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FOREWORD 

ADVANCES I N C H E M I S T R Y SERIES was founded i n 1949 b y the 
A m e r i c a n C h e m i c a l Society as an outlet for sympos ia and 
col lect ions of data i n spec ia l areas of t op ica l interest that c ou ld 
not be accommodated i n the Society's journals. I t prov ides a 
m e d i u m for symposia that w o u l d otherwise be f ragmented, 
their papers d is t r ibuted among several journals or not p u b 
l i shed at a l l . Papers are rev i ewed cr i t i ca l l y accord ing to A C S 
ed i tor ia l standards and receive the careful attent ion and proc
essing character ist ic of A C S publ icat ions . Vo lumes i n the 
ADVANCES I N C H E M I S T R Y SERIES ma in ta in the integr i ty of the 
symposia on w h i c h they are based; however, ve rba t im repro
duct ions of prev ious ly pub l i shed papers are not accepted. 
Papers may inc lude reports of research as w e l l as reviews since 
symposia may embrace bo th types of presentat ion. 
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PREFACE 

A major contr ibut ion to the efficient use of the world 's l imited petro
chemica l and fossil fuel resources cou ld be made by m in im i z ing the 

energy requirements of industr ia l processes. Th is objective is be ing pur 
sued by the development of molecular catalysts, often invo lv ing meta l 
phosphine complexes, to carry out extremely specific chemical transforma
tions. The purpose of the sympos ium was to stimulate exchanges of ideas 
and informat ion between academic and industr ia l chemists concerned w i th 
catalytic systems that involve phosphine ligands. A t tent ion was focused on 
the most relevant aspects of the theme by the fo l lowing subtopics: P-31 
N M R and the nature of the meta l -phosphorus bond, the chemistry of 
bu lky phosphine l igands, polydentate phosphines, the reactivity of t ran
sit ion-metal phosphorus compounds, and asymmetric synthesis. These 
areas were wel l represented i n the five sessions of ora l papers at the sym
pos ium and their sequence is maintained i n this volume. 

The symposium program included 30 talks and 23 poster presenta
tions. Due to space l imitations, this vo lume contains 24 of the ora l papers, 
whereas the authors, affiliations, and titles of the poster presentations are 
l isted i n the appendix. Sixteen of the ora l papers at the sympos ium were 
invited by the Organiz ing Committee , w i th the remaining 37 papers be ing 
selected f rom those submitted for presentation. The 30 speakers at the 
sympos ium inc luded five persons f rom industry and 12 speakers f rom out
side N o r t h Amer i c a . The symposium speakers attracted 170 participants 
f rom the Un i t ed States, Canada , Eng land , France , Germany , Switzer land, 
Italy, Hungary , Venezue la , Aus t ra l i a , and Japan . 

W e wou ld l ike to acknowledge the assistance of several colleagues 
f rom The Gue lph -Wate r l oo Centre for Graduate W o r k i n Chemistry 
( G W C 2 ) — R . J . Ba lahura , A . J . Car ty , P . Ch i eh , H . C . C l a r k , R . G . G o e l , 
P . M . Henry , R . M c C r i n d l e , and G . R e m p e l — w h o served o n the Organiz 
ing Committee for p lanning and arranging the scientific program. In add i 
t ion to the financial support of 22 Canad i an and U .S . companies, major 
financial contributions were received f rom the Na tu ra l Sciences and E n g i 
neering Research C o u n c i l of Canada , the Petro leum Research F u n d 
administered by the A m e r i c a n Chemica l Society, and the Un i t ed States 
A r m y Research Office. F ina l l y , we are pleased to acknowledge the finan-

ix 
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c ia l contributions f rom the Universit ies of Water loo and G u e l p h , the 
expertise of the Univers i ty of G u e l p h Conference Office, and the assistance 
of M . J . A l y e a i n organiz ing the nonscientif ic program of the symposium. 

