage system based 
o n the interconvers ion of norbornadiene to q u a d r i c y c l a n e w i l l i n v o l v e 
m a i n l y the use of C o ( I I ) complexes of p o r p h y r i n s a n d re lated p l a n a r 
m a c r o c y c l i c l igands such as phthalocyanines . 
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An Entatic State for Copper in Redox Enzymes? 

R O B E R T H. LANE, NANTELLE S. PANTALEO, J A M E S K . FARR, 
WILLIAM M. C O N E Y , and M. GARY NEWTON 

Department of Chemistry, University of Georgia, Athens, GA 30602 

The molecular structure of [Co(en)2(SCH2CH2NH2) • Cu-
(CH3CN)2]2(ClO4)6 • 2H2O (en = ethylenediamine) contains 
a unique mercaptide-bridged Cu(I)2(SR)2 planar unit which 
is structurally related to proposed models for (reduced) 
Type 3 (EPR-nondetectable) copper in multicopper oxidases. 
The Cu-Cu distance of 3.146(2) Å is well within the 5-6 Å 
estimated as a maximum separation for Type 3 coppers. 
The S-S distance of 3.557(6) Å rules out a disulfide bond. 
The S-Cu-S bond angle (97°) indicates that the planar ring 
imparts, or at least allows, a geometry about the copper 
atoms intermediate between that preferred by Cu(I) (tetra
hedral) and Cu(II) (tetragonal), a fact which may be of 
importance in the catalysis of biological redox processes by 
Type 3 copper. 

A n u m b e r of copper metal loprote ins w h i c h f u n c t i o n i n either the trans
por t or r e d u c t i o n of m o l e c u l a r oxygen possess the T y p e 3 copper 

c h r o m o p h o r e w h i c h uses t w o copper atoms as par t of a u n i t that accepts/ 
donates t w o electrons a n d w h i c h apparent ly interacts d i rec t ly w i t h the 
o x y g e n m o l e c u l e {1,2). S ignif icant spectra l features of this c h r o m o p h o r e 
are a n u n u s u a l l y intense e lectronic absorpt ion m a x i m u m at 330 n m (c ̂ * 
2.7 X 10 3 ) i n the o x i d i z e d f o r m a n d the absence of a n E P R s i g n a l i n 
either the o x i d i z e d or r e d u c e d f o r m of the chromophore . R e d o x potent ials 
for T y p e 3 copper are cons iderab ly more posi t ive (0.4-0.8 V vs. S H E ) 
t h a n the s tandard potent ia l for the C u ( I I ) / C u ( I ) a q u a couple (0.167 V ) 
or for most synthet ic copper complexes ( w i t h the except ion of those w i t h 
h i g h l y dis tor ted geometr ies ) , i n d i c a t i n g that the s t ruc tura l envi ronment 
of copper i n proteins effects a greater s tab i l iza t ion of C u ( I ) re lat ive to 
C u ( I I ) than is u s u a l for c o p p e r complexes ( 3 ) . Spec t ra l a n d redox 

0-8412-0429-2/79/33-173-358$05.00/0 
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28. L A N E E T A L . Copper in Redox Enzymes 359 

b e h a v i o r thus s trongly suggest that T y p e 3 copper is s t ructura l ly a t y p i c a l 
w h e n c o m p a r e d w i t h smal l -molecule copper complexes. 

T h e r e are three reasonable combinat ions of m e t a l ox idat ion states for 
o x i d i z e d T y p e 3 copper that are consistent w i t h spectra l a n d redox d a t a : 
( 1 ) C u ( I ) - C u ( I ) w i t h some other group, e.g., d isul f ide , f u n c t i o n i n g as 
a two-e lec tron acceptor; (2 ) C u ( I ) - C u ( I I I ) w h e r e C u ( I I I ) is l o w s p i n ; 
a n d (3 ) a n ant i ferromagnet ica l ly c o u p l e d C u ( I I ) - C u ( I I ) d i m e r . M a g 
net ic suscept ib i l i ty studies o n Rhus vernicifera laccase have establ ished 
that the t w o T y p e 3 copper atoms i n this e n z y m e are present as an ant i 
ferromagnet ica l ly c o u p l e d C u ( I I ) d i m e r (4). T h e T y p e 3 copper atoms 
of h e m o c y a n i n a n d tyrosinase appear to be s i m i l a r l y c o u p l e d a n d sepa
ra ted b y 3 - 5 A (5,6,7). F u r t h e r s t ructura l i n f o r m a t i o n o n the T y p e 3 
copper chromophore is scanty; nei ther the ident i ty of the l igands nor the 
geometry of the site has been ascertained. T h e r e is l i k e w i s e a p a u c i t y of 
l i terature o n b i n u c l e a r copper complexes that exhib i t s t ructura l features 
expected for T y p e 3 copper . 

A l t h o u g h l igands coordinated to the T y p e 3 copper atoms have not 
been ident i f ied , they are expected to have an affinity for b o t h C u ( I I ) a n d 
C u ( I ) . O n this basis the most attractive potent ia l l igands of b i o l o g i c a l 
i m p o r t a n c e are su l fur f r o m cyst ine ( d i s u l f i d e ) , cysteine ( s u l f h y d r y l or 
m e r c a p t i d e ) or methionine ( th ioe ther ) , a n d the i m i d a z o l e n i t rogen of 
h is t id ine (8). Several combinat ions of l i g a t i n g atoms are, of course, 
possible . H o w e v e r , models i n c o r p o r a t i n g t w o mercapt ides or a d isul f ide 
group as l igands b r i d g i n g the t w o copper atoms have rece ived the most 
attention ( 1 , 2 , 9 ) . S u l f u r as a l i g a n d b r i d g e is qui te a p p e a l i n g s ince : 
(1 ) the b r i d g e w o u l d consist of a s ingle atom, a l l o w i n g the metals to 
reside i n close enough p r o x i m i t y for s trong magnet ic interact ion; (2 ) s u l 
f u r stabil izes C u ( I ) relat ive to C u ( I I ) w h i c h w o u l d shif t the redox 
potent ia l of the copper couple i n the des ired d i rec t ion ; a n d (3) su l fur is 
k n o w n to mediate fac i le e lectron transfer i n t ransi t ion m e t a l systems (10, 
11), a fact w h i c h m a y be of impor tance i n m u l t i c o p p e r redox enzymes 
w h e r e e lectron transfer a m o n g copper sites has been i n d i c a t e d (12,13). 

A potent ia l ly severe s t ruc tura l constraint for the T y p e 3 copper site, 
i n fact for a l l redox-act ive b i o l o g i c a l copper sites w h e r e the C u ( I I ) / 
C u ( I ) couple is i n v o l v e d , arises f r o m the different s t ructura l preferences 
of C u ( I I ) ( te tragonal) a n d C u ( I ) ( te t rahedral or larger b o n d angles ) . 
T h e requirement of C u ( I ) for a nontetragonal environment is apparent ly 
qu i te strict, even w i t h such C u ( I ) - s t a b i l i z i n g l igands as su l fur (14). T h e 
i n a b i l i t y of l igands to distort f r o m tetragonal symmetry is reflected i n v e r y 
negative potentials for r e d u c t i o n of C u ( I I ) complexes ( 1 5 ) . If i n the 
g r o u n d states of the o x i d i z e d a n d r e d u c e d forms of T y p e 3 copper the 
copper atoms reside i n their pre fer red s t ructura l environments , t h e n the 
entha lp ic barr ier to ac t ivat ion for e lectron transfer is expected to be 
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360 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 I I 

large. T h i s barr ie r w o u l d arise f r o m the necessity for a t ta in ing i n the 
t rans i t ion state some conf igurat ion intermediate b e t w e e n those of the 
C u ( I I ) a n d C u ( I ) g r o u n d states. S u c h a barr ier is di f f icult to reconci le 
w i t h the h i g h redox rates for copper enzymes (12,13). I f o n the other 
h a n d the g r o u n d state structures of the o x i d i z e d a n d r e d u c e d forms of 
T y p e 3 copper are constrained to resemble the electron transfer t ransi t ion 
state, i.e., they are i n a po i sed or entatic state (16), then l i t t le s t ruc tura l 
reorganizat ion at the copper site is r e q u i r e d . T h e entha lpy of ac t ivat ion 
w o u l d thus be l o w e r e d , not b y l o w e r i n g the energy of the transi t ion state, 
b u t rather b y r a i s i n g the energies of the respective g r o u n d states. S u c h 
a p o i s e d conf igurat ion c o u l d serve the a d d i t i o n a l f u n c t i o n of "fine t u n i n g " 
the redox potent ia l of the m e t a l site to meet the requirements of the par
t i c u l a r redox prote in . T h u s a structure that more near ly resembles that 
p r e f e r r e d b y C u ( I ) w o u l d have the effect of ra i s ing the g r o u n d state 
energy of C u ( I I ) to a greater extent than that of C u ( I ) , y i e l d i n g a more 
posi t ive potent ia l a n d v i c e versa. 

Because of the p a u c i t y of avai lable data, present ly i t is not poss ible 
to descr ibe the arrangement of m e t a l a n d l i g a n d atoms at the T y p e 3 
copper site. H o w e v e r , considerable ins ight into p l a u s i b l e arrangements 
can be d e v e l o p e d f r o m an examinat ion of s t ructural parameters of s m a l l -
m o l e c u l e copper complexes. S t ruc tura l i n f o r m a t i o n is ava i lab le for a 
n u m b e r of b r i d g e d b i n u c l e a r complexes conta in ing a var ie ty of l i g a n d 
types that use oxygen or ch lor ine as b r i d g i n g atoms (cf . T a b l e I ) . 

A l t h o u g h considerable effort has gone into the p r e p a r a t i o n a n d struc
t u r a l de terminat ion of su l fur - conta in ing copper complexes, def ini t ive 
character izat ion of b i n u c l e a r complexes conta in ing a mercapt ide b r i d g e 
has p r o v e d exceedingly dif f icult . T w o major problems w h i c h manifest 
this di f f icul ty are the tendency for C u ( I I ) to read i ly ox id ize mercaptans 

Table I. Comparison of Distances and Angles 

Bridging Atoms (X) 

S (di thiosquarate , s ingly bridged) 
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28. L A N E E T A L . Copper in Redox Enzymes 361 

Journal of the American Chemical Society 

Figure 1. ORTEP drawing of the [Co(en)2(SCH2-
CH2NH2) • Cu(CH3CN2]2

6+ cation. The 50% 
thermal probability ellipsoids are shown for all 
nonhydrogen atoms. Unlabeled atoms are related 
to the labeled ones by the crystallographic center 

of inversion (25). 

for Some Bridged Copper Complexes0 

X-Cu-X Cu-X-Cu X-X C w - C w 
(deg) (deg) (A) (A) Ref. 

86.7 93.3 — 3.355 20 
80.2 98.8 2.917 21 
81.5 99.5 

76.1 103.9 — 3.001 22 

116.2 78.6 3.814 2.844 23 

107.4 72.6 3.865 2.840 24 
97.0 83.0 3.557 3.146 25 

c C g H i o N 2 0 2 " — SchifT base derived from pyrrole-2-carboxaldehyde and 3-amino-
propanol. 
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to their cor responding disulfides (17,18) a n d for C u ( I ) to f o r m p o l y m e r i c 
species w i t h mercaptans ( 1 9 ) . W e have b e e n able to c i r c u m v e n t the 
second p r o b l e m b y c o m p l e x i n g C u ( I ) to a mercapt ide that has undergone 
p r i o r coord ina t ion to subst i tut ion-inert C o ( I I I ) . T h e resul t ing [ C o ( e n ) 2 -
( S C H 2 C H 2 N H 2 ) • C u ( C H 3 C N ) 2 ] 2

6 + complex cat ion contains a C u 2 ( S R ) 2 

p l a n a r uni t ( F i g u r e 1) w h i c h is s t ructura l ly u n i q u e a m o n g b r i d g e d b i 
nuc lear copper complexes a n d w h i c h has features expected for T y p e 3 
copper i n the r e d u c e d state. A p r e l i m i n a r y report of the structure has 
appeared ( 2 5 ) ; the final ref inement w i l l be repor ted elsewhere. 

Features of the C u 2 ( S R ) 2 u n i t that suggest its s imi lar i ty to T y p e 3 
copper i n c l u d e : (1 ) a C u - C u separat ion ( T a b l e I I ) that is w e l l w i t h i n 
the range expected for s trong magnet ic c o u p l i n g ; (2 ) b i o l o g i c a l l y rele
vant su l fur l igands that s tabi l ize C u ( I ) re lat ive to C u ( I I ) ; a n d (3 ) S -
C u - S b o n d angles that are intermediate be tween those pre fer red b y 
C u ( I ) a n d C u ( I I ) . 

T h e t h i r d po in t is especial ly s ignif icant w i t h r e g a r d to the poss ib i l i ty 
of an entatic state for copper at the T y p e 3 site. T h u s i n this example the 
S - C u - S b o n d angle is dis tor ted f r o m those pre fer red b y either C u ( I ) or 
C u ( I I ) t o w a r d a n intermediate va lue that m i g h t be expected for an 
e lectron transfer t ransi t ion state. T h e signif icance of this conf igurat ion 
for a d o u b l y m e r c a p t i d e - b r i d g e d complex is underscored b y the fact that 
i n d o u b l y b r i d g e d complexes w h e r e atoms other than sul fur serve as 
b r i d g i n g l igands, the X - C u - X b o n d angle is almost i n v a r i a b l y less than 
9 0 ° whereas i n s ingly b r i d g e d su l fur complexes a n d i n d o u b l y b r i d g e d 
th iourea complexes, S - C u - S angles more near ly a p p r o a c h those pre fer red 
b y C u ( I ) ( T a b l e I ) . F u r t h e r m o r e , i n the present example a n apparent 
entatic state for copper is at ta ined w i t h o u t the necessity for potent ia l ly 
m o d i f y i n g constraints i m p a r t e d b y a p r o t e i n molecule . T o the extent that 
a s imi lar C u - S arrangement results for T y p e 3 copper , a major role of 
the p r o t e i n m a y w e l l be to constrain n o n - r i n g l igands i n a conf igurat ion 

Table I I . Bond Distances and Angles for the C u 2 ( S R ) 2 Core of 
[ C o ( e n ) 2 ( S C H 2 C H 2 N H 2 ) • C u ( C H 3 C N ) 2 ] 2

6 + 

Type Distance (A) Type Angle (deg) 

C u - S 2 .406(4)" 
2.342(5) 

S - C u - S 97.0(1) 

C u - N 1.951(1) 
1.951(2) 

N - C u - N 118.3(5) 

C u - C u 3.146(2) N - C u - S 117.1(5) 
105.4(5) 

s-s 3.557(6) C u - S - C u 83.0(1) 

° Estimated standard deviation. 
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28. L A N E E T A L . Copper in Redox Enzymes 363 

that "fine tunes" the redox potential of the site to the appropriate value. 
Verification or rejection of these hypotheses, however, awaits more defini
tive structural data on the Type 3 copper chromophore. 
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Metal Tetrathiolenes: Chemistry, 
Stereochemistry, Electrochemistry, 
and Semiconductivity 

BOON-KENG TEO 

Be l l Telephone Laboratories, Murray Hill, N J 07974 

A class of organochalcogen compounds containing one or 
two chalcogen-chalcogen bonds was chosen as ligands for 
organometallic synthesis. New discrete molecular complexes 
containing two, four, and six metal atoms were prepared 
and characterized. These cluster systems exhibit rich electro
chemistry as established by cyclic voltammetry and unusual 
stereochemistry as revealed by x-ray crystallography. A new 
class of organometallic polymers based on these ligands was 
synthesized and characterized. Temperature-dependent 
electrical conductivity measurements revealed semiconduc
tivity consistent with pseudo-one-dimensionality. Electrical 
conductivity can be correlated with the oxidation potential 
of the free ligands. These new semiconducting organo
metallic polymers can be used as reversible anode materials 
for a rechargeable battery system. 

" O e c e n t l y there has been considerable interest i n the m o l e c u l a r des ign 
of b i m e t a l l i c complexes b r i d g e d b y a quadr identa te or a b i s - b i d e n -

tate l i g a n d w i t h h i g h l y d e l o c a l i z e d TT system (1-28). O n e incent ive for 
s u c h a n attempt is to synthesize n e w b i m e t a l l i c clusters that are poten
t i a l l y capable of f o r m i n g m u l t i p a r a l l e l stacks of pseudo-one-d imens iona l 
systems v i a in termolecular m e t a l and/or l i g a n d o r b i t a l overlaps (1—5, 
7_9, 24-28). 