E l m e r C . Alyea 

GWC2 

Univers i ty of G u e l p h 

G u e l p h , Ontar io N1G 2 W I 

D e v o n W . M e e k 

Department of Chemistry 

The O h i o State Univers i ty 

Co lumbus , OH 43210 

August , 1980 
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1 

Applications of P-31 NMR to the 
Study of Metal-Phosphorus Bonding 

A L A N P I D C O C K 

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

Evidence is presented that 1JM-P is Fermi dominated and 
a molecular orbital (MO) expression derived from that 
term is used to discuss the relation between 1JPt-P and the 
Pt-P length for platinum(II) and (IV) complexes, the de
pendence of coupling constants on the nature of ligands 
in trans and cis relationship to the detector ligand, and 
the dependence on 1JM-P on groups attached to phos
phorus (M = platinum(II), tungsten(O), and hydrogen). 
New results are included for the following series of com
plexes: cis-[PtPh(SnX3)(PPh3)2], cis- and trans-[PtCl-
(SnX3)(PPh3)2], cis-[PtCl2(PX3)(PEt3)], and trans-[PtCl2-
(PX3)(PCy3)](Cy = cyclohexyl). 

The cha rac t e r i z a t i on a n d ass i gnment o f s t ruc tures o f c o o r d i n a t i o n 
c o m p o u n d s w i t h p h o s p h o r u s l i g a n d s is a i d e d s t r ong l y b y P -31 

N M R spec t r a e s p e c i a l l y w h e n c o u p l i n g constants b e t w e e n the m e t a l 
a n d p h o s p h o r u s V M - P or b e t w e e n p h o s p h o r u s a n d o ther l i g a n d donor 
atoms 2 / p - L c a n b e m e a s u r e d ( 1 ,2 ) . T h e c o u p l i n g constants va ry c o n 
s i d e r a b l y i n m a g n i t u d e , a n d w h e n t r ends or cor re la t i ons h a v e b e e n 
e s t a b l i s h e d the c o u p l i n g constants c a n p r o v i d e i m p o r t a n t s t ruc tu ra l 
i n f o r m a t i o n b e y o n d that d e r i v e d f r om the s y m m e t r y o f the spec t ra . 
T h e c o u p l i n g constants ( pa r t i cu l a r l y those i n v o l v i n g d i r e c t l y b o n d e d 
atoms) a lso m a y b e u s e d to inves t i ga t e b o n d i n g i n c o o r d i n a t i o n c o m 
p o u n d s , a n d the va r i a t i on i n the m a g n i t u d e o f the c o u p l i n g s V M - P b e 
t w e e n a m e t a l i n a s i ng l e o x i d a t i o n state a n d a g i v e n p h o s p h o r u s l i g a n d 
(e.g., f r om c a . 1500 H z to 5 5 0 0 H z for p l a t i n u m ( I I ) a n d P R 3 ) is a 
re f l ec t ion o f the w i d e va r i a t i on i n b o n d s t rengths i n c o o r d i n a t i o n c o m 
p o u n d s . I n s tud ies o f h o m o g e n e o u s cata lys is there are m a n y e xamp l e s 
o f c o m p l e x i d en t i f i c a t i on v i a c o u p l i n g constants i n v o l v i n g p h o s p h o r u s , 
a n d a greater u n d e r s t a n d i n g o f the l a b i l i t y o f l i g a n d s a lso has c o m e 
t h r o u g h greater k n o w l e d g e o f g round-s ta te b o n d i n g patterns g a i n e d 
b y m e a s u r i n g c o u p l i n g constants (3). 

0065-2393/82/0196-0001$05.50/0 
© 1982 American Chemical Society 
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2 M E T A L P H O S P H I N E C O M P L E X E S 

T h i s chap t e r e m p h a s i z e s the e s t a b l i s h m e n t o f t r ends i n c o u p l i n g 
constants b e t w e e n t rans i t i on meta l s a n d p h o s p h o r u s a n d the i n t e r p r e 
ta t i on o f s u c h t r ends i n t e rms o f the app rop r i a t e m o l e c u l a r o r b i t a l 
( M O ) t rea tments that are c u r r e n t l y a v a i l a b l e . 