W e have chosen a class of organochalcogen c o m p o u n d s c o n t a i n i n g 
one or t w o c h a l c o g e n - c h a l c o g e n bonds as potent ia l l igands for organo
m e t a l l i c synthesis (1,2,3,4,5). T y p i c a l members are C i 0 H 6 X Y ( w h e r e 

0-8412-0429-2 / 79 / 33-173-364$05.75/ 0 
© 1979 American Chemical Society 
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29. T E O Metal Tetrathiolenes 365 

X Y 

X Y = S S , SeSe,TeTe 
S S e , S T e , S e T e 

Figure 1. Dichalcolene ligands 
involving 1,8-substituted naph

thalene systems 

X Y = S 2 , Se 2 , T e 2 , SSe, STe , a n d SeTe) (29,30,31,32) w h i c h c o n t a i n 
one c h a l c o g e n - c h a l c o g e n b o n d (cf. F i g u r e 1) a n d C i 0 H 4 X 4 (33), 
C 1 8 H 8 X 4 (34,35), a n d C 1 0 C 1 4 X 4 (36) w h e r e X = S, Se, a n d T e ) w h i c h 
c o n t a i n t w o c h a l c o g e n - c h a l c o g e n bonds (cf . F i g u r e 2 ) . These organic 
molecules possess three favorable steric a n d electronic features w h i c h 
m a k e t h e m excellent l igands . F i r s t , they are s t ructura l ly p lanar w i t h 
extensive e lectron d e r e a l i z a t i o n (29-36). - Secondly, the c h a l c o g e n -
cha lcogen b o n d ( s ) i n each of these molecules are w e l l sui ted for ox i 
da t ive a d d i t i o n reactions w i t h low-va lent t rans i t ion m e t a l complexes (1, 
2,3,4,5). F o r the latter class of tetrachalcogen l igands, i t m a y constitute 
a b r i d g e be tween t w o meta l atoms (1,2, 3, 4,5). F i n a l l y , u p o n coord ina 
t i o n to one or t w o m e t a l atoms, the d i - a n d tetrachalcogen l igands c a n 
accommodate a f o r m a l charge of —2 a n d —4, respect ively (1,4). T h e 
i m p l i c a t i o n of such a qual i ta t ive cons iderat ion is that the resul t ing c o m 
plexes, w h i c h c a n a p p r o p r i a t e l y be t e r m e d as m e t a l d i - a n d tetrachalco-
lenes, w i l l exhib i t u n u s u a l l y r i c h e lectrochemistry (4). I n this chapter , 
w e w i l l first give a general v i e w o n the l igands a n d then restrict ourselves 
to the m e t a l tetrathiolenes i n the subsequent discussions. 

C o n c e i v a b l y , m e t a l tetrachalcolenes of the types exempl i f ied i n 
F i g u r e 3 for m e t a l tetrathiolenes can be synthesized. F o r discrete p o l y -
nuc lear meta l complexes, one c a n either b u i l d u p the o l igomer ic clusters 
b y f o r m i n g in-plane , m e t a l - l i g a n d a bonds w i t h tetrathiolene a n d other 

S — : S S — S S — S 

S — S S — S S — S 

TTT TTN TCTTN 

Figure 2. Tetrathiolene ligands (a subclass of tetrachalco
lenes) C18H8S,(TTT), C10HtSJTTN), and C10ClfySh(TCTTN) 
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366 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 I I 

MOLECULAR CLUSTERS ORGANOMETALLIC POLYMERS 

(b) (d) 

Figure 3. Examples of molecular and polymeric metal tetrathiolenes, a 
subclass of metal tetrachalcolenes 

bidentate l igands ( F i g u r e 3a) or f o r m s m a l l clusters b y out-of -plane 
7r-orbital overlaps ( F i g u r e 3 b ) . F o r the p o l y m e r i c species, one can have 
pseudo-one-d imens iona l chains w i t h a l ternat ing units of m e t a l atoms ( o r 
complexes) a n d the tetrathiolene l igands ( F i g u r e 3c) or m u l t i p l e c o l u m 
nar stacks of m e t a l complexes and/or the l igands ( F i g u r e 3 d ) . I t is 
obvious that F i g u r e s 3c a n d 3 d can f o r m a l l y be cons idered as extensions 
of F i g u r e s 3a a n d 3b. A fur ther v a r i a t i o n of F i g u r e s 3b a n d 3 d m a y 
i n v o l v e the c o r r e s p o n d i n g "s taggered" structures, w i t h the m e t a l atoms 
in terac t ing w i t h the sulfurs rather t h a n the metals of the adjacent u n i t ( s ) 
or c h a i n ( s ) ( 3 7 ) . I t is also r e a d i l y apparent that for s t ructura l types 
s h o w n i n F i g u r e s 3b a n d 3 d , i t is necessary to m i n i m i z e the steric require 
ments of the t e r m i n a l l igands . 

A s u m m a r y of our recent attempts i n the synthesis, character izat ion , 
structure, a n d b o n d i n g of n e w m e t a l tetrathiolene clusters a n d p o l y m e r s 
w i l l be presented. E m p h a s i s w i l l be p l a c e d o n their n o v e l stereochemis
try , their u n u s u a l l y r i c h e lectrochemistry, a n d their interest ing p h y s i c a l 
propert ies (1,2,3,4,5), w i t h the hope of generat ing a n d u n d e r s t a n d i n g 
n e w materials of t e c h n o l o g i c a l s ignif icance. 

Organocbalcogen Ligands 

A major incent ive for the organic synthesis of the l igands to be dis 
cussed i n this sect ion comes f r o m the recent intense interest i n pseudo-
one-d imens iona l "organic m e t a l " (31, 33, 38-47). I n fact, the e lec tr ica l 
c o n d u c t i v i t y of the tetrathiotetracene ( T T T ) a n d its monocat ion , first 
synthes ized b y M a r s c h a l k i n 1948 (34,35), has been n o t e d for a l o n g 
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29. T E O Metal Tetrathiolenes 367 

t ime. It is not u n t i l recent ly that its close analogs, tetrachlorotetrathio-
naphthalene ( T C T T N ) (36) a n d tetrathionaphthalene ( T T N ) ( 3 3 ) , 
were m a d e i n 1972 a n d 1976, respect ively . S i m i l a r l y , w h i l e d i t h i o n a p h -
thalene ( D T N ) (29) was m a d e i n 1911, the seleno a n d te l luro (as w e l l 
as the m i x e d c o m b i n a t i o n s ) analogs were repor ted o n l y recent ly (1977) 
(31,32). 

T o get a n i d e a w h y these d i - or tetramercapto c o m p o u n d s are p r o n e 
to o x i d a t i o n a n d f o r m stable r a d i c a l monocat ions or dicat ions , w e n e e d 
only consider the convers ion of naphthalene ( C i 0 H 8 ) to d i t h i o n a p h t h a -
lene ( D T N , C 1 0 H 6 S 2 ) to te trathionaphthalene ( T T N , C i 0 H 4 S 4 ) . A l l 
three molecules are str ict ly p l a n a r w i t h h i g h l y d e l o c a l i z e d ?r-systems. 
H o w e v e r , the o r b i t a l characters of the h ighes t -occupied m o l e c u l a r orbitals 
( H O M O ) i n these molecules change d r a m a t i c a l l y u p o n replacement of 
the hydrogens at 1,8 a n d 4,5 posit ions, successively, b y the sul fur atoms. 
It goes f r o m a n a p h t h y l - r i n g - c e n t e r e d b o n d i n g TT o r b i t a l i n C i 0 H 8 to a 
di th io-centered TT o r b i t a l w h i c h is a n t i b o n d i n g b e t w e e n the t w o sul fur 
atoms i n C i 0 H 6 S 2 to a tetrathio-centered TT o r b i t a l w h i c h is a n t i b o n d i n g 
b e t w e e n the t w o pairs of sul fur atoms i n C i 0 H 4 S 4 , as p o r t r a y e d i n F i g u r e s 
4a, 4b, a n d 4c, respect ively . A s expected, w i t h the increas ing degree of 
a n t i b o n d i n g , the o r b i t a l energies rise dras t i ca l ly i n the same d i r e c t i o n : 
- 1 2 . 7 9 , - 8 . 5 3 , a n d - 6 . 1 7 e V i n C 1 0 H 8 , C 1 0 H 6 S 2 , a n d C 1 0 H 4 S 4 , respec
t ive ly . These results were based o n n o n p a r a m e t e r i z e d m o l e c u l a r o r b i t a l 
ca lculat ions p e r f o r m e d u s i n g a n approximate H a r t r e e - F o c k - R o o t h a a n 
S C F - L C A O m e t h o d d e v e l o p e d b y F e n s k e et a l . (48). T h i s energetic 
t r e n d t h e n predicts that i t s h o u l d become increas ingly easy to ox id ize the 
series d o H s - n S ^ w i t h increas ing n = 0,2,4 as d e p i c t e d i n F i g u r e 5 ( the 
potentials are converted to vs. A g / O . O I M A g N 0 3 i n acetonitr i le at a 
p l a t i n u m electrode) (30,33). I n fact, i t is poss ible to p l o t the o r b i t a l 
energy as a f u n c t i o n of the one-electron ox ida t ion p o t e n t i a l for the c o n -

Figure 4. Representations of highest occupied molecular orbital 
(HOMO) of naphthalene (a), dithionaphthalene (b), and tetrathio
naphthalene (c). The shaded and empty circles represent the positive 
and negative lobes of the atomic iz orbitals (perpendicular to the mo

lecular plane). 
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29. TEO Metal Tetrathiolenes 369 

vers ion of the n e u t r a l C i 0 H 8 _ w S „ to its r a d i c a l cations [ C i 0 H 8 _ M S w ] + as 
s h o w n i n F i g u r e 6. A g r a t i f y i n g l inear re la t ionship is c lear ly observed. 
F u r t h e r m o r e , the fact that the e lec t ron(s ) come out of orbitals w h i c h 
are h i g h l y a n t i b o n d i n g b e t w e e n the sul fur atoms for n = 2 a n d n = 4 i n 
C i 0 H 8 . n S w suggests that the resu l t ing cations s h o u l d be qui te stable. 

A n obvious v a r i a t i o n of these prototypes of organic molecules is the 
replacement of one or b o t h of the sul fur atoms b y s e l e n i u m or t e l l u r i u m . 
T h i s has been done w i t h C i 0 H 6 S 2 . I n fact, the complete series of c o m 
p o u n d s w i t h the general f o r m u l a C i 0 H 6 X Y w h e r e X Y = SS, SeSe, T e T e , 
SSe, STe , a n d SeTe recent ly has been successful ly synthes ized a n d char
ac ter ized . T h e o x i d a t i o n p o t e n t i a l is b e l i e v e d to decrease a l o n g the series 
C i 0 H 6 S 2 , C i o H 6 S e 2 , a n d C i o H 6 T e 2 . T h e room-temperature-compressed 
pel le t e lectr ica l resist ivi ty of the c o r r e s p o n d i n g monocat ions as T C N Q " 
salts also decreases d r a m a t i c a l l y f r o m 7.2 X 1 0 1 1 to 1 X 10 7 to 50 o h m - c m 
a l o n g the same series (30,31). T h e temperature (T) dependence of the 
e lec tr ica l resist ivi ty (R) f o l l o w the l inear re la t ionship InR vs. T " 1 / 2 over 
a reasonably large temperature range, suggest ing p s e u d o - o n e - d i m e n 
s ional i ty . S i m i l a r replacement of the su l fur atoms i n C10H4S4 b y its 
heavier congeners to f o r m C i o H 4 X n Y 4 _ n ( w h e r e X , Y = S, Se, or T e a n d 
0 < n < 4) or C 1 0 H 4 X j Y m Z „ ( w h e r e X , Y , Z = S, Se, or T e a n d I + m + 

0.2 0.4 0.6 0.8 1.0 1.2 
OXIDATION POTENTIAL (VOLTS) 

(vs Ag/0.01M Ag N03) 

14 

Figure 6. A linear correlation of the first one-electron oxidation po
tential of naphthalene (C10H8), dithionaphthalene (C10H6S2), and 
tetrathionaphthalene (C^HfiJ with the calculated HOMO energies 
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370 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 II 

n = 4) has not been rea l ized . S u c h a series of c losely re la ted c o m p o u n d s 
u n d o u b t e d l y w i l l g ive rise to h i g h l y interest ing trends of redox potentials , 
e lec tr ica l conduct iv i t ies , as w e l l as other p h y s i c a l or transport propert ies 
w h i c h w i l l shed l i g h t on the c h e m i c a l b o n d i n g a n d solid-state propert ies 
(e .g . c o l u m n a r s tacking interact ions v i a o r b i t a l over laps) of these species. 

A different v a r i a t i o n of these p l a n a r organic molecules c a n be 
a c h i e v e d b y r i n g subst i tut ion. F o r example , f o r m a l replacements of the 
f o u r hydrogens i n C i 0 H 4 S 4 ( T T N ) b y t w o benzo r ings a n d four chlorines 
y i e l d C 1 8 H 8 S 4 ( T T T ) a n d C 1 0 C 1 4 S 4 ( T C T T N ) , respect ively (cf . F i g u r e 
2 ) . These c o m p o u n d s , however , were m a d e b y different procedures 
u n d e r different condi t ions . T h e redox potentials are also dras t i ca l ly d i f 
ferent. E a c h molecu le exhibits t w o reversible oxidat ions a n d one (or 
t w o ) i r revers ib le r e d u c t i o n r e a c t i o n ( s ) . T h e first ox ida t ion step occurs 
at —0.05, +0 .27 , a n d + 0 . 6 4 V whereas the second ox ida t ion react ion 
occurs at +0 .44 , +0 .65 , a n d + 0 . 9 7 V for T T T (49), T T N (33), a n d 
T C T T N (4), respect ively , as s h o w n schemat ica l ly i n F i g u r e 7. T h e 
c o r r e s p o n d i n g i rrevers ib le r e d u c t i o n w a v e occurs at —1.30 (also —1.67), 
— 1.42, a n d —1.26 V . These values are s t a n d a r d i z e d w i t h respect to 
A g / O . O I M A g N 0 3 . T h e e lec tr ica l c o n d u c t i v i t y of the monocat ions are 
0.07 to - 1 a n d 40 ( o h m - c m ) " 1 for T T T (38,39,40) a n d T T N + ( 3 3 ) , 
respect ively . It is c lear that there seems to be a corre la t ion b e t w e e n the 
e lec tr ica l c o n d u c t i v i t y a n d the ox ida t ion p o t e n t i a l : v i z , as the ease of 
o x i d a t i o n decl ines a l o n g the series T T T , T T N , T C T T N , so does the con
d u c t i v i t y . T h i s m a y be re la ted to the b a n d g a p of the s e m i c o n d u c t i n g 
monocat ion ic species w h i c h , q u a l i t a t i v e l y speaking, increases w i t h the 
l o w e r i n g of the energy of the highest o c c u p i e d m o l e c u l a r o r b i t a l w h i c h , 
i n t u r n , correlates w i t h the dec l ine of the ease of ox idat ion . 

It occurs to us that these p lanar , h i g h l y 7r-delocalized, easi ly redoxed 
organochalcogen c o m p o u n d s can f u n c t i o n as excellent l igands i n organo
meta l l i c synthesis. T h e c h a l c o g e n - c h a l c o g e n b o n d ( s ) i n these molecules 
c a n u n d e r g o fac i le o x i d a t i v e - a d d i t i o n reactions w i t h a var ie ty of inor
ganic or organometa l l i c c o m p o u n d s , especia l ly those w i t h l o w o x i d a t i o n 
states, thereby p r o d u c i n g o l igomer ic or p o l y m e r i c organometa l l i c c o m 
plexes c o m p r i s e d of chains of t rans i t ion metals b r i d g e d b y the above-
m e n t i o n e d tetrachalcogen l igands as w e l l as other b identate l igands . T h e 
free ends of these clusters or chains c a n be t e r m i n a t e d b y the above-
m e n t i o n e d d i c h a l c o g e n l igands , other l igands , or other m e t a l complexes . 
W e expect these n e w materials to exhib i t n o v e l stereochemistry, r i c h 
e lectrochemistry, a n d u n u s u a l transport or ca ta lyt ic propert ies . I n the 
f o l l o w i n g sections, w e s u m m a r i z e par t of our recent attempts i n synthe
s i z i n g these n e w materials a n d i n s t u d y i n g their i n t r i g u i n g c h e m i c a l a n d 
p h y s i c a l propert ies . W e w i l l focus o n the three tetrathiolene l igands 
T T T , T T N , a n d T C T T N . I t s h o u l d be e m p h a s i z e d , however , that a large 
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372 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 I I 

n u m b e r of different types of reactions a n d propert ies are conce ivable for 
these d i - a n d te t racha lcogen-organometa l l i c c o m p o u n d s . These are cur
rent ly u n d e r invest igat ion a n d w i l l be subjects of fu ture p u b l i c a t i o n s . 

Molecular Metal Tetrathiolene Clusters 

B i m e t a l l i c tetrathiolene complexes of the general t y p e L 2 n M 2 ( T T L ) 
c a n be o b t a i n e d b y reac t ing t w o moles of l o w - v a l e n t t rans i t ion m e t a l 
complex L n + W M (here L a n d M refers to the l igands a n d the meta l , 
respect ively ; the m - f n l igands L n e e d not be i d e n t i c a l ) w i t h one m o l e 
of the T T L ( w h e r e T T L = T T T , T T N , or T C T T N ) l igands v i a o x i d a 
t ive a d d i t i o n of the t w o s u l f u r - s u l f u r bonds to the t w o m e t a l atoms 
( E q u a t i o n 1 ) . T h e resul t ing b i m e t a l l i c compleses can adopt a m o l e c u l a r 

2 L m + n M + T T L -> L 2 n M 2 ( T T L ) + 2 m L (1) 

structure (3 ) c o m p r i s e d of a tetrathiolene ( T T L ) l i g a n d b r i d g i n g t w o 
m e t a l complexes ( L n M ) v i a four m e t a l - s u l f u r bonds , t w o o n each side of 
the m o l e c u l e as exempl i f ied i n F i g u r e 3a. 

T h e solubi l i t ies of these complexes i n c o m m o n organic solvents are 
rather l i m i t e d , b e i n g somewhat soluble i n N , N ' - d i m e t h y l f o r m a m i d e , 
methylene ch lor ide , a n d c h l o r o f o r m , spar ing ly so luble i n benzene, a n d 
inso luble i n acetonitr i le , acetone, hexane, etc. T h e l i m i t e d s o l u b i l i t y 
prec ludes measurements such as m o l e c u l a r w e i g h t determinat ions . N e v 
ertheless, the products general ly prec ipi ta te out of solvents such as b e n 
zene as microcrys ta l l ine solids a n d can be recrys ta l l i zed w i t h m i x e d 
solvents (1,3,4). 

T h e I R spectra of the resu l t ing complexes reveal character ist ic bands 
w h i c h are diagnost ic of the presence of the T T L l igands . These bands , 
however , are sh i f ted f r o m those of the free l igands w h i c h occur as f o u r 
s trong features at : ( a ) 1 6 1 6 ( m ) , 1 3 1 7 ( m ) , 1304(s) , 9 6 8 ( w ) , 742(s ) 
( o r 7 1 4 ( w ) ) c m " 1 for T T T ; ( b ) I 5 4 0 ( s ) , 1362(s) , 1185(vs) , 797 (vs ) 
c m " 1 for T T N ; a n d ( c ) 1528(s) , 1428(s) , 1299(vs) , 8 5 4 ( m ) c m " 1 fo r 
T C T T N . S i m i l a r l y , the U V - v i s i b l e spectra of these complexes exhib i t 
features characterist ic of the T T L l igands . I n fact, the colors of these 
complexes p a r a l l e l those of the free l i g a n d s : the T T T , T T N , a n d T C T T N 
complexes are general ly green, r e d , a n d orange, respect ively . T h i s corre
lates w i t h the v i s i b l e absorptions of the free l igands w h i c h occur at ( A m a x 

i n n m a n d c i n M 1 c m ' 1 i n parentheses) : 694 (6.39 X 1 0 3 ) , 637 (4.85 X 

10 3 ) , 583 (sh, 3.08 X 1 0 3 ) , 471 (4.85 X 1 0 3 ) , 428 (sh, 2.86 X 1 0 3 ) , a n d 
403 (sh, 1.54 X 10 3 ) for T T T ( g r e e n ) ; 420 (1.84 X 1 0 4 ) , 397 (sh, 1.49 X 

10 4 ) , a n d 377 (sh, 8.60 X 10 3 ) for T T N ( r e d ) ; a n d 423 (2.07 X 1 0 4 ) , 
397 (1.58 X 1 0 4 ) , a n d 372 (sh, 7.23 X 10 3 ) for T C T T N ( g o l d e n y e l l o w ) . 
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29. T E O Metal Tetrathiolenes 373 

T h e reactions of Vaska's compounds , £ r a n s - I r ( P P h 3 ) 2 ( C O ) X ( X = C I , 
B r , I), w i t h T T N i n benzene u n d e r reflux for 3 -5 h r i n a 2:1 m o l a r rat io 
gave rise to orange complexes w h i c h analyze as ( P h 3 P ) 2 ( C O ) 2 X 2 l r 2 ( T T N ) 
( E q u a t i o n 2) (4). T h e I R spectra revealed the presence of c o o r d i n a t e d 

2 I r ( P P h 3 ) 2 ( C O ) X + T T N - > 

( P h 3 P ) 2 ( C O ) 2 X 2 I r 2 ( T T N ) + 2 P P h 3 (2) 

C O , T T N , a n d P h 3 P l igands . T h e c a r b o n y l stretching f requency occurs at 
2019, 2017, a n d 2005 c m " 1 for X = C I , B r , a n d I, respect ively, w i t h fine 
structures d e v e l o p i n g u p o n ref luxing. T h e f o u r T T N bands, w h i c h are 
analogous for the series, occur at 1532(s) , 1340(s) , 1 1 9 0 ( m ) , a n d 
8 1 3 ( b r , w ) c m " 1 . T h e intensities of the T T N bands are comparab le w i t h 
those of the P h 3 P bands for these complexes w i t h the T T N : P h 3 P rat io of 
1:2. T h e electronic spectra of ( P h 3 P ) 2 ( C O ) 2 X 2 I r 2 ( T T N ) complexes i n 
C H 2 C 1 2 are d o m i n a t e d b y t w o major bands i n the v i s ib le reg ion . T h e 
lowest-energy b a n d , w h i c h occurs at 446 (2.42 X d 0 4 ) , 452 ( 2.52 X 1 0 4 ) , 
a n d 438 n m (2.62 X 10 4 M " 1 c m " 1 ) for X = C I , B r , a n d I, respect ively, is 
m o r e or less insensit ive to the nature of the halogen. O n the other h a n d , 
the shoulder- l ike b a n d at h igher energy w h i c h occurs at ( A m a x i n n m a n d 
c i n M 1 c m " 1 i n parentheses) 318 (sh, 1.42 X 10 4 ) , 349 (sh, 1.27 X 1 0 4 ) , 
a n d 380 (sh, 1.61 X 10 4 ) for X = CI , B r , a n d I, respect ively, is h i g h l y 
ha logen sensitive, b e i n g shi f ted to l o w e r energy a long the sequence X = 
C I , B r , I. T h e U V bands occur at 270 n m (sh, 2.56 X 10 4 , 2.70 X 10 4 , a n d 
3.17 X 1.04 for X = C I , B r , a n d I, r espec t ive ly ) . P r e l i m i n a r y c y c l i c vol t -
a m m e t r y studies revea led that these d i i r i d i u m clusters undergo one 
i rrevers ible ox idat ion a n d one i rrevers ible r e d u c t i o n react ion. 

A series of d i p l a t i n u m tetrathiolene complexes c a n be p r e p a r e d b y 
reac t ing P t ( P P h 3 ) 4 i n benzene w i t h the corresponding T T L l i g a n d i n a 
m o l a r rat io of 2 :1 ( E q u a t i o n 3) (4). T h e microcrys ta l l ine products , 

2 P t ( P P h 3 ) 4 + T T L -> ( P h 3 P ) 4 P t 2 ( T T L ) + 4 P P h 3 (3) 

w h i c h f o r m as green, red , a n d orange prec ip i ta te for T T L = T T T , T T N , 
a n d T C T T N , respect ively, have been f o r m u l a t e d as ( P h 3 P ) 4 P t 2 ( T T L ) 
b y e lementa l analysis . I R spectroscopy revea led the presence of b o t h 
T T L a n d P h 3 P l igands , w i t h the former b e i n g m u c h weaker i n b a n d 
intensi ty than the latter, a t t r ibutable to the 1:4 ratio of T T L : P h 3 P . T h e 
four s trong T T L bands occur i n the complexes at 1 6 0 9 ( w ) , 1276(s ) , 
9 5 4 ( v w ) , a n d 7 4 0 ( m ) c m " 1 for T T L — T T T ; at I 5 3 0 ( w ) , 1 3 4 6 ( m ) , 
1178(s) , 8 1 8 ( w ) , a n d 808(sh) c m " 1 for T T L — T T N ; a n d at 1 4 6 5 ( w ) , 
1 3 9 2 ( w ) , 1239(s) , a n d 8 3 6 ( w ) c m " 1 for T T L — T C T T N . T h e v i s i b l e 
spectra of the ( P h 3 P ) 4 P t 2 T T L complexes have t w o major bands w i t h 
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374 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 I I 

v a r y i n g degrees of unreso lved fine structure at ( A m a x i n n m a n d e i n M ' 1 

c m " 1 i n parentheses) : 720 (1.80 X 1 0 4 ) , 652 (sh, 1.03 X 1 0 4 ) , 440 w • sh, 
5.54 X 1 0 3 ) , a n d 387 (sh , 1.05 X 10 4 ) for T T L = T T T ; 519 (1.44 X 1 0 4 ) , 
490 (1.35 X 1 0 4 ) , 439 (1.43 X 1 0 4 ) , a n d 423 (1.43 X 10 4 ) for T T L — 
T T N ; a n d 502 (1.24 X 1 0 4 ) , 447 (8.50 X 1 0 3 ) , a n d 409 (9.44 X 10 3 ) for 
T T L = T C T T N . These v i s i b l e bands are, i n general , sh i f ted to l o w e r 
energies i n compar i son w i t h the free l igands . 

I n order to establ ish u n a m b i g u o u s l y the stereochemistry of these 
m e t a l tetrathiolenes as w e l l as the m o d e of b i n d i n g of the tetrathiolene 
l igands to transi t ion m e t a l complexes, s ingle-crystal x-ray s t ructura l 
determinat ions of ( P h 3 P ) 4 P t 2 ( T T N ) a n d ( P h 3 P ) 2 ( C O ) 2 B r 2 I r 2 ( T T N ) 
w e r e u n d e r t a k e n ( 3 ) . 

F i g u r e s 8 a n d 9 depic t the structure of ( P h 3 P ) 4 P t 2 ( T T N ) i n d i f 
ferent v iews . I t involves a te trathionaphthalene ( T T N ) l i g a n d b r i d g i n g 
t w o b i s - t r i p h e n y l p h o s p h i n e p l a t i n u m moieties w i t h each p l a t i n u m a t o m 
b e i n g c o o r d i n a t e d to t w o phosphorus ( f r o m t w o P P h 3 l i g a n d s ) a n d t w o 
sul fur ( f r o m the T T N l i g a n d ) atoms. T h e p l a t i n u m c o o r d i n a t i o n a n d the 
b r i d g i n g T T N l i g a n d (except, perhaps , the sul fur a toms) are close to 
p l a n a r i t y . T h e molecule as a w h o l e , however , is b y n o means p lanar . 
T h e o v e r a l l distort ions f r o m p l a n a r i t y can be v i s u a l i z e d as a s m a l l rota
t i o n of the sul fur atoms about the C ( 3 ) - C ( 3 ) ' b o n d , f o l l o w e d b y a large 
rota t ion of each of the t w o p l a t i n u m c o o r d i n a t i o n planes about the 
S • • • S edge, resu l t ing i n the d i h e d r a l angles of 12 .6° b e t w e e n the 
average planes f o r m e d b y naphthalene group a n d S ( l ) - C ( l ) - C ( 3 ) -
C ( 2 ) - S ( 2 ) a n d of 38 .4° b e t w e e n the average planes f o r m e d b y S ( l ) -
C ( l ) - C ( 3 ) - C ( 2 ) - S ( 2 ) a n d the P t S 2 P 2 coord ina t ion . T h e resul t ing 
m o l e c u l a r geometry is centrosymmetr ic w i t h the center of s y m m e t r y 
loca ted at the m i d p o i n t of C ( 3 ) a n d C ( 3 ) ' . A n interest ing observat ion 
of the crysta l structure of ( P h 3 P ) 4 P t 2 ( T T N ) is that the in t ra - a n d inter-
m o l e c u l a r F t • • • P t vectors f o r m p a r a l l e l arrays of z i g - z a g chains, w i t h 
the former (9 .043(4) A ) b e i n g substant ia l ly longer t h a n the latter 
(7 .662(4) A ) . 

O n the other h a n d , the structure of ( P h 3 P ) 2 ( C O ) 2 B r 2 I r 2 ( T T N ) is 
a tota l surprise to us ( 3 ) . O n c h e m i c a l as w e l l as s tereochemical grounds , 
one m i g h t expect t w o s q u a r e - p y r a m i d a l or t r i g o n a l - b i p y r a m i d a l ( P h 3 P ) -
B r ( C O ) I r S 2 complexes b r i d g e d b y the T T N l i g a n d (cf . ( P h 3 P ) 4 P t 2 -
( T T N ) ) . T h e d e t e r m i n e d structure of the former c o m p o u n d , however , 
bears no resemblance to the latter. T h e t w o i r i d i u m s , instead of o x i d a -
t i v e l y c l e a v i n g the t w o s u l f u r - s u l f u r bonds i n T T N , react w i t h o n l y one 
of them, resul t ing i n a "but ter f ly" arrangement of the I r 2 S 2 ( f r o m T T N ) 
fragment . T h e molecule is best descr ibed as t w o ( P h 3 P ) ( C O ) B r l r moie 
ties b r i d g e d b y t w o sul fur atoms (S • • • S of 3.07 A ) f r o m T T N . T h i s 
u n u s u a l i r i d i u m d i m e r has a n I r - I r distance of 2.68 A w i t h the m e t a l -
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29. T E O Metal Tetrathiolenes 375 

m e t a l b o n d c o n c e p t u a l l y o c c u p y i n g the s ix th c o o r d i n a t i o n site of the 
h i g h l y d is tor ted oc tahedra l coordinat ions . 

T h e signif icance of the ( P h 3 P ) 4 P t 2 ( T T L ) complexes lies i n the ir 
r i c h e lectrochemistry (4). C y c l i c v o l t a m m e t r y ( a 10~ 3 M solut ion i n 0 . 1 M 
( n - C 4 H 9 ) 4 N + C 1 0 4 " i n C H 2 C 1 2 u s i n g a scan rate of 200 m V / s e c , a p l a t i n u m 
b e a d as w o r k i n g electrode, a p l a t i n u m w i r e as counter electrode, a n d 

P(2) C(4) C(5) 

P(l)' 
(b) 

Figure 8. The PkPt2C10Sh core of the [(C6H5)3P]tfPt2(C10HJtSIf) molecule 
(ORTEP diagram, 50% probability thermal ellipsoids, infinity projection) with 
cry st alio graphic C r I symmetry located at the midpoint between C(3) and 
C(3)'. (a) View along the normal of the naphthalene plane and (b) view 

similar to (a) but rotated 90° about the C(3)-C(3)' bond. 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

97
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
97

9-
01

73
.c

h0
29



376 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 I I 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

97
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
97

9-
01

73
.c

h0
29



29. T E O Metal Tetrathiolenes 377 

A g / O . O I M A g N 0 3 i n C H 3 C N as reference e lectrode) revea led t w o re
vers ib le one-electron oxidations at —0.51 a n d —0.28 V for ( P h 3 P ) 4 P t 2 -
( T T T ) (at ambient temperature) b u t f o u r revers ible one-electron o x i d a 
t i o n waves at - 0 . 2 8 , ~ - 0 . 0 5 , ~ 0.01, a n d 0.31 V for ( P h 3 P ) 4 P t 2 ( T T N ) 
(at ambient t e m p e r a t u r e ) . T h e c y c l i c v o l t a m m o g r a m of ( P h 3 P ) 4 P t 2 -
( T C T T N ) at a m b i e n t temperature turns out to be more c o m p l i c a t e d . 
H o w e v e r , at d r y ice/acetone temperature , i t exhibits t w o revers ible one-
electron oxidations at —0.02 a n d + 0 . 2 1 V a n d t w o quasi -revers ible o x i d a 
tions at +0 .58 a n d + 0 . 9 4 V . These o x i d a t i o n potentials are shi f ted d r a 
m a t i c a l l y i n the negat ive d i r e c t i o n (more easi ly o x i d i z e d ) w i t h respect 
to the free l igands ( v i d e supra) as d e p i c t e d i n F i g u r e 7. T h i s is taken as 
a n i n d i c a t i o n of a b u i l d u p of negat ive charge i n the T T L l i g a n d u p o n 
coord ina t ion . T h e E P R spectra of the paramagnet i c mono- a n d tr icat ions 
of ( P h 3 P ) 4 P t 2 ( T T N ) i n d i c a t e d that i n the m o n o c a t i o n the s p i n densities 
are substant ia l ly l o c a l i z e d o n the T T N l i g a n d w i t h no observable h y p e r -
fine in terac t ion(s ) w i t h the p l a t i n u m atoms, whereas i n the t r i ca t ion there 
is a signif icant amount of s p i n densities " l o c a l i z e d " o n one p l a t i n u m a tom 
(nonequiva lent hyperf ine interact ions) even t h o u g h the u n p a i r e d e lectron 
also resides m a i n l y o n the b r i d g i n g l i g a n d ( I ) . 