Framework for Interpretation 

In te rpre ta t ions o f c o u p l i n g constants g e n e r a l l y are f o u n d e d o n the 
a s s u m p t i o n that the c o u p l i n g de r i v e s essen t i a l l y f r om the F e r m i c o n 
tact t e rm . T h i s a s s u m p t i o n is s u p p o r t e d b y the ex i s t ence o f a n u m b e r o f 
cor re la t i ons b e t w e e n 7M-P a n d o ther c o u p l i n g s for w h i c h n o n - F e r m i 
t e rms are e x p e c t e d to b e s m a l l e r (4). E x a m p l e s o f cor re la t ions that 
e x t e n d o v e r a s i z e ab l e range o f m a g n i t u d e o f 7M-P are those b e t w e e n 
7ΡΙ-Ρ for the p h o s p h o n a t o l i g a n d s i n trans- [ P t X { P ( 0 ) ( O P h ) 2 } ( P B u 3 ) 2 ] 
a n d 2 / P T - C - H for the m e t h y l l i g a n d s i n trans- [ P t X ( C H 3 ) ( P E t 3 ) 2 ] (X = C I , 
B r , I, O N 0 2 , N 3 , N C O , N C S , N 0 2 , a n d C N ) (5), a n d b e t w e e n V m - p for 
P B u 3 i n trans- [ P t C l 2 L ( P B u 3 ) l a n d Ϋ ^ - Ν i n trans- [ P t C l 2 L ( N H 2 C e H 1 3 ) ] 
( L = P R 3 , A s R 3 , M e 2 S O , N H 2 R ) (6) (see F i g u r e s 1 a n d 2). T h e s e a n d 
o ther co r re la t i ons i n v o l v i n g d i r e c t c o u p l i n g to h y d r i d e l i g a n d UPÎ-H 

a n d i n d i r e c t c o u p l i n g s to fluorine have b e e n e x a m i n e d b y D i x o n et a l . 
(7), w h o h a v e s h o w n that the nonze r o in t e r cep t s o f some o f the co r r e l a 
t ions are cons is tent w i t h F e r m i - d o m i n a t e d c o u p l i n g s . 

Figure 1. Graph of 'JPt-p for the phosphonato ligand in trans-
[PtX{P(0)(OPh)2}(PBu3)2] against 2]Pt-c-Hfor trtins-[Pt(CH3)X(PEt3)2] 

(5) 
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1. P IDCOCK P-31 NMR and Metal-Phosphorus Bonding 3 

T h e e v a l u a t i o n o f the F e r m i contact t e r m i n v a l ence b o n d or M O 
theory i n v o l v e s s eve ra l s i m p l i f y i n g assumpt i ons ( such as the average 
exc i t a t i on ene rgy app rox ima t i on ) e s p e c i a l l y for c o m p l e x e s o f l o w 
s y m m e t r y (I ), b u t the f o rm o f the F e r m i t e r m is s u c h that the c o u p l i n g s 
m u s t d e p e n d s t rong l y o n the s o rb i t a l con ten t o f the b o n d b e t w e e n the 
c o u p l e d a toms. A c o n v e n i e n t f o rm o f the M O express i on ( adap ted f r om 
P o p l e a n d Sant ry (4)) is g i v e n i n E q u a t i o n 1; the constant C i n v o l v e s 
the m a g n e t o g y r i c rat ios o f the c o u p l e d n u c l e i a n d other constants , 3 Δ Ε 
is a n average exc i t a t i on energy , | S M (0 ) | a n d | Sp(0) | are the m a g n i t u d e s 
o f the v a l e n c e state s -orb i ta l bas is funct ions e v a l u a t e d at the paren t 
n u c l e i , a n d P ' s m s p is the M O b o n d order b e t w e e n the s o rb i ta l s o f 

Î/M-P = C ( 3 A E ) - ' | S m ( 0 ) | 2 | S P ( 0 ) | 2 ( P ' S M S P ) 2 (1) 

the c o u p l e d a toms. T h e t e r m ( P ' s M s P ) 2 increases d i r e c t l y w i t h a p , the s 
charac t e r o f the dono r o rb i t a l o f the p h o s p h o r u s l i g a n d , a n d w i t h o&, 
the s charac te r o f the accep to r o rb i t a l o f the m e t a l (M ) . O f c ou r s e 
ana l ogous express ions c a n b e w r i t t e n for o ther c o u p l i n g s s u c h as 1/M-C 
a n d lJM—N> a n d the m a g n i t u d e s o f i n d i r e c t c o u p l i n g s s u c h as 2 / M - C - H 
o f ten are d i s c u s s e d i n t e rms o f a n express ion o f s i m i l a r f o rm, w h e r e C 
t h e n i n c l u d e s factors a f f ec t ing the t ransmiss i on o f c o u p l i n g t h r o u g h the 
i n t e r v e n i n g b o n d s . 
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4 M E T A L P H O S P H I N E C O M P L E X E S 