T h e s tereochemical nove l ty a n d the e lec t rochemica l richness of the 
b i m e t a l l i c tetrathiolene complexes p r o m p t e d us to synthesize a n d s tudy 
longer chains of o l igometa l l i c tetrathiolene clusters. T h e t e t r a p l a t i n u m 
clusters ( D P P A ) 4 P t 4 ( T T L ) 3 ( w h e r e D P P A = P h 2 C = C P h 2 ; T T L — 
T T T , T T N ) can be p r e p a r e d b y reac t ing s to ichiometr ic equivalents of 
the D P P A - b r i d g e d p l a t i n u m d i m e r P t 2 ( D P P A ) 2 ( P P h 3 ) 4 w i t h the corre
s p o n d i n g tetrathiolene as s h o w n i n E q u a t i o n 4 ( 5 0 ) . I R a n d U V - v i s i b l e 

2 P t 2 ( D P P A ) 2 ( P P h 3 ) 4 + 3 T T L -> ( D P P A ) 4 P t 4 ( T T L ) 3 + 8 P P h 3 (4) 

spectroscopies suggest the presence of the tetrathiolene a n d the b is -
p h o s p h i n e l igands . These c o m p o u n d s are i n general more deeply c o l o r e d 
a n d less soluble t h a n the d i p l a t i n u m complexes. A z i g - z a g c h a i n - l i k e 
structure w i t h b r i d g i n g tetradentate T T L a n d bidentate D P P A l igands 
d e p i c t e d i n 1 is expected for these t e t r a p l a t i n u m clusters. C y c l i c v o l t a m -
mograms of these te t rapla t inum-te t ra th io lene clusters i n d i c a t e d a complex 
m a n i f o l d of o v e r l a p p i n g revers ible a n d quasi -revers ible o x i d a t i o n waves 

l I I I 
I I I I 
i I I I 

( T T L ) P t ( D P P A ) 2 P t ( T T L ) P t ( D P P A ) 2 P t ( T T L ) 
I I I I 
I I I I 
l I I l 

1 
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378 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 I I 

( w h i c h amount to a tota l of a p p r o x i m a t e l y 12 e lectron transfers i n the 
case of ( D P P A ) 4 P t 4 ( T T N ) 3 ) ( 5 0 ) . 

L o n g e r h o m o - or heteronuclear c h a i n - l i k e clusters s u c h as the hexa-
m e t a l c o m p l e x 2 c a n be p r e p a r e d b y reac t ing the c o r r e s p o n d i n g m e t a l 
clusters w i t h a c o m b i n a t i o n of the tetrathiolenes a n d other a p p r o p r i a t e 
mul t identa te l igands as br idges . T h e m e t a l atoms M , M ' , a n d M " , the 
tetrathiolene l igands , T T L , T T L ' , a n d the 1 b identate L L a n d 1' t e r m i n a l 
L l igands n e e d not be i d e n t i c a l w i t h i n each g r o u p . W e are ac t ive ly 
p u r s u i n g the synthesis, s tructure, a n d e lectrochemistry of these u n u s u a l 
c luster c o m p o u n d s . 

I I I I l I 
I I I I I I 

L i ' M " ( T T L ) ' M ' ( L L ) M ( T T L ) M ( L L ) , M ' ( T T L ) ' M " ^ * 
I I I i I i 
I l l i I I 
I I l i I I 

2 

Semiconducting Organometallic Polymers 

I n a n at tempt to synthesize n e w p l a n a r organometa l l i c complexes 
w h i c h w i l l f o r m m u l t i p a r a l l e l c o l u m n a r stacks of square-planar t rans i t ion 
m e t a l complexes b r i d g e d b y a h i g h l y d e l o c a l i z e d organic IT system, tetra-
thiotetracene ( T T T ) , te trathionaphthalene ( T T N ) , a n d tetrachlorotetra-
th ionaphtha lene ( T C T T N ) w e r e reacted w i t h a var ie ty of t rans i t ion 
m e t a l complexes w i t h v a r y i n g degree of steric requirements . S ince car
bonyls are capable of s t a b i l i z i n g metals i n l o w f o r m a l o x i d a t i o n states 
a n d are also s ter ical ly qui te innocent , m e t a l carbonyls w e r e chosen as 
s tart ing reactants for such invest igations ( 2 , 5 ) . O u r i n i t i a l g o a l was to 
prepare b i m e t a l l i c compounds such as N i 2 ( C O ) 4 ( T T L ) (cf. F i g u r e 3a) 
w h i c h w i l l c o n c e i v a b l y f o r m c o l u m n a r s tack ing v i a overlaps of the IT 
orbitals of the b r i d g i n g l i g a n d and/or the m e t a l orbitals (e i ther w i t h or 
w i t h o u t the i n v o l v e m e n t of the t e r m i n a l c a r b o n y l l i g a n d s ) . Instead, 
m u c h to our i n i t i a l surprise, w e o b t a i n a n e w class of p o l y m e r i c m e t a l -
tetrathiolene c o m p o u n d s f o r m u l a t e d as [ N i ( T T L ) ] a . a n d [ C o 2 ( C O ) 2 -
( T T L ) ] * f r o m the react ion of the tetrathiolenes w i t h the c o r r e s p o n d i n g 
m e t a l c a r b o n y l ( p h o s p h i n e ) complexes. These n e w organometa l l i c p o l y 
mers exhib i t interest ing s e m i c o n d u c t i n g propert ies (2,5). These mate
rials are d i s t inc t ly different f r o m either the organic conductors s u c h as 
T T F - T C N Q ( 5 1 , 5 2 ) or the inorganic conductors s u c h as K 2 P t ( C N ) 4 • 
X 0 . 3 (53, 54, 55) ( w h e r e X = C I , B r ) i n that the c h a i n d i rec t ion lies, pre
sumably , i n the m o l e c u l a r p l a n e ( a l o n g the l o n g m o l e c u l a r axis) rather 
t h a n p e r p e n d i c u l a r to it . 
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29. T E O Metal Tetrathiolenes 379 

N i ( C O ) 4 + T T N - » ^ [ N i ( T T N ) ] x + 4 C 0 (5) 

T h e c o m p o u n d [ N i ( T T N ) ] # c a n be p r e p a r e d b y reac t ing T T N w i t h 
excess n i c k e l te t racarbonyl i n benzene ( E q u a t i o n 5 ) . T h e dark b r o w n -
r e d amorphous mater ia l , inso luble i n c o m m o n organic solvents, exhibits 
n o c a r b o n y l s tretching frequencies b u t f o u r s trong T T N bands at 1528(s) , 
1338(s) , ( 1 3 2 0 ( s h ) ) , 1 1 8 5 ( m ) , a n d 8 0 0 ( m ) c m ' 1 i n the I R spec t rum. 
A n e w b a n d also is observed at 965 c m " 1 w h i c h c a n be a t t r ibuted to 
C • • • S bonds . T h e p o l y m e r i c c h a i n - l i k e structure 3 was p r o p o s e d for 
[ N i ( T T N ) ] « . 

. . . N i ( T T N ) N i ( T T N ) . . . 

3 

S i m i l a r l y , react ion of T T N w i t h a s to ichiometr ic amount of C o 2 ( C O ) 8 i n 

benzene gave the p o l y m e r [ C o 2 ( C O ) 2 ( T T N ) ] a ? ( E q u a t i o n 6 ) . I R spec-

C o , ( C O ) 8 + T T N -> 1 [ C o 2 ( C O ) 2 ( T T N ) ] x + 6 C O (6) 

t roscopy i n d i c a t e d the presence of : ( 1 ) t e r m i n a l carbonyls ( b r o a d b a n d 
at 2 0 1 0 ( s ) ) ; (2 ) the c o o r d i n a t e d T T N l i g a n d at I 5 2 5 ( m ) , 1 3 3 9 ( m ) , 
1320(sh) , 1 1 9 0 ( m ) , a n d 8 1 0 ( b r , w ) c m " 1 ; a n d (3 ) a n e w b a n d at 970 c m " 1 

w h i c h is p r o b a b l y a t t r ibutable to C • - • S s tretching frequencies . A g a i n , 
a p o l y m e r i c c h a i n - l i k e structure 4 was p r o p o s e d for [ C o 2 ( C O ) 2 ( T T N ) ] a . . 

. . . ( T T N ) C o 2 ( C O ) 2 ( T T N ) . . . 

4 

T h e most i n t r i g u i n g p h y s i c a l proper ty of these p o l y m e r i c materials 
is the ir e lec tr ica l c o n d u c t i v i t y . T h e temperature ( T ) dependence of the 
p o w d e r resistance ( R ) can be character ized b y the re la t ion 

w h e r e T0 is the square of the slope of the In R vs. T " 1 / 2 p l o t a n d is inverse ly 
p r o p o r t i o n a l to the densi ty of l o c a l i z e d states ( E q u a t i o n 8) ( 5 6 , 5 7 , 5 8 ) . 

T 4a 
0 = = kAN(eF) 

(8) 
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380 INORGANIC 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 II 

H e r e a1 is the radius of the l o c a l i z e d state w a v e f u n c t i o n , N(eF) is the 
densi ty of l o c a l i z e d states, A is the area of the compressed pel let , a n d k 
is B o l t z m a n n constant. Plots of this type have been observed for a n u m 
ber of k n o w n one-dimens ional systems a n d taken as evidence for one-
d i m e n s i o n a l h o p p i n g c o n d u c t i v i t y b e t w e e n l o c a l i z e d states (38-47,56-
64). F o r compar i son , the h o p p i n g c o n d u c t i v i t y for a t w o - d i m e n s i o n a l 
system can be charac ter ized b y the re la t ion In R/R0 = ( T / T 0 ) ~ 1 / 3 w h e r e 
T 0 = 8a2/(kDN(eF)) (here D is the th ickness ) , whereas the h o p p i n g 
c o n d u c t i v i t y for a three-dimensional system f o l l o w s the re la t ion In R/R0 

= (T/T0)~1/4 w h e r e T0 = !6a3/(kN(eF)). T h i s theory has been ques
t i o n e d recent ly b y M o t t (64). Nevertheless , this type of p l o t can be used 
to character ize the c o n d u c t i v i t y of these materials . T h e T0 values of 1.7 
X 10 5 K observed for b o t h c o m p o u n d s are, however , s igni f icant ly h i g h e r 
t h a n that general ly observed for one-dimens ional conductors or semi
conductors ( range : 0.5 - 5 X 10 4 K ) (24-26, 38-47, 56-64). 

A more convenient p r e p a r a t i o n of the series of po lymers [ N i ( T T L ) ] # 
( w h e r e T T L = T T T , T T N , or T C T T N ) starts w i t h a 2 :1 rat io of N i -
( C O ) 2 ( P P h 3 ) 2 a n d T T L i n ref luxing benzene ( E q u a t i o n 9) ( 5 ) . S i m i -

reflux -j 
N i ( C O ) 2 ( P P h 3 ) 2 + T T L > - [ N i ( T T L ) ] , + 2 C O + 2 P P h 3 

benzene X 

(9) 

l a r l y , the series of cobal t tetrathiolene polymers [ C o 2 ( C O ) 2 ( T T L ) ] a . has 
been p r e p a r e d f r o m the react ion of C o 2 ( C O ) 8 w i t h T T L i n re f lux ing 
benzene ( E q u a t i o n 10) . A l l of these materials exhib i t I R bands i n d i c a 
t ive of the c o o r d i n a t e d l igands . 

reflux -j 
C o 2 ( C O ) 8 + T T L > - [ C o 2 ( C O ) 2 ( T T L ) ] , + 6 C O (10) 

benzene X 

T h e e lectr ica l c o n d u c t i v i t y of a l l these neutra l organometa l l i c p o l y 
mers f o l l o w s the same temperature dependence as the T T N c o m p o u n d s 
( E q u a t i o n 7 ) . T h e T 0 values a n d the r o o m temperature resist ivi ty ps00, 
however , are s ignif icant ly different for different tetrathiolene l igands . F o r 
the same T T L l i g a n d , the T0 a n d the p3oo values are very s imi lar despite 
the fact that different metals of v a r y i n g l o c a l geometries ( n i c k e l vs . 
d i c o b a l t d i c a r b o n y l moiet ies) are i n v o l v e d . I n g o i n g f r o m T T T to T T N 
to T C T T N , the slope-related quant i ty T 0 = 1.1-5.6 X 10 5 K increases 
o n l y s l ight ly (less than or e q u a l to a factor of t w o ) whereas the res is t ivi ty 
p3oo increases b y one order of m a g n i t u d e i n each step, g o i n g f r o m 10 5 to 
10 6 to 10 7 o h m - c m (5). W e bel ieve that this t r e n d is re la ted to the o x i d a 
t i o n p o t e n t i a l of the T T L l i g a n d . T h a t is, since the o x i d a t i o n potent ials 
of the free l igands increase a l o n g the series T T T < T T N < T C T T N , 
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29. T E O Metal Tetrathiolenes 381 

a n d since i t has been s h o w n p r e v i o u s l y for the discrete m e t a l tetrathio
lene clusters that the resul t ing m e t a l complexes exhib i t trends of o x i d a 
t i o n potent ia l p a r a l l e l that of the l igands ( v i d e s u p r a ) , i t is conce ivable 
that as the l i g a n d becomes harder to ox id ize ( T T T -> T T N - » T C T T N ) , 
the negat ive charges l o c a l i z e d on the l i g a n d increase progress ively . T h i s 
impl ies that the n u m b e r of effective charge carriers (or the densi ty of 
the d i s o r d e r e d l o c a l i z e d states) decreases as one goes f r o m T T T to T T N 
to T C T T N . T h i s then causes a s l ight increase of approximate ly less t h a n 
or e q u a l to a factor of t w o i n T 0 b u t a n exponent ia l increase i n p30o a l o n g 
the series T T T < T T N < T C T T N . 

B o t h [ N ^ T T L ) ] ^ a n d [ C o 2 ( C O ) 2 ( T T L ) ] a ? react w i t h o x i d i z i n g 
agents such as iod ine either i n so lu t ion-suspens ion or i n s o l i d - g a s phases, 
a c c o r d i n g to E q u a t i o n s 11 a n d 12, respect ively ( 5 ) . A suspension of the 

~ [ N i ( T T L ) ] . . + 11 2 ? ± | [ N i ( T T L ) I , ] , (11) 

\ [ C o 2 ( C O ) 2 ( T T L ) ] . i 2 ? ± i [ C o 2 ( C O ) 2 ( T T L ) I ! / L (12) 

complexes i n a benzene ( o r other organic solvents) so lut ion of i o d i n e 
w i l l absorb m o l e c u l a r iod ine to f o r m [ N i ( T T L ) I y ] a . a n d [ C o 2 ( C O ) 2 -
(TTL)Iy]x ( w h e r e y is the molar ratio of iod ine to [ N i ( T T L ) ] « c a n d 
[ C o 2 ( C O ) 2 ( T T L ) ] a . , r e s p e c t i v e l y ) . T h e resul t ing complexes are also i n 
soluble i n most organic solvents. T h e same react ion c a n be car r ied out i n 
s o l i d - g a s phase. T h e s o l i d [ N i ( T T L ) ] * or [ C o 2 ( C O ) 2 ( T T L ) ] * c o m 
plexes absorb i o d i n e v a p o r s l o w l y at r o o m temperature to f o r m [ N i -
( T T L J I J a . or [ C o 2 ( C O ) 2 ( T T L ) I 2 / ] ; r . T h e rate of these s o l i d - g a s reac
tions c a n be accelerated b y increas ing temperature . F u r t h e r m o r e , these 
reactions are to ta l ly reversible i n the sense that the absorbed i o d i n e c a n 
be r e m o v e d b y p u m p i n g [ N i ( T T L ) I J * a n d [ C o 2 ( C O ) 2 ( T T L ) I 2 / ] a ; u n d e r 
v a c u u m at e levated temperatures. T h e kinet ics of these s o l i d - g a s reac
tions can be m o n i t o r e d b y m e a s u r i n g the w e i g h t ga in ( f o r w a r d reactions, 
E q u a t i o n s 11 a n d 12) a n d w e i g h t loss ( reversed reactions, E q u a t i o n s 11 
a n d 12) of the s o l i d complexes i n a n atmosphere saturated w i t h i o d i n e 
v a p o r a n d i n vacuo, respect ively ( 5 ) . 

T h e I R spectra of these o x i d i z e d po lymers are very s i m i l a r to those 
of the neutra l po lymers except for a n e w b a n d at 1050 c m " 1 w h i c h can rea
sonably be assigned to the f o r m a t i o n of n e w C = S bonds i n the o x i d i z e d 
p o l y m e r chains. 

T h e revers ib i l i ty of these reactions suggests that they are topotact ic 
or interca la t ion reactions. W e bel ieve that these reactions represent 
ox ida t ion of the p o l y m e r i c [ N i ( T T L ) ] * or [ C o 2 ( C O ) 2 , T T L ] « , chains 
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382 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 II 

w i t h m o l e c u l a r i o d i n e w h i c h is c o n c o m i t a n t l y r e d u c e d to i o d i d e or p o l y -
i o d i d e anions w h i c h then " in terca la te" in to the s o l i d matr ix . 

T o invest igate the o x i d a t i o n states of [ N i ( T T L ) I y ] a . a n d [ C o 2 ( C O ) 2 -
( T T L ) ^ ] ^ w e measured the resonant R a m a n spectra of [ N i ( T T T ) I 1 / ] a ? 

w h e r e y = 1,2,3. F o r [ N i ( T T T ) I 3 ] ; r , intense resonance-enhanced tota l ly 
s y m m e t r i c I—I—I stretching f requency of I 3~ was observed at 107 c m ' 1 

a l o n g w i t h the expected overtone progressions (65, 66). T h i s is con
sistent w i t h the f o r m u l a t i o n of [ N i ( T T T ) + I 3 " ] a ? . F o r [ N i ( T T T ) I ] * o n the 
other h a n d , no I 3~ f requency was observed. T h o u g h the fa i lure to observe 
the expected frequencies i n R a m a n spectroscopy does not consti tute a 
proof of the absence of the species, i t is our bel ief that the result is con
sistent w i t h the f o r m u l a t i o n [ N i ( T T T ) y + • y\~]x for y < 1 since w e expect 
the [ N i ( T T T ) ] ^ c h a i n c h r o m o p h o r e to be re la t ive ly l i t t le affected b y the 
oxidat ion , a n d hence the presence of y/3 mole equivalents of I 3~ w o u l d 
have been easi ly detectable. F o r [ N i ( T T T ) I 2 ] ^ the resonance R a m a n 
s p e c t r u m shows not on ly the intense f u n d a m e n t a l a n d overtone progres
s ion of I 3 " b u t also the " a n t i s y m m e t r i c " stretch at 143 c m " 1 , suggest ing 
either some dis tor t ion of the t r i i o d i d e i o n f r o m the i d e a l i z e d D x h s y m 
metry and/or the presence of b o t h symmetr i c a n d asymmetr ic t r i i o d i d e 
ions (65,66). W e propose that [ N i ( T T T ) I 2 ] * can b e f o r m u l a t e d as 
( N i T T P • (1/2)1" • ( 1 / 2 ) I 3 - ) * i n w h i c h the coexistence of I" a n d I 3 " i n 
the channels p r o v i d e d b y the o x i d i z e d [ N i ( T T T ) ] ; r chains causes some 
or a l l of the t r i i o d i d e ions to be dis tor ted. P r e l i m i n a r y extended x-ray 
absorpt ion fine structure ( E X A F S ) spectroscopic measurements of the 
o x i d i z e d p o l y m e r i c species also revealed no dis t inct N i - I a n d Co—I bonds 
i n [ N i ( T T L ) I J , ( n i c k e l K edge) a n d [ C o 2 ( C O ) 2 ( T T L ) I y ] , ( coba l t K 
e d g e ) , respect ively, w h i c h is consistent w i t h the f o r m u l a t i o n that the 
iodides or p o l y i o d i d e s are not d i rec t ly b o n d e d to the m e t a l tetrathiolene 
p o l y m e r chains (67). 

T h e e lec tr ica l c o n d u c t i v i t y data of the o x i d i z e d species [ N i ( T T T ) I 1 / ] a r 

( w h e r e y = 1,2,3) f o l l o w the same temperature dependence ( E q u a t i o n 
7) as the neut ra l species w i t h , however , a s ignif icant decrease i n T0 b y a 
factor of t w o to three a n d a dramat i c decrease i n r o o m temperature 
resist ivi ty p30o b y three orders of m a g n i t u d e i n go ing f r o m the neutra l to 
the o x i d i z e d po lymers . T h i s is consistent w i t h the increase i n the n u m b e r 
of effective charge carriers o n the organometa l l i c c h a i n u p o n ox idat ion . 
A n i n i t i a l l y p u z z l i n g observat ion that the e lectr ica l conduct iv i t ies of 
[ N i ( T T T ) I y ] t 2 7 are v i r t u a l l y invar iant to the degree of ox idat ion w i t h y = 
1, 2, a n d 3 can n o w be e x p l a i n e d b y the above f o r m u l a t i o n that for y > 1, 
the extra iodines go i n as neut ra l iod ine molecules , conver t ing part (y = 
2) or a l l (y = 3) of the i o d i d e (I") into the t r i i o d i d e ( I 3 " ) ions such that 
the ox idat ion states of the n i c k e l tetrathiolene chains r e m a i n essentially 
the same for y > 1. 
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29. T E O Metal Tetrathiolenes 383 

Applications 

T h e r e are several p l a u s i b l e t echnolog ica l appl ica t ions of these n e w 
m e t a l tetrathiolene po lymers . A p r i m e example is the use of these organo
meta l l i c po lymers as revers ible anode materials i n rechargeable (sec
o n d a r y ) batteries. W e take advantage of the f o l l o w i n g facts : ( 1 ) these 
polymers can be o x i d i z e d w i t h oxidants such as molecu lar iodine revers-
i b l y ; (2 ) b o t h the neutra l a n d the o x i d i z e d species are insoluble i n 
c o m m o n solvents; a n d (3) b o t h the neutra l a n d the o x i d i z e d species are 
thermal ly , air, a n d moisture stable. W e reason that, i n the d i scharg ing 
process of a battery w i t h m e t a l tetrathiolene polymers as reversible 
anodes, electrons flow through the outer l o a d c i rcui t ; the o x i d i z e d p o l y 
mers then p i c k u p an equivalent amount of i o d i d e or p o l y i o d i d e ions f r o m 
the electrolyte solut ion. I n the recharg ing process, an opposite potent ia l 
is a p p l i e d w h i c h reduces the o x i d i z e d species to the neutra l po lymers w i t h 
the concomitant ejection of an equivalent amount of the i o d i d e or p o l y 
i o d i d e ions back to the electrolyte. 

A t y p i c a l rechargeable battery based o n this i d e a has been con
structed. I t uses the [ N i ( T T L ) ] . r p o l y m e r as the anode, p o l y - 2 - v i n y l -
p y r i d i n e - i o d i n e ( P 2 V P • ( x / 2 ) I 2 ) (68) c o m p l e x as the cathode, a n d 
aqueous K I so lut ion as the electrolyte so lut ion ( E q u a t i o n 13) . I n the 
d i s c h a r g i n g process, electrons flow f r o m the anode [ N i ( T T L ) ] ^ to the 
cathode P 2 V P • (x/2)l2 t h r o u g h the l o a d c i r c u i t ; the i o d i d e (or p o l y 
i o d i d e ) ions f o r m e d at the cathode then enter the electrolyte w h i l e a n 
equiva lent a m o u n t of i o d i d e ions f r o m the electrolyte so lut ion intercalate 
into the o x i d i z e d m e t a l tetrathiolene p o l y m e r ( a n o d e ) . T h e electrolyte 
concentrat ion is therefore conserved. U p o n r e c h a r g i n g w i t h a n opposi te 

[ N i ( T T L ) ] , / K I ( H 2 0 ) / P 2 V P • J I 2 (13) 

potent ia l , these processes are reversed. Since b o t h the anode a n d the 
cathode are inso luble i n the electrolyte, the overa l l process amounts to 
t ranspor t ing iod ine f r o m P 2 V P p o l y m e r to m e t a l tetrathiolene p o l y m e r 
( a redox react ion) i n the d i s c h a r g i n g process a n d v ice versa i n the re
c h a r g i n g process. T h e measured voltage for such a bat tery ranges f r o m 
0.5 to 0.8 V , d e p e n d i n g u p o n the type of m e t a l tetrathiolene p o l y m e r 
chosen. It is conce ivable that h i g h e r voltages can be a c h i e v e d b y chang
i n g the meta l and/or the l i g a n d ( s ) of the anode or b y r e p l a c i n g the 
cathode w i t h more p o w e r f u l o x i d i z i n g materials . 

Conclusions 

I n conc lus ion , w e have demonstrated that the organochalcogen c o m 
pounds discussed i n the section o n " O r g a n o c h a l c o g e n L i g a n d s " are excel-
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lent l igands for organometal l i c syntheses. T h e resul t ing m e t a l complexes, 
either as discrete o l igomer ic clusters or inf in i te -cha in po lymers , exhib i t 
n o v e l stereochemistry a n d r i c h e lectrochemistry. T h e pseudo-one-dimen
s ional semiconduct iv i t ies a n d the reversible topotact ic ox idat ion reactions 
of the inso luble meta l tetrathiolene po lymers open u p a n e w d i m e n s i o n 
of potent ia l technologica l appl icat ions . W e cont inue to deve lop the 
chemistry , stereochemistry, a n d electrochemistry of these ( a n d re lated) 
materials . 
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Templates in Zeolite Crystallization 

L O U I S D . ROLLMANN 

Central Research Divis ion, M o b i l Research and Development Corp. , 
P . O . Box 1025, Princeton, N J 08540 

Crystallization of zeolites is often a nucleation-controlled 
process occurring from molecularly inhomogeneous, aque
ous gels. The product is strongly dependent on the cation 
distribution in these mixtures. A methodology is developed 
for interpreting crystallization data and for identifying tem
plate effects by added quaternary ammonium cations. These 
techniques are then examined, by way of example, with a 
series of quaternary ammonium polymers. It is shown that 
such polymers can force crystallization of large-pore zeo
lites (where small-pore structures would otherwise result), 
and that they can preserve the integrity of a pore system 
during crystallization of fault-prone zeolite structures. 

^ f e o l i t e s are three-dimensional , crystal l ine networks of A 1 0 4 a n d S i 0 4 

tetrahedra, a u n i t negative charge b e i n g associated w i t h each A 1 0 4 

te trahedron i n the f ramework . B a l a n c i n g that charge must be some 
intracrystal l ine c a t i o n — s u c h as s o d i u m , potass ium, or a quaternary 
a m m o n i u m i o n — s o that the resultant zeol i te phase has a n i d e a l i z e d 
f o r m u l a : 

M 2 0 • A 1 2 0 3 • z S i 0 2 • y H 2 0 

w h e r e i n M represents a cat ion (mono-valent i n this e x a m p l e ) . Synthesis 
of a zeol i te structure is c o m m o n l y effected b y heat ing a n a lka l ine , a l u m i n o -
sil icate " g e l , " a n d the structure obta ined is strongly dependent o n the 
cat ion d i s t r ibut ion . 

M o r e than 130 natura l a n d synthetic zeolites are a l ready descr ibed 
i n the l i terature ( I ) , a n d several reviews have deta i led the r a p i d progress 
that has been m a d e i n synthesis efforts ( 2 - 7 ) . A corre la t ion exists 

0-8412-0429-2/79/33-173-387$05.00/0 
© 1979 American Chemical Society 
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388 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 I I 

Table I. Comparison of Hydrocarbon and Zeolite Pore Dimensions 

Pore Diameter Examples 

1 2 - R i n g 6-8 A M o r d e n i t e , Y , gmelini te 
1 0 - R i n g 5 - 7 A Ferr ie r i te , dachiardi te 

8 - R i n g 4 - 6 A E r i o n i t e , A 
6 - R i n g 2 - 3 A Sodal i te , sodalite cages i n A and i n Y 

Hydrocarbon Minimum Dimensions 

n - H e x a n e 3.5 X 4.2 A 
Cyc lohexane 4.8 X 6.4 A 
Benzene 2.2 X 5.6 A 

between the smaller cations, sod ium, potass ium, a n d poss ibly te t ramethyl -
a m m o n i u m ( T M A ) , a n d the p o l y h e d r a l b u i l d i n g units of several zeol i te 
structures ( 5 ) , suggest ing that these cations template or direct c rys ta l l iza 
t i o n of specific zeolite phases. I n general however , the role of organic 
cations i n d i r e c t i n g crys ta l l iza t ion is a topic open to debate ( 5 ) . 

O n c e f o r m e d , m a n y zeol i te f rameworks possess a pore system acces
sible to hydrocarbons a n d a large, in terna l surface area w h i c h is poten
t ia l ly the locus of catalyt ic ac t iv i ty . A l t e r n a t i v e l y , the accessibi l i ty of a 
zeol i te pore system to hydrocarbons of d i f fer ing size can be a probe of 
the dimensions of those pores. E a c h channe l i n a zeoli te is def ined b y 
a r i n g of S i 0 4 a n d A 1 0 4 tetrahedra, a n d it is useful to group zeolites 
a c c o r d i n g to the n u m b e r of tetrahedra w h i c h constitute that r i n g , for 
example , 6-, 8-, 10- or 12-r ing zeolites. T h e last three groups comprise 
the most c o m m o n catalyst components , a n d the diameters of var ious 
examples of each pore size are c o m p a r e d w i t h m i n i m u m dimensions of 
several C 6 hydrocarbons i n T a b l e I. 

I n the f o l l o w i n g pages, the potent ia l effects of organic cations i n 
d i r e c t i n g crys ta l l iza t ion of specific zeoli te structures a n d techniques for 
i d e n t i f y i n g such d i r e c t i n g funct ions w i l l be r e v i e w e d brief ly. T h e n , b y 
w a y of example, the inf luence of selected cat ionic po lymers o n zeoli te 
crys ta l l iza t ion w i l l be descr ibed . 

Template Effects 

I n general , a d d i t i o n of a quaternary a m m o n i u m cat ion to a react ion 
mixture can effect changes of three types : ( a ) a different zeol i te structure 
is obta ined ; ( b ) a zeol i te crystal l izes w h e r e the react ion mix ture w o u l d 
otherwise r e m a i n amorphous indef in i te ly ; ( c ) the same zeoli te is obta ined 
as w i t h o u t quaternary, b u t i t possesses an altered c h e m i c a l compos i t ion . 
Unless crysta l l izat ion was m a r k e d l y accelerated, o n l y (a ) a n d ( b ) w o u l d 
represent " template effects" a t t r ibutable to the quaternary cat ion, a n d 
( a ) is b y far the more c o m m o n of the t w o effects. 
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30. R O L L M A N N Templates in Zeolite Crystallization 389 

Ident i f icat ion of such effects is made dif f icult , however , b y the c o m 
plex i ty of a crys ta l l iza t ion experiment. C r y s t a l l i z a t i o n t y p i c a l l y occurs 
f r o m a molecu lar ly inhomogeneous, aqueous gel , p r e p a r e d b y c o m b i n a t i o n 
of a s i l ica a n d a n a l u m i n a source together w i t h v a r y i n g amounts of 
h y d r o x i d e i o n . Since the p r o d u c t obta ined is often nucleat ion-contro l led , 
variables i n an experiment can i n c l u d e not on ly the s i l ica source (ge l , sol , 
s o d i u m si l icate) a n d the a l u m i n a source ( s o d i u m a luminate , a l u m i n u m 
sulfate) b u t also the deta i led m i x i n g a n d c rys ta l l i z ing procedures ( tem
peratures, ag ing , s t i r r ing rate, e tc . ) . 