T h u s , the cor re la t i ons b e t w e e n c o u p l i n g constants (see F i g u r e s 1 
a n d 2) i m p l y p a r a l l e l changes i n the paramete rs o f E q u a t i o n 1 i n the 
d i f ferent ser ies o f c o m p l e x e s , b u t ne i the r the accura te cor re la t i ons nor 
the m o r e q u a l i t a t i v e e s t a b l i s h m e n t o f s i m i l a r t r ends i n c o u p l i n g c o n 
stants i n r e l a t e d sets o f c o m p l e x e s g i ves a c l e a r i n d i c a t i o n o f w h i c h 
t e rms i n E q u a t i o n 1 are the i m p o r t a n t va r i ab l e s for a p a r t i c u l a r set o f 
c o u p l i n g constants . I n a set o f c o m p l e x e s the site a n d t ype o f v a r i a t i on 
o f s t ruc ture c a n d e t e r m i n e to some extent w h i c h va r i ab l e s o f E q u a t i o n 
1 are d o m i n a n t for that set. H o w e v e r , i f p o s s i b l e , a t tempts a lso s h o u l d 
b e m a d e to i d en t i f y b y e x p e r i m e n t or c a l c u l a t i o n the i m p o r t a n t v a r i 
ab l e s for e a c h k i n d o f s t ruc ture va r i a t i on . 

Metal Oxidation State and Phosphorus Ligand Constant 

W h e r e the p h o s p h o r u s l i g a n d is h e l d constant , i t is n o r m a l to as
s u m e that the s charac te r o f the p h o s p h o r u s donor o r b i t a l (ap), w h i c h 
con t r i bu t e s d i r e c t l y to ( P ' s M s P ) 2 a n d |Sp(0)| 2, does not va r y s i gn i f i c an t l y 
as o ther l i g a n d s o n the m e t a l are c h a n g e d (8). It seems r easonab l e that 
changes at the m e t a l p r i n c i p a l l y s h o u l d affect t e rms i n E q u a t i o n 1 that 
are assoc ia t ed w i t h the m e t a l a n d that var ia t ions i n d u c e d i n the state o f 
the p h o s p h o r u s donor s h o u l d be s m a l l i n c o m p a r i s o n . H o w e v e r , i t is 
c l e a r f r om s tud i es o f c o u p l i n g constants w i t h i n the p h o s p h o r u s donor 
that some var ia t i ons i n the p h o s p h o r u s donor d o o c cu r . T h u s , ^ P - C for 
P B u 3 is ca . 38 H z w h e n trans to n i t r o g e n or c h l o r i n e i n d i c h l o r o -
p l a t i n u m ( I I ) c o m p l e x e s a n d is ca . 32 H z w h e n trans to P R 3 ( 9 ) . W i t h 
d r a w a l o f σ-electrons f r om P B u 3 b y p l a t i n u m is s t ronger for P B u 3 trans 
to n i t r o g e n or c h l o r i n e , a n d the s i m p l e s t i n t e rp r e t a t i on o f the resu l ts is 
that ap|S P (0 )| 2 for P - C b o n d s is l a rger i n these c o m p l e x e s . A n inc rease 
i n ap (for the P - C bonds ) is e x p e c t e d f r om B e n t ' s ru l es (10) s ince a 
s t ronger accep to r s h o u l d i n v o l v e la rger p- a n d s m a l l e r s charac te r i n 
the p h o s p h o r u s o r b i t a l o f the P t - P b o n d , a n d there s h o u l d b e a c o m 
p l e m e n t a r y c h a n g e i n the o rb i ta l s o f the P - C b o n d s . E l e c t r o n w i t h 
d r a w a l f r om P B u 3 a lso is e x p e c t e d to contrac t the r a d i a l parts o f the 
p h o s p h o r u s (basis) o rb i ta l s a n d inc rease |SP(0)|2 ( i i ) . A l t h o u g h these 
t w o factors affect ^ ( P C ) i n the same w a y , the i r effects o n the phos 
pho rus donor o r b i t a l u s e d i n the b o n d to p l a t i n u m t e n d to c a n c e l i n 
7M-P: |S P(0)| 2 increases a n d a% decreases as the accep to r s t r eng th o f 
p l a t i n u m increases . T h i s i m p l i e s that the p r o d u c t a 2 |S P (0 )| 2 for the P t P 
b o n d s m a y not va ry s i gn i f i c an t l y i n c o m p a r i s o n w i t h changes i n the 
p l a t i n u m paramete rs for a range o f c o m p l e x e s o f a g i v e n p h o s p h o r u s 
donor . 