A crys ta l l iza t ion exper iment is best descr ibed b y mole ratios of 
react ion mixture components , as l is ted i n T a b l e I I . S o d i u m sil icate, for 
example , is treated as a mixture of N a O H a n d S i 0 2 , s o d i u m a luminate 
as N a O H a n d A 1 2 0 3 , a n d a l u m i n u m sulfate as A 1 2 0 3 a n d H 2 S 0 4 . It is 
recognized i n the ca lcu la t ion that A 1 2 0 3 is incorpora ted into a zeol i te 
f r a m e w o r k as A 1 0 2 ~ , i.e., each mole consumes t w o moles of h y d r o x i d e : 
A 1 2 0 3 + 2 0 H " -> 2 A 1 0 2 - + H 2 0 . 

M o s t s i m p l y , the ratios i n T a b l e I I can be d i v i d e d b y f u n c t i o n . 
S i 0 2 : A l 2 0 3 rat io defines a constraint on the overa l l f r a m e w o r k c o m p o 
si t ion of the product . Since m a n y zeol i te structures c a n be synthesized 
i n on ly a l i m i t e d range of composi t ion , S i 0 2 : A l 2 0 3 rat io can also restrict 
the n u m b e r of zeol i te phases possible f r o m a g i v e n react ion mixture . 
( T h e ac tua l n u m b e r w i l l be, of course, u n k n o w n since n e w phases 
cont inue to be discovered. ) I n most cases ( the w e l l - k n o w n L i n d e zeol i te 
4 A b e i n g an except ion) , the S i 0 2 : A l 2 0 3 rat io of a p r o d u c t zeoli te w i l l be 
l o w e r than that of the react ion mixture , zeolites f requent ly incorpora t ing 
a l l of the a l u m i n u m i n a mixture a n d l e a v i n g v a r y i n g amounts of si l icate 
i n solut ion. I n the examples b e l o w , S i 0 2 : A l 2 0 3 ratios of the react ion 
mixtures are i n the range 10-100. 

F o r m a t i o n of an ordered a luminosi l i ca te f r a m e w o r k requires h y d r o l 
ysis a n d rearrangement of S i - O - S i ( a n d S i - O - A l ) bonds, the rate of that 
f o r m a t i o n b e i n g dependent o n h y d r o x i d e concentrat ion (19). T h e inter
re la ted values of H 2 0 : S i 0 2 a n d O H " : S i 0 2 define b o t h the m o l e c u l a r 

Table II. Reaction Mixture Composition 

Mole Ratio Influence 

S i 0 2 : A 1 2 0 3 F r a m e w o r k composi t ion 

H | 0 : S i 0 2 V i s c o s i t y | H y d r o x i d e 
O H : S i 0 2

 S l h c a , t e . concentrat ion 
molec. w t . ) 

A T + cj.p. ) C a t i o n d i s t r i b u t i o n 
R N - S i O T e m p l a t i n g 
K 4 J N .HiUs ) F r a m e w o r k A l content {20,21) 
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390 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 II 

w e i g h t d i s t r i b u t i o n of the si l icate species i n a react ion mixture a n d the 
rate of change of that d i s t r ibut ion . A s the O H " : S i 0 2 rat io increases, 
more sil icate remains i n so lut ion and l o w e r S i 0 2 : A l 2 0 3 products result . 
T h u s the ratios H 2 0 : S i 0 2 a n d O H " : S i 0 2 exert a second, impor tant i n f l u 
ence on the course of a crys ta l l iza t ion a n d o n the p r o d u c t obta ined. 

A t h i g h h y d r o x i d e levels, more dense, more t h e r m o d y n a m i c a l l y 
stable phases result, either as a result of the fac i le r e d i s t r i b u t i o n possible 
w i t h l o w molecular w e i g h t sil icate species or as a result of p r o d u c t 
dissolut ion a n d recrysta l l izat ion. F o r example , zeol i te A ( a n e ight - r ing 
structure capable of sorb ing n o r m a l paraffins) converts to zeol i te P 
( t h e r m a l l y unstable, sorb ing o n l y molecules smaller t h a n H 2 0 ) i n d i l u t e 
s o d i u m h y d r o x i d e and , i n more concentrated solut ion, to the dense, six-
r i n g sodalite structure ( I ) . I n the examples b e l o w , H 2 0 : S i 0 2 a n d O H ' : 
S i 0 2 have values i n the ranges 10-50 a n d 0.1-2.0, respect ively . 

If t empla t ing is important , key ratios w i l l define the cat ion d i s t r i b u 
t ion , N a + : S i O o , K + : S i 0 2 , R 4 N + : S i 0 2 , a n d so for th , ratios w h i c h c a n range 
( i n d i v i d u a l l y ) f r o m zero to more than t w o . I n T a b l e I I I , examples are 
selected f r o m the l i terature to i l lustrate cat ion effects i n c rys ta l l iza t ion 
experiments. T h e Na-series examples show a shift i n p r o d u c t f r o m Y to 
mazzi te - re la ted structures ( Z S M - 4 , O m e g a ) on a d d i t i o n of o n l y s m a l l 
amounts of T M A i o n . W h e n potass ium replaces s o d i u m , the L structure 
results b u t l i m i t e d a d d i t i o n of T M A produces yet another s t ructural 
type, the offretite-type zeolites. 

E x p e r i m e n t s such as those w i t h T M A strongly suggest template 
effects, but they are not of themselves conclusive. A s noted earl ier , 
c rys ta l l iza t ion products are of ten d e t e r m i n e d b y nucleat ion , the first 
species to nucleate b e i n g the p r o d u c t ( 1 2 ) . R e a c t i o n mixtures are 
n o r m a l l y inhomogeneous, a n inhomogeni ty w h i c h c o u l d be in f luenced 
b y a d d e d quaternary a m m o n i u m cations. A d d i t i o n a l evidence for tern-
p l a t i n g b y T M A i n these examples is p r o v i d e d b y e lemental analysis. 

T h e offretite structure is k n o w n ( 1 3 ) . Offret i te has a t w o - d i m e n 
s ional pore system, large 12-r ing channels interconnected b y a n e ight - r ing 
network . It is i n the deta i led structure that evidence for t e m p l a t i n g 

Table III. Product Dependence on Cation Distribution 
S i 0 2 : A l 2 0 3 = 16-20, H 2 0 : S i 0 2 = 14-25 1 0 0 ° C , Static 

Zeolite OH~:Si02 Na+:Si02 TMA+:Si02 K+:Si02 Ref. 

Y 0.8 0.8 0 0 1 
Z S M - 4 0.8 0.8 0.04 0 9, 10 
Omega 0.7 0.6 0.14 0 1 
L 0.8 0 0 0.8 1 
T M A - 0 0.9 0 0.09 0.8 1 
T M A - O f T r e t i t e 1.1 0.4 0.10 0.7 11 
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30. R O L L M A N N Templates in Zeolite Crystallization 391 

s h o u l d be sought. A un i t c e l l of offretite contains t w o a luminos i l i ca te 
cages, a n 11-hedron ( c a l l e d a n e- or cancr ini te cage) accessible o n l y v i a 
six r ings a n d a 14-hedron restr icted b y eight r ings ( a y- or gmel in i te 
c a g e ) . W h e n synthesized, T M A - O a n d T M A - o f f r e t i t e conta in one T M A 
per un i t ce l l that cannot be exchanged a n d that is located i n each of the 
gmel in i te cages ( 1 , 1 3 ) . T h u s the T M A must have been ins ide the cage 
w h e n i t was f o r m e d . ( I t is interest ing that these T M A samples also 
conta in one non-exchangeable potass ium i o n per u n i t ce l l , located ins ide 
the cancr ini te cage.) 

O m e g a a n d mazz i te are p r o b a b l y isostructural (14). O m e g a t h e n 
w o u l d be a large-pore, 12-r ing zeoli te constructed of the same 14-hedron 
or gmel in i te cages f o u n d i n the offretite structure b u t w i t h t w o cages p e r 
un i t ce l l . W h e n synthesized, omega t y p i c a l l y contains 1.6 T M A ions per 
u n i t ce l l , almost one per gmel in i te cage ( J ) . T h u s b o t h s t ructura l 
examples f r o m T a b l e I I I show that T M A was incorpora ted into the 
zeol i te f r a m e w o r k as i t was f o r m e d . It is the c o m b i n a t i o n of this fact 
w i t h the crys ta l l iza t ion data i n T a b l e I I I that constitutes strong evidence 
for t e m p l a t i n g b y T M A i n these synthesis experiments. 

Polymeric Templates 

U n t i l recent ly ( 8 ) , quaternary a m m o n i u m polymers represented a n 
u n e x p l o r e d spec ia l class of organic cations. W i t h po lymers , a g r o w i n g 
crysta l h a d to a d m i t not just a single cat ion b u t a complete , l i n k e d c h a i n 
of def ined structure. 

F o r the present example, po lymers w e r e synthesized b y react ion of 
1 ,4-diaza[2,2 ,2]bicyclooctane ( d a b c o ) w i t h the c o m p o u n d s B r - ( C H 2 ) n - B r , 
w h e r e n = 3, 4, 5, 6, a n d 10 (15 ,16 ,17) . T h e c o m p o u n d s h a d a structure 
as fo l lows , 

a n d were designated b y the b r o m i d e used. W i t h 1 ,4-dibromobutane, for 
example , the p o l y m e r was designated " D a b - 4 B r . " M o l e c u l a r weights of 
the polymers , est imated f r o m the concentrat ion dependence of the 
k i n e m a t i c viscosi ty i n aqueous solut ion, w e r e i n the range 2000-15,000. 
T h e D a b - 4 B r , for example, h a d an average m o l e c u l a r w e i g h t of about 
10,000 (8). 

A p o l y m e r must, b y its v e ry nature, be a c c o m m o d a t e d i n the pores 
rather than i n the s m a l l cages of a c r y s t a l l i z i n g zeol i te structure. I n the 

X 
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392 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 II 

f o l l o w i n g results t w o zeolites w i l l be important , gmel in i te a n d mordeni te , 
b o t h large-pore, 12-ring structures as noted i n T a b l e I. Gmel in i tes , h o w 
ever, b o t h natura l a n d synthetic , exhibi t the sorptive propert ies of smal l -
rather than large-pore zeolites. S u c h behavior is a t t r ibuted to chabazi te 
s tacking faults, faults that f o r m i n a p lane p e r p e n d i c u l a r to a n d b l o c k i n g 
access to the large gmel in i te channels a n d that can be observed b y x-ray 
di f f rac t ion . If a fault- free gmel in i te c o u l d be p r e p a r e d , then, substantial 
changes i n sorptive propert ies s h o u l d result f r o m those f o u n d w i t h current 
samples. 

M o r d e n i t e is a second 12-r ing zeol i te whose sorptive propert ies do 
not a lways correspond to expectations based on structure. T w o synthetic 
types of mordeni te have been reported b y Sand, " large-port " a n d " s m a l l -
p o r t " mordeni te ( 1 8 ) . T h e former , synthesized f r o m only a n a r r o w range 
of react ion mixture composit ions , exhibits the sorptive propert ies expected 
of a 12-r ing channe l ( h a v i n g a diameter of 6-8 A ) . T h e latter has an 
adsorpt ion diameter of on ly about 4 A . It is indis t inguishable f r o m large-
port mordeni te b y x-ray di f f ract ion a n d m a y co-exist w i t h dense struc
tures such as analcite . 

T w o series of experiments w e r e c o n d u c t e d to explore the effects of 
cat ionic po lymers i n c r y s t a l l i z i n g mixtures ; one at 9 0 ° C a n d the other 
at 1 8 0 ° C . T h e compos i t ion of the react ion mixtures was v a r i e d about a 
base case of S i 0 2 : A l 2 0 3 = 30, H 2 O : S i O 2 = 20, O H : S i 0 2 = 1.2, a n d 
N a + : S i 0 2 = 1.2. T i m e was v a r i e d i n the range of 3-13 days (or m o r e ) to 
ensure that the results obta ined were not artifacts of a sequent ia l 
c rys ta l l iza t ion process. 

I n the absence of polyelectro lyte , the low-temperature experiments 
p r o d u c e d the large-pore zeol i te Y , contaminated w i t h v a r y i n g amounts 
of the thermal ly unstable phase P . T h a t t w o zeolites, Y a n d P , w e r e 
p r o d u c e d ,was expected since it is w e l l k n o w n that b o t h can f o r m i n the 
same overa l l compos i t ion field, their respective amounts d e p e n d i n g o n 
re lat ive nuc lea t ion a n d g r o w t h rates ( 1 2 ) . T h e significant p o i n t is that 
on ly these t w o zeolites were observed i n these polymer- f ree , l o w - t e m 
perature experiments. 

A s s h o w n i n T a b l e I V , even very s m a l l amounts of the D a b - 4 B r 
p o l y m e r ( R 4 N + : S i 0 2 = 0.01) effected a complete change i n the p r o d u c t . 
G m e l i n i t e was p r o d u c e d ( a l t h o u g h x-ray di f f ract ion s h o w e d i t to be 
f a u l t e d b y c h a b a z i t e ) . A s the amount of p o l y m e r was increased, the 
p r o d u c t shi f ted to p u r e gmel ini te . E v e n t u a l l y crys ta l l iza t ion was i n h i b i t e d 
b y the p o l y m e r , p r o b a b l y because the f o r m i n g zeol i te c o u l d accommodate 
organic cations o n l y i n amounts corresponding to its pore v o l u m e . 

If t e m p l a t i n g is i n v o l v e d , one w o u l d expect the effectiveness of a 
polye lec t ro lyte to d e p e n d o n its structure. T h e data i n T a b l e V w e r e 
obta ined at the compos i t ion o p t i m u m for D a b - 4 B r i n the synthesis of 
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30. R O L L M A N N Templates in Zeolite Crystallization 393 

Table IV. Crystallization Results at Low Temperature 
Static, 90°C 

Polymer N+:Si02 Product 

N o n e 0 Y ( + P ) 
D a b - 4 B r 0.01 G m e l i n i t e ( faulted) 
D a b - 4 B r 0.14 G m e l i n i t e ( faulted) 
D a b - 4 B r 0.23 P u r e gmelini te 
D a b - 4 B r 0.43 A m o r p h o u s 

p u r e gmel ini te , a n d three polymers p r o d u c e d gmel in i te , D a b - 4 , -5, a n d 
-6. N e i t h e r D a b - 3 or -10 nor the d i p r o p y l a n d d i b u t y l monomers w e r e 
effective. 

P r o d u c t analysis provides s u p p o r t i n g evidence for the d i r e c t i n g 
f u n c t i o n of the p o l y m e r . T h e p u r e gmel in i te samples sorbed 7 . 3 % 
cyclohexane ( 2 5 ° C , p:p0 = 0.67) after ca lc inat ion , c o m p a r e d w i t h o n l y 
1 .0% for a natura l , f au l ted sample. T h e C : N rat io i n the gmel in i te 
samples averaged 5.4, c o m p a r e d w i t h 5.1 i n the D a b - 4 B r used. 

T h e structure of gmel in i te is k n o w n a n d i t is instruct ive to c o m p a r e 
its uni t c e l l dimensions w i t h the l ength of a p o l y m e r repeat ing uni t . A 
u n i t c e l l of gmel in i te contains one large pore w h i c h is 10.0 A l o n g 
i n the d i r e c t i o n of that pore. F r o m C o u r t a u l d models one can estimate 
the l e n g t h of a p o l y m e r repeat ing un i t as f o l l o w s : 

O n l y those polymers that h a d repeat ing units 9-11 A l o n g were effective, 
a n excellent corre lat ion w i t h the dimensions of the gmel in i te u n i t ce l l . 
F u r t h e r m o r e , one t h e n w o u l d expect t w o quaternary n i t rogen atoms p e r 
u n i t ce l l . E l e m e n t a l analysis averaged 2.3. 