T h e va lues o f lJAg_P for c o m p l e x e s [ A g ( P B u 3 ) n ] + (n = 2, 3, 4), 
w h i c h are i n c o m m o n w i t h severa l o ther c o u p l i n g constants b e t w e e n 
d i r e c t l y b o n d e d atoms (22), d e p e n d o n the c o o r d i n a t i o n n u m b e r η i n a 
m a n n e r that suggests d o m i n a n c e o f the s charac te r o f the s i l v e r h y b r i d 
o r b i t a l a2

Ag ( w h i c h c on t r i bu t e s d i r e c t l y to the (P 's A gS P ) 2 o f E q u a t i o n 1). 
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1. P IDCOCK P-31 NMR and Metal-Phosphorus Bonding 5 

J ( A G P ) (HZ) 

400 1 

200 1 

0 
0 0,25 0.50 

1/N 

Figure 3. Graph of1JAo.Pfor_[Ag(PBu3)J+(BF4)-( 12) against 1/n, the s 
character of the idealized sp n 1 hybrid orbital of silver. Results for other 

silver(I) complexes are similar ( 13, 14). 

T h u s the g r a p h o f H A S - P aga inst 1/n, the i d e a l i z e d s charac t e r o f the 
s i l v e r s p n _ 1 h y b r i d o rb i ta l s , is a c cu ra t e l y l i n e a r (see F i g u r e 3). R e su l t s 
o f th is k i n d ( e spec i a l l y for ^ C - H ) p r o b a b l y have b e e n p r e e m i n e n t i n 
l e a d i n g to the g ene ra l a c cep tance o f the i d e a that c o u p l i n g constants 
b e t w e e n d i r e c t l y b o n d e d a toms a c cu ra t e l y re f lect s -orb i ta l contents o f 
b o n d s . H o w e v e r , i n te rms o f the M O express ion (see E q u a t i o n 1) ( and 
e s p e c i a l l y i n te rms o f more accura te t r ea tments i n v o l v i n g seve ra l 
t e rms w i t h d i f ferent 3 Δ Ε ) , s u c h resu l ts appea r a lmos t c o i n c i d e n t a l , 
s ince a n accura te c o r r e l a t i on appears to r e q u i r e a rather i m p r o b a b l e 
cons tancy i n the p r o d u c t |S M (0 )| 2 / 3 AE a n d i n the r e l a t i v e c on t r i bu t i ons 
o f the m e t a l a n d p h o s p h o r u s a t o m i c orb i ta ls to the M O s . A l t h o u g h the 
fact that the co r r e l a t i on b e t w e e n ^Ag-p a n d 1/n does not pass t h r o u g h 
the o r i g i n (see F i g u r e 3) i nd i ca t e s some f a i lu r e o f th i s s i m p l e f rame
w o r k o f i n t e rp r e t a t i on , i t seems p r o b a b l e that s ome fo r tu i tous c a n c e l l a 
t i on o f changes i n |SM(0)| 2 a n d 3 Δ Ε is i n v o l v e d a lso. It s h o u l d not b e 
o v e r l o o k e d that E q u a t i o n 1 i t s e l f a n d the s i m p l e i n t e rp r e t a t i on i n 
t e rms o f h y b r i d i z a t i o n i n v o l v e s u b s t a n t i a l a p p r o x i m a t i o n s . 

H o w e v e r , w h e r e the energ i es o f the va lence-s ta te o rb i ta l s o f me t 
als are r ea sonab l y s i m i l a r , w e c a n expec t that the coef f ic ients o f the 
a t o m i c o rb i ta l s ( w h i c h affect P ' s M s P ) c a n u n d e r g o la rge n u m e r i c a l 
changes w h i l e the energy d i f ferences b e t w e e n b o n d i n g a n d a n t i b o n d -
i n g o rb i ta l s (e.g., 3 Δ Ε ) c h a n g e o n l y f rac t i ona l l y . The r e f o r e changes i n 
! / M - P i n a series o f c o m p l e x e s o f a g i v e n p h o s p h o r u s donor , m e t a l , 
o x i d a t i o n state, a n d c o o r d i n a t i o n n u m b e r m a y b e d o m i n a t e d b y 
changes i n the s c o m p o n e n t o f the M - P b o n d s rather t h a n b y |S M (0)| 2 
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6 M E T A L P H O S P H I N E C O M P L E X E S 

or 3 Δ Ε . T h i s i n t e rp r e t a t i on c a n b e s u p p o r t e d s t rong l y for square -
p l a n a r a n d o c t ahed ra l t rans i t i on m e t a l c o m p l e x e s w h e r e the b i n d i n g 
o f p h o s p h o r u s l i g a n d s is i n f l u e n c e d s t rong l y b y the na ture o f the 
l i g a n d trans to p h o s p h o r u s , as i n the c h l o r o ( t r i a l k y l p h o s p h i n e ) 
c o m p l e x e s o f p l a t i n u m ( I I ) [ P t C l 4 - n ( P R 3 ) n ] ( n ~ 2 ) + a n d p l a t i n u m ( I V ) 
[ P t C l 6 - n ( P R 3 ) n ] ( n " 2 ) + (n = 1, 2 , 3) (see T a b l e I) (15). T h e c o m p l e x e s 
w i t h η = 3 h a v e n o n e q u i v a l e n t P t - P b o n d s (trans to c h l o r i n e a n d 
phosphorus ) that are assoc ia ted w i t h a c o m m o n | Spt(0) | 2 t e rm a n d 
p r o b a b l y s i m i l a r 3 Δ Ε t e rms . The r e f o r e the large d i f ferences i n 
c o u p l i n g constants w i t h i n these c o m p l e x e s m u s t d e r i v e f r om dif fer
ences i n the s c o m p o n e n t s o f the P t - P b o n d s trans to c h l o r i n e a n d 
p h o s p h o r u s . T h e s e d i f ferences m u s t o r i g ina t e p r i m a r i l y i n the ap\ 
t e rms , s ince the p r o d u c t « p | Sp(0 ) | 2 is e x p e c t e d to b e n e a r l y i n v a r i a n t . 
T h e s t rong d e p e n d e n c e o f 1/pt-p o n the na tu r e o f the trans l i g a n d 
de r i v e s f r o m changes i n the h y b r i d i z a t i o n o f p l a t i n u m . 

W h e r e c o u p l i n g constants f r om di f ferent c o m p l e x e s are c o m p a r e d , 
i t is not p o s s i b l e to e l i m i n a t e |S M (0 )|/ 3 AE as a n i m p o r t a n t v a r i a b l e . 
H o w e v e r the fact that i/pt-p trans to a g i v e n l i g a n d (phosphorus or 
c h l o r i n e , T a b l e I) is s i m i l a r i n a l l o f the c o m p l e x e s o f a g i v e n o x i d a t i o n 
state suggests that the (P ' sp ts P ) 2 t e rms d e p e n d essen t i a l l y o n the trans 
l i g a n d a n d that o ther t e rms o f E q u a t i o n 1 are s i m i l a r e v e n i n d i f ferent 
c o m p l e x e s o f a g i v e n o x i d a t i o n state. T h i s a r g u m e n t , w h i c h r ece i v es 
some s u p p o r t f r om b o n d - l e n g t h m e a s u r e m e n t s for the p l a t i n u m ( I I ) 
c o m p l e x e s (see T a b l e II), p r e s u m e s that the b o n d s to P R 3 t rans to a 
g i v e n l i g a n d are s i m i l a r i n the d i f ferent c o m p l e x e s . T h e l eng ths o f the 
P t - P b o n d s trans to c h l o r i n e are no t s i gn i f i c an t l y d i f ferent i n cis-
[ P t C l 2 ( P E t 3 ) 2 ] (16) a n d [ P t C l ( P E t 3 ) 3 ] 2 + ( 17 ) , w h e r e the c o u p l i n g c o n 
stants are v e r y s i m i l a r . T h e P t - P b o n d is shorter i n [ P t C l 3 ( P E t 3 ) ] _ (18), 
w h e r e the c o u p l i n g is c a . 2 0 0 H z larger , sugges t i ng that th is b o n d has 
a s l i g h t l y l a rge r s c o m p o n e n t , w h i c h is r e f l ec ted i n the shorter b o n d 
a n d i n the l a rger c o u p l i n g constant . T h e s m a l l e r c o u p l i n g constants 
for P t - P b o n d s trans to p h o s p h o r u s i n [ P t C l ( P E t 3 ) 3 ] + a n d trans-
[ P t C l 2 ( P E t 3 ) 2 ] (19) l i k e w i s e co r re la t e w i t h b o n d s tha t are l o n g e r t h a n 
for P t - P trans to c h l o r i n e (see T a b l e I). 