Table V . Effect of Polymer Structure on Crystallization at 9 0 ° C 

D a b - 3 
-4 
-5 
-6 

-10 

7.5 A 
8.7 
9.9 

11.0 
14.5 

Polymer Product 

D a b - 3 B r 
D a b - 4 B r 
D a b - 5 B r 
D a b - 6 B r 
D a b - 1 0 B r 
D a b - P r 2 

D a b - B u 2 

P 
P u r e gmelini te 
G m e l i n i t e ( faulted) 
G m e l i n i t e ( faulted) 

Y + P 
Y + P 
Y + P 
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394 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 I I 

T a b l e V I . 

Polymer 

N o n e 
D a b - 4 B r 
D a b - 4 B r 
D a b - 4 B r 

Crystallization Results at High Temperature 
Static, 1 8 0 ° C 

N+:Si02 

0 
0.11 
0.23 
0.43 

Product 

A n a l c i t e 
A n a l c i t e 
A n a l c i t e + M o r d e n i t e 
P u r e mordenite 

I n T a b l e V I are data s h o w i n g that these results are not an arti fact 
specific to the gmel in i te structure. A t h i g h temperature the react ion 
m i x t u r e or ig ina l ly p r o d u c i n g Y y i e l d e d a dense phase, analci te ; a d d i t i o n 
of p o l y m e r shif ted the p r o d u c t to a large-pore structure, mordeni te . 

T h a t this mordeni te was of the " large-por t " var ie ty was s h o w n b y 
cyclohexane sorpt ion ( 6 . 3 % , 2 5 ° C , p : p o = 0.67). C o r r e l a t i o n was again 
f o u n d between the uni t c e l l d i m e n s i o n a long a mordeni te pore (7.5 A ) 
a n d the length of a p o l y m e r repeat ing u n i t (8.7 A ) . B a s e d o n these 
dimensions one w o u l d expect somewhat less than t w o n i t rogen atoms per 
u n i t c e l l a n d analysis shows 1.7, i n excellent agreement. T h u s a t e m p l a t i n g 
a n d d i r e c t i n g f u n c t i o n of these polymers c a n be s h o w n for a range of 
temperatures, composit ions, a n d resultant structures. 
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31 

Reaction Schemes for Dinuclear Compounds 
Containing Metal-Metal Triple Bonds 
Illustrated by Recent Findings in the 
Chemistry of Molybdenum and Tungsten 

MALCOLM H. CHISHOLM 

Department of Chemistry, Princeton University, Princeton, N J 08540 

The following generalized reactions are proposed for com
pounds containing metal-metal triple bonds (M = Mo, W). 
(1) Carbene-like addition across the M-M bond; (2) oxida
tive addition with reduction in M-M bond order (three to 
two); (3) reductive elimination with an increase in M-M 
bond order (three to four); (4) reversible Lewis base associa
tion which may or may not change the bond order, depend
ing upon the electronic configuration of the M2 moiety; (5) 
metal-metal triple bond cleavage by a carbyne-like reagent; 
and (6) oligomerization of the M = M unit to form a cluster 
or polynuclear complex. These generalized reactions are 
discussed in the light of recent experimental observations in 
the reactivity patterns of M2(OR)6 and Cp2M2(CO)4 

compounds. 

he ab i l i ty of transi t ion metals to f o r m m u l t i p l e bonds w i t h themselves 
is w e l l recognized , a n d over the past decade a n u m b e r of such 

c o m p o u n d s have rece ived deta i led examinat ion b y a var ie ty of spectro
scopic a n d s tructural techniques . F o r a recent r e v i e w of M - M q u a d r u p l e 
bonds see Ref . I . M o r e recent ly , certa in c o m p o u n d s c o n t a i n i n g M - M 
q u a d r u p l e a n d t r ip le bonds have been the subject of theoret ical treat
ments (2). H o w e v e r , the react iv i ty patterns of these c o m p o u n d s remains 
to be explored; this should p r o v e a r i c h a n d exc i t ing n e w area of t rans i t ion 
m e t a l chemistry . It is possible that organometal l i c react ion schemes 

0-8412-0429-2 / 79 / 33-173-396$05.00 / 0 
© 1979 American Chemical Society 
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31. C H I S H O L M Metal-Metal Triple Bonds 397 

evo lved (3) for mononuc lear t ransi t ion m e t a l complexes c a n be a p p l i 
cable to d inuc lear systems a n d , fur thermore , that d i n u c l e a r c o m p o u n d s 
c a n p r o v i d e b u i l d i n g blocks for the m u c h des ired systematic syntheses 
of n e w p o l y n u c l e a r a n d cluster compounds (4,5,6). I n this account, a 
n u m b e r of general modes of react ion are proposed for c o m p o u n d s 
c o n t a i n i n g m e t a l - m e t a l t r ip le bonds . These are then discussed i n l ight 
of recent exper imenta l observations. 

T h e notat ion M = M is used to represent any c o m p o u n d conta in ing 
a homonuclear m e t a l - m e t a l t r i p l e b o n d i n w h i c h the m e t a l atoms are i n 
very s imi lar , i f not equivalent , environments ; they have the same n u m b e r 
of va lence shel l electrons, the same coordinat ion n u m b e r , a n d the same 
f o r m a l ox idat ion state. F i t t i n g these requirements are t w o classes of 
m o l y b d e n u m a n d tungsten compounds . Class I are M 2 X 6 a n d M 2 X 6 _ ; Y n 

compounds , w h e r e Y = R ( a l k y l ) , N R 2 , O R , 0 2 C N R 2 , 0 2 C O R , a n d 
ha l ide (7). Class I I are C p 2 M 2 ( C O ) 4 c o m p o u n d s ( M = C r , M o , a n d W ) 
i n w h i c h the meta l atoms are f o r m a l l y i n the + 1 ox ida t ion state a n d 
atta in an 18-valence shel l e lectronic conf igurat ion b y the format ion of the 
m e t a l - m e t a l t r i p l e b o n d ( 8 , 9 ) . I n class I the metals are f o r m a l l y t r i -
valent ( M 3 + ) a n d , even after f o r m i n g a m e t a l - m e t a l t r ip le b o n d , do not 
attain an 18-valence shel l e lectronic conf igurat ion. B o t h ox idat ion state 
a n d valence shel l e lectronic conf igurat ion are expected to influence the 
react iv i ty of the m e t a l - m e t a l t r i p l e b o n d . T h e proposed reactions i n v o l v e 
the s y m m e t r i c a l a d d i t i o n / e l i m i n a t i o n of substrate molecules to M = M 
compounds ; the products are considered to have equivalent m e t a l atoms. 

React ions w h i c h m i g h t l e a d to a n o d d n u m b e r of electrons i n the 
products are not considered. T h i s is not meant to i m p l y that such 
reactions cannot occur nor to i m p l y that o d d electron intermediates are 
not i n v o l v e d i n some of the p r o p o s e d reactions. ( C o m p o u n d s c o n t a i n i n g 
M - M bonds of f rac t iona l order are w e l l d o c u m e n t e d . E . g . , as i n ( i ) 
K 3 M o 2 ( S 0 4 ) 4 - 3 . 5 H 2 0 ( J O ) , ( i i ) M o W ( 0 2 C B u ^ ) 4 ( C H 3 C N ) (I) (11), 
( i i i ) [ C p 2 C o 2 ( C O ) 2 ] " (12).)However, thus far i n o u r studies w e have 
neither obta ined as products nor detected as intermediates o d d electron 
d i n u c l e a r species. 

A d d i t i o n of X : to M = M i n R e a c t i o n 1 represents a carbene- l ike 
a d d i t i o n to a t r ip le b o n d . T h e moie ty X : c o u l d i n d e e d be a carbene or 

X 
/ \ 

M ^ M + X : *±M = M (1) 

a n organic molecule capable of reac t ing w i t h a metal - to-metal t r ip le b o n d 
i n this w a y , e.g., c a r b o n m o n o x i d e or an iso-ni tr i le . X : c o u l d also be a n 
inorganic/organometa l l i c substrate such as F e ( C O ) 4 , C p 2 N b H , S n R 2 , or 
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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 I I 

a ds square p l a n a r t ransi t ion meta l complex . T h e requirement of X : is 
mere ly that i t is capable of e x p a n d i n g its coordinat ion n u m b e r a n d 
ox idat ion state b y two . 

A n interest ing example of R e a c t i o n 1 has just been discovered i n a 
s tudy of the react ion be tween M o 2 ( O R ) 6 compounds a n d c a r b o n m o n 
oxide (13 ) . T h e c o m p o u n d M o 2 ( O B u * e r ' ) 6 reacts revers ib ly w i t h c a r b o n 
m o n o x i d e i n h y d r o c a r b o n solvents at r o o m temperature a n d 1 a tm to give 
a deep p u r p l e crystal l ine c o m p o u n d M o 2 ( O B u t e r t ) 6 C O , v ( C O ) = 1670 
c m " 1 . T h e molecu lar structure d e d u c e d f r o m x-ray studies (13) is s h o w n 
i n F i g u r e 1. T h e molecule has v i r t u a l C2v symmetry . T h e coordinat ion 
p o l y h e d r o n about each m e t a l a tom is approx imate ly a square p y r a m i d 
w i t h the b r i d g i n g c a r b o n y l c a r b o n at the c o m m o n apex. T h e short m e t a l -
m e t a l distance, 2.498(1) A (cf. M o — M o — 2 .222(1) A i n M o 2 ( O R ) 6 ) , 
the d iamagnet ic nature of the c o m p o u n d , a n d electron count ing requi re 
the existence of a m e t a l - m e t a l d o u b l e b o n d . 

React ions 2 a n d 3 represent oxidat ive a d d i t i o n a n d reduct ive e l i m i 
nat ion sequences. React ions 1, 2, a n d 3 a l l invo lve a reversible a d d i t i o n / 
e l i m i n a t i o n of a substrate molecule that contributes t w o electrons to a 
d i n u c l e a r center. H o w e v e r , since the proposed reactions proceed w i t h a 
change i n M - M b o n d order, the n u m b e r of meta l valence shel l electrons 

Mo206(CO) Skeleton of 

Mo2(0-t-Bu)6(CO) 

Figure 1. A view of the coordination geome
try of Mo2(OButert)6CO showing the main 
internuclear distances. Each atom is repre
sented by its thermal ellipsoid of vibration, 
scaled to enclose 40% of the electron density. 
The tertiary butyl groups are omitted for 

clarity. 
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31. C H I S H O L M Metal-Metal Triple Bonds 399 

M = M + X — X + ± X — M = M — X (2) 

X — M = M — X ? ± M E = M + X — X (3) 

is not increased. T h i s contrasts w i t h the reactions of mononuc lear t ran
s i t ion meta l complexes where the metals change their n u m b e r of va lence 
shel l electrons b y t w o . 

A t present there are no w e l l - d o c u m e n t e d examples of React ions 2 
a n d 3 a l though several k n o w n compounds c o u l d serve as excellent models 
for these types of reactions. F o r example, the compounds M 2 M e 2 ( 0 2 -
C N R 2 ) 4 , w h e n heated to > 150° C i n vacuo, e l iminate ethane a n d y i e l d 
residues w h i c h , b y elemental analyses, can be f o r m u l a t e d as M 2 ( 0 2 C N R 2 ) 4 

c o m p o u n d s . B o t h M o 2 ( C H 2 S i M e 3 ) G a n d M o 2 ( O P r i ) 6 have been f o u n d to 
react w i t h acetic a c i d to y i e l d , u p o n v a c u u m s u b l i m a t i o n ( 2 0 0 ° C , 10~4 

c m H g ) , M o 2 ( O A c ) 4 . H e r e a M - M t r ip le - to -quadruple b o n d transforma
t i o n is achieved, R e a c t i o n 3, b u t the deta i led react ion p a t h w a y a n d the 
nature of the e l i m i n a t e d organic compounds are not k n o w n . 

T h e s imple oxidat ive a d d i t i o n of X - X across a M - M t r ip le b o n d to 
y i e l d an u n b r i d g e d M - M d o u b l e b o n d has yet to be s tructural ly estab
l i shed a l though there are a n u m b e r of reactions i n w h i c h this m i g h t occur , 
e.g. ( 8 ) , C p 2 M 2 ( C O ) 4 + I 2 - » C p 2 M 2 ( C O ) 4 I 2 . T h e r e are, however , 
k n o w n examples of where an X - X a d d i t i o n to a c o m p o u n d c o n t a i n i n g a 
m u l t i p l e b o n d occurs w i t h the format ion of m e t a l - l i g a n d bridges . T h e 
react ion of M o 2 ( O P r i ) G to give M o 2 ( O P r i ) 8 , w h i c h is discussed later, is 
representative of this type of M - M tr iple- to-double b o n d transformat ion 
since i n the p r o d u c t , M o 2 ( O P r 1 ) 8 , there are b r i d g i n g a lkoxy l igands. T h e 
a d d i t i o n of X 2 ( X = I or B r ) to M o 2 ( S 2 C O E t ) 4 , w h i c h contains a M - M 
q u a d r u p l e b o n d , y ie lds M o 2 X 2 ( S 2 C O E t ) 4 compounds h a v i n g M o - M o 
single bonds ( M o - M o = 2.72 A ) as a result of a surpr i s ing rearrangement 
i n the b o n d i n g m o d e of the xanthate l i g a n d (14). C l e a r l y the react iv i ty 
of compounds conta in ing M - M m u l t i p l e bonds towards oxidat ive a d d i 
t ion/reduct ive e l i m i n a t i o n reactions is g o i n g to be as complex a n d even 
less predic tab le than analogous reactions i n v o l v i n g mononuc lear t ransi t ion 
m e t a l complexes (15 ,16) . 

T h e r e are several examples of L e w i s base association reactions of 
type 4. 

H e r e four electrons are donated to the M 2 center w i t h retent ion of the 
M - M t r ip le b o n d . L e w i s base association s h o u l d be a p p l i c a b l e o n l y to 
metal - to-metal t r i p l e - b o n d e d compounds i n w h i c h the m e t a l atoms have 
16 or less valence shel l e lectronic configurations. T h i s is the case for 

M E E E E M + 2 L : * ± L — M = M — L (4) 
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400 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 II 

Figure 2. An ORTEP view of the Mo2(OSi)rr 

(NC2)2 portion of the Mo2(OSiMe3)G(HNMe2)2 

molecule looking directly down the Mo-Mo 
bond with Mo(l) eclipsed by Mo(2). Atoms 
labelled in smaller print are bonded to Mo(l). 
All atbms are represented by 50% probability 
ellipsoids. Some important interatomic dis
tances and angles are: Mo-Mo = 2.242(1) A, 
Mo-O(av) = 1.95 A, Mo-N(av) = 2.28 A, Mo-

Mo-O(av) = 102°, Mo-Mo-N(av) = 95° . * 

M o 2 ( O R ) G compounds , a n d these react revers ib ly w i t h amines to give 
adducts M o 2 ( O R ) G ( a m i n e ) 2 (17). A v i e w of the centra l core of the 
M o 2 ( O S i M e 3 ) c ( H N M e 2 ) 6 molecule is s h o w n i n F i g u r e 2. T h e M o - M o 
distance is 2.242(1) A . 

O t h e r examples i n w h i c h meta l atoms i n M = M compounds expand 
their coord inat ion n u m b e r a n d n u m b e r of valence shel l electrons are seen 
i n the reactions of M o 2 ( O R ) 6 , (18), W 2 M e 2 ( N E t 2 ) 4 (19), a n d W 2 ( N M e 2 ) 6 

(19) compounds w i t h C 0 2 . T h e products M o 2 ( O R ) 4 ( 0 2 C O R ) 2 , W 2 M e 2 -
( 0 2 C N E t 2 ) 4 , a n d W 2 ( 0 2 C N M e 2 ) 6 p r o v i d e examples of compounds con
t a i n i n g m e t a l - m e t a l t r ip le bonds b e t w e e n meta l atoms that are c o o r d i 
nated to four , five, a n d six l i g a n d atoms, respect ively. 

I n contrast, L e w i s base association to a M = M c o m p o u n d i n w h i c h 
the meta l atoms have an 18-valence shel l e lectronic conf igurat ion w i l l 
p roceed w i t h r e d u c t i o n i n M - M b o n d order as s h o w n i n R e a c t i o n 5. T h e 
reversible react ion be tween C p 2 M o 2 ( C O ) 4 ( M o - M o = 2.40 A ) a n d C O 
w h i c h gives C p 2 M o 2 ( C O ) 6 ( M o - M o = 3.27 A ) provides a good example 
of R e a c t i o n 5 ( 8 ) . 

M = M + 2 L : ^ L — M — M — L (5) 
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31. C H I S H O L M Metal-Metal Triple Bonds 401 

T h e c o m p o u n d s C p 2 M 2 ( C O ) 4 also have b e e n f o u n d to be react ive 
towards a n u m b e r of unsaturated molecules , u n , g i v i n g s imple a d d i t i o n 
products C p 2 M 2 ( C O ) 4 ( u n ) . T h e c o m p o u n d s w h e r e M == M o a n d u n = 
P h C = C P h , E t C = C E t , H C = C H (20,21), C H 2 = C — C H 2 (22,23), 
a n d M e 2 N C N (24) have been s tructural ly character ized. I n a l l cases, the 
unsaturated organic molecu le spans the M o 2 b o n d (see F i g u r e 3) w h i c h 
increases i n l ength f r o m 2.40 A i n C p 2 M o 2 ( C O ) 4 to 2.974, 3.015, a n d 
8.117 A w h e r e u n = H C = C H , M e 2 N C N , a n d C H 2 = C — C H 2 , respec
t ive ly . T h e organic molecules act as four electron donors to the M 2 g roup 
a n d can be considered as further examples of products f o r m e d i n reactions 
of type 5. T h e c o m p o u n d C p 2 M o 2 ( C O ) 4 ( a l l e n e ) has C 2 symmetry a n d 
thus equiva lent m o l y b d e n u m atoms. H o w e v e r , the c o m p o u n d s C p 2 M o 2 -
( C O ) 4 ( R C 2 R ) a n d C p 2 M o 2 ( C O ) 4 ( N C N M e 2 ) adopt structures i n w h i c h 
the m o l y b d e n u m atoms are inequivalent . I n C p 2 M o 2 ( C O ) 4 ( R C == C R ) 
c o m p o u n d s , the asymmetry is associated w i t h the c a r b o n y l b o n d i n g a n d 
p r e s u m a b l y arises f r o m interna l c r o w d i n g . I n C p 2 M o 2 ( C O ) 4 ( N C N M e 2 ) , 

V / ' 
O C i\ 

l / c o 

(A) M o _ c o M o - M o 
Cp 

M e 
, v ; e 'Mo' 

C N 

(C) Mo: 
Cp 

* c 0 

M e 
M e . A 

M o - M o 

Figure 3. Representations for the molecular 
structures of Cp2Mo2(CO)h(un) compounds: (a) 
un=RC=CR, (b) un=CH2=C=CH2, and (c) 

un=Me2NCN 
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402 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 I I 

the b r i d g i n g M e 2 N C N group donates a n i t rogen lone p a i r to one m o l y b 
d e n u m atom a n d a C N ^-electron pa i r to the other. 1 3 C N M R studies 
indica te that C p 2 M o 2 ( C O ) 4 ( P h C 2 P h ) a n d C p 2 M o 2 ( C O ) 4 ( N C N M e 2 ) 
c o m p o u n d s adopt structures i n solut ion a k i n to those f o u n d i n the sol id 
state a n d that l o w energy processes cause the t w o m e t a l centers to become 
equivalent o n the N M R t ime scale above — 4 0 ° C . 

I n R e a c t i o n 6 the m e t a l - m e t a l t r i p l e b o n d is c leaved a n d r e p l a c e d 
b y a m e t a l - l i g a n d t r ip le b o n d . 

M = M + 2 X i -> 2 M = X (6) 

T h e r e is therefore, no o v e r a l l change i n the n u m b e r of m e t a l va lence 
shel l electrons. A l t h o u g h not m a n y substrates meet the requirement of 
b e i n g carbyne- l ike , the reactions be tween n i t r i c oxide a n d a metal - to-metal 
t r i p l e b o n d can be v i e w e d as examples of R e a c t i o n 6. 

C p 2 M o 2 ( C O ) 4 compounds react r e a d i l y w i t h N O ( 2 equivalents ) to 
g ive the mononuc lear complexes C p M o ( C O ) 2 ( N O ) (25). S i m i l a r l y , M o 2 -
( O R ) 6 compounds react w i t h N O ( 2 equivalents) to give [ M o ( O R ) 3 ( N O ) ] 2 

c o m p o u n d s (26). H e r e there is a pa i r of b r i d g i n g a lkoxide l igands, w h i c h 

Mo 2(0-i-Pr) 8 

Skeleton 
Mo2(0-i-Pr)6(NO)2 

Skeleton 

Figure 4. Coordination geometries of (A) Mo2(OPfi)8 and (B) Mo2(OPrl)6-
(NO)2> showing some pertinent bond distances. Distances shown for B are 
averaged over two independent molecules. In both A and B the molecules 

possess rigorous C{ and virtual C2h symmetry. 
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31. C H I S H O L M Metal-Metal Triple Bonds 403 

leads to a 14-valence shel l e lectronic conf igurat ion for m o l y b d e n u m . T h e 
M o - M o distance is 3.325 A , w h i c h prec ludes any direct m e t a l - m e t a l b o n d . 
T h e d i m e r can be c leaved b y the a d d i t i o n of a donor l i g a n d such as 
p y r i d i n e , a n d a mononuclear c o m p o u n d W ( O B u * c r ' ) 3 ( N O ) ( p y ) has 
recent ly been s tructural ly character ized (27). T h e structure of [ M o -
( O P r i ) 3 N O ] 2 is s h o w n i n F i g u r e 4. I n W ( O B u * e r * ) s ( N O ) ( p y ) there is 
also a l inear M - N - O moie ty i n a n ax ia l pos i t ion of a t r i g o n a l b i p y r a m i d ; 
the p y r i d i n e l i g a n d is i n the other axial pos i t ion (27). T h e value of the 
N O stretching f requency, 1555 c m " 1 , is l o w for a l inear M - N - O group 
( for a recent r e v i e w of m e t a l - n i t r o s y l complexes see Ref . 28), w h i c h 
indicates very extensive W- to-NO?r* b o n d i n g a n d the signif icance of the 
resonance f o r m M = N - O ; ( the t w o other resonance structures for a 
l inear M - N O group are M = N = O a n d N - N = O : ) . 

A potent ia l source of an X : substrate is, of course, an X == X type 
of molecule . R e a c t i o n 6 w o u l d then s i m p l y represent a metathesis 
react ion. Since t ransi t ion m e t a l carbyne complexes are w e l l k n o w n , it is 
not inconce ivable that R e a c t i o n 7 can occur . A l t e r n a t i v e l y a n X = X or 

2 X : substrate c o u l d react to f o r m a p l a n a r M 2 X 2 moie ty of the t y p e 
s h o w n be low. 

C o m p o u n d s conta in ing b r i d g i n g carbyne l igands , e.g., [ M e 3 S i C H 2 ) 2 M -
( / x - C S i M e 3 ) ] 2 where M = N b , T a (29), a n d W (30) , conta in p lanar 
M 2 C 2 moieties of this type. 

A n o t h e r m o d e of react ion for a three-electron donor substrate is 
s h o w n i n R e a c t i o n 18. T h i s is c losely re la ted to the s imple o x i d a t i v e -
a d d i t i o n react ion s h o w n i n R e a c t i o n 2 a n d c a n be expected to occur 
whenever the X moie ty has one or more lone pairs of electrons, p r o v i d i n g 
that the f o r m a t i o n of the t w o M - X - M bridges does not require r u p t u r e 

M = M + R C E E B C R ? ± 2 M E = C R (7) 

(8 ) 
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404 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 I I 

of the M - M d o u b l e b o n d as i n R e a c t i o n 5. A l t e r n a t i v e l y the a d d i t i o n of 
2 X • or X - X across a M - M tr ip le b o n d can occur as i n d i c a t e d i n R e a c t i o n 
2, a n d one of the other l igands can then take u p a b r i d g i n g posi t ion , as 
seen i n Ref . 14. 

T h e format ion of M o 2 ( O P r i ) 8 i n the react ion be tween M o 2 ( O P r i ) 6 , 
A g P F 6 ( 2 equiva lents ) , a n d proton sponge (2 equivalents ) i n i s o p r o p y l 
a l c o h o l can be v i e w e d as an example of R e a c t i o n 8 (31). T h e structure 
of M o 2 ( O P r i ) 8 is s h o w n i n F i g u r e 4, where a s imple compar ison is m a d e 
w i t h the related c o m p o u n d M o 2 ( O P r i ) C ) ( N O ) 2 (26). I n b o t h compounds 
there is essentially t r igona l b i p y r a m i d a l coordinat ion about each m o l y b 
d e n u m atom, a n d there is a pa i r of P r j O b r i d g i n g l igands w h i c h f o r m 
alternately l o n g (ax ia l ) a n d short ( equator ia l ) M o - O bonds . T h e most 
s t r i k i n g differences be tween the t w o structures are: ( i ) the M o - M o dis
tances, w h i c h are 3.335(2) a n d 2.525(1) A for M o 2 ( O P r i ) 6 ( N O ) 2 a n d 
M o 2 ( O P r 1 ) 8 , respect ively; a n d ( i i ) the angles of the M o 2 (/x-O) 2 moie ty . 
These differences are readi ly accounted for b y s imple l i g a n d field con
siderations. A tr igonal b i p y r a m i d a l field splits the m e t a l d orbitals into 
three sets e'(dx*.y*, dxy), e"(dxz, dyz), a n d %!(&#) w i t h the degenerate pa i r , 
d ^ a n d dyz, l y i n g lowest i n energy. I n M o 2 ( O P r i ) G ( N O ) 2 , each m o l y b 
d e n u m atom can be assumed, f o r m a l l y , to have four Ad electrons after the 
f o r m a t i o n of o--bonds to each of the five l igands . T h i s f o r m of electron 
c o u n t i n g uses the convent ional , t h o u g h p u r e l y f o r m a l , descr ipt ion of the 
l inear M o - N - O group as M " <- N O + . These four electrons then o c c u p y 
the e"(dxz, dyz) orbitals where they can very effectively part ic ipate i n M o -
N O TT* back b o n d i n g , thus e x p l a i n i n g the very l o w value (1632 c m " 1 ) of 
r ( N O ) i n M o 2 ( O P r i ) G ( N O ) 2 . T h e b o n d i n g i n the d i m e r i c c o m p o u n d 
C r 2 ( O P r i ) 6 ( N O ) 2 ( v ( N O ) = 1720 c m - 1 ) a n d the mononuc lear c o m p o u n d 
W ( O B u ' c r f ) 3 ( N O ) ( p y r i d i n e ) ( v ( N O ) = 1555 c m " 1 ) must be essentially 
the same. I n a l l of these compounds there is extensive m e t a l e " - t o - N O ?r* 
b o n d i n g w h i c h , based on the values of v ( N O ) , fo l lows the order W > M o 
> C r . 

I n the c o m p o u n d M o 2 ( O P r i ) 8 , the f o r m a l ox idat ion state of m o l y b 
d e n u m is -f- 4, a n d each m o l y b d e n u m atom has t w o Ad electrons. It is 
thus possible to envis ion the f o r m a t i o n of the m e t a l - m e t a l d o u b l e b o n d 
as the result of dxz-dxz a n d dyz-dyz interactions. It s h o u l d be n o t e d that 
the compounds M 2 ( O R ) G ( N O ) 2 , M ( O R ) 3 ( N O ) L , M o 2 ( O P r i ) 8 , a n d M o 2 -
( O B u ' c r ' ) G C O p r o v i d e a n e w class of group V I transi t ion m e t a l complexes 
i n w h i c h the m e t a l atoms are five coordinate h a v i n g 14 valence shel l 
e lectronic configurations. 

T h e factors w h i c h l e a d to the f o r m a t i o n of d inuc lear c o m p o u n d s 
conta in ing M - M bonds of m u l t i p l e order n rather t h a n to the f o r m a t i o n 
of p o l y n u c l e a r or cluster compounds i n w h i c h the m e t a l atoms f o r m n 
a-bonds w i t h each other are not w e l l unders tood. T h e size of the l igands 
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31. C H I S H O L M Metal-Metal Triple Bonds 405 

2 M ^ E M <F± M 4 (9) 

is one important factor, and , i n p r i n c i p l e , a reversible association react ion, 
represented b y R e a c t i o n 9 above, is to be expected for certa in m e t a l -
l i g a n d combinat ions . T h e possible geometries for the M 4 moie ty are m a n y 
a n d i n c l u d e tetrahedral , square p lanar , a n d o p e n c h a i n structures. W e 
are not presently i n a pos i t ion to make predic t ions concern ing the 
pre fer red geometries of M 4 compounds f o r m e d i n R e a c t i o n 9, b u t w e do 
note that this type of o l i g o m e r i z a t i o n is f o u n d i n the chemistry of tr i -valent 
m o l y b d e n u m a n d tungsten alkoxides. F o r m o l y b d e n u m , the neo-pentoxide 
exists i n b o t h d inuc lear a n d p o l y n u c l e a r forms (29). T h e ethoxide is 
tetrameric a n d diamagnet ic i n benzene a n d shows M o 4 ( O E t ) i 2

+ , M o 3 -
( O E t ) 9

+ , a n d M o 2 ( O E t ) 6
+ ions i n the mass spectrometer (32). F o r 

tungsten, only the very b u l k y t r i -e thyls i loxy a n d tert iary butoxy l igands 
give d in uc lea r compounds . T h e less b u l k y iso-propoxy a n d neo-pentoxy 
groups give tetranuclear complexes. A b l a c k crystal l ine tetranuclear 
c o m p o u n d W 4 ( O P r 1 ) 1 2 ( H O P r 1 ) 2 has been s tructural ly character ized (see 
F i g u r e 5) a n d is be l i eved to have one of the t w o P ^ O H l igands c o o r d i 
nated at each t e r m i n a l tungsten (33). F o r m a t i o n of W 4 ( O P r 1 ) 1 2 ( H O P r 1 ) 2 

c a n be v i e w e d as the first step i n a p o l y m e r i z a t i o n of W 2 ( O P r i ) 6 ( a n M s== 
M c o m p o u n d ) , w h i c h is ha l ted i n this instance b y the coordinat ion of the 
P ^ O H l igands. 

Figure 5. An ORTEP view of the W^OPr1)^ (HOPri)2 

molecule showing only the W ^ O ^ skeleton. The molecule 
has C i symmetry. Some important parameters are: W(l)~ 
W(2) = 2.46 A; W(l)-W(l)' = 3.30 A; W(2)-W(l)-W(l)' 

angle = 140°. 
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Conclusions 

(1 ) T h e reactions of s y m m e t r i c a l M = M c o m p o u n d s w i t h s y m 
m e t r i c a l substrates are expected to y i e l d products i n w h i c h the meta l 
atoms are i n equivalent environments . W h e n e v e r a n exception is f o u n d , 
l o w energy pathways w i l l r ead i ly interconvert the t w o ends of the 
d inuc lear c o m p o u n d . 

(2 ) React ions l e a d i n g to stepwise changes i n M - M b o n d order are 
possible a n d m a y or m a y not be a c c o m p a n i e d b y a f o r m a l valence change 
of the meta l atoms. Predic t ions w i t h regard to M - M b o n d order changes 
present ly are not possible because of uncertainties r e g a r d i n g m e t a l -
l i g a n d rearrangements. 

(3 ) T h e potent ia l for c a r r y i n g out dinuc lear h y d r o c a r b o n catalysis 
s h o u l d be recognized . O n e catalyt ic sequence l e a d i n g to selective h y d r o -
genat ion is a lready suggested b y the a b i l i t y of C p 2 M 2 ( C O ) 4 c o m p o u n d s 
to coordinate unsaturated molecules that are four- but not two-e lec t ron 
donors : 

C p 2 M 2 ( C O ) 4 + u n - » C p 2 M 2 ( C O ) 4 ( u n ) 

C p 2 M 2 ( C O ) 4 (un) + H 2 -> C p 2 M 2 ( C O ) 4 + u n H 2 

(4 ) T h e general reactions proposed here in for M = M c o m p o u n d s 
w i t h s y m m e t r i c a l substrates are not exhaustive but mere ly pert inent to 
some recent exper imenta l observations. T h e react ion schemes i n v o l v i n g 
u n s y m m e t r i c a l substrates a n d heteronuclear M - M 1 m u l t i p l e b o n d e d c o m 
p o u n d s are v i r t u a l l y u n l i m i t e d , a l l of w h i c h indicates the g r o w t h potent ia l 
of this area of transi t ion meta l chemistry . 
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