Correlation of 1]M-P with Bond Length 

T h e s u b s t a n t i a l l y l a rger va lues o f ! / M - P for p h o s p h o r u s trans to 
c h l o r i n e c o m p a r e d w i t h p h o s p h o r u s trans to p h o s p h o r u s co r re la t e w i t h 
shorter M - P b o n d s trans to c h l o r i n e for a n u m b e r o f me ta l s a n d o x i d a 
t i o n states: tungs t en ( IV ) , r h o d i u m ( I ) a n d (III), p l a t i n u m ( I I ) a n d ( IV) , 
a n d l i n e a r mercury ( I I ) ( i 5 ) . B y ana l ogy w i t h the d i s c u s s i o n o f the 
resu l t s for the p l a t i n u m ( I I ) c o m p l e x e s , th is i nd i ca t e s the d o m i n a n c e o f 
the ( P ' s M s P ) 2 t e r m i n E q u a t i o n 1 for c o u p l i n g s w i t h a va r i e t y o f M , b u t as 
d i s c u s s e d e a r l i e r i t is d i f f i cu l t to d e t e r m i n e the ex tent o f v a r i a t i on o f 
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8 M E T A L P H O S P H I N E C O M P L E X E S 

I S M (0)| 2 a n d 3 Δ Ε e i ther for these sys t ems or i n c ompar i s ons o f c o u p l i n g 
constants i n d i f ferent c o m p l e x e s o f a s i n g l e m e t a l . I f var ia t ions o f c o u 
p l i n g constants 7M-P d e r i v e s o l e l y f r om changes i n (P'sMs P ) 2> a n d the 
M - P b o n d l eng ths cor re la t e w i t h th is t e rm also , a c o r r e l a t i on b e t w e e n 
! / M - P a n d the M - P l e n g t h is to b e e x p e c t e d for c o m p l e x e s o f a g i v e n M , 
o x i d a t i o n state, a n d p h o s p h o r u s l i g a n d . It is necessary to res t r i c t c o m 
par isons to c o m p l e x e s o f a s i ng l e p h o s p h o r u s l i g a n d (or s i m i l a r phos 
pho rus l i g ands ) b e cause , for e x a m p l e , the b o n d l eng ths are u n l i k e l y to 
b e e q u a l l y sens i t i ve to changes i n the s charac t e r o f the m e t a l a n d 
p h o s p h o r u s o rb i ta l s , a n d the t e r m |SP(0)|2 is l i k e l y to d e p e n d o n the 
na tu r e o f the g roups o n p h o s p h o r u s . W h e n th is c o r r e l a t i on first was 
p r o p o s e d (15), the resu l ts for p l a t i n u m ( I I ) t r i a l k y l p h o s p h i n e c o m 
p l exes w e r e s u c h that a sat is factory c o r r e l a t i on c o u l d be c o n s t r u c t e d , 
b u t the f o rm o f the co r r e l a t i on was i l l - d e f i n e d b e c a u s e the u n c e r t a i n 
t ies i n the b o n d l eng ths w e r e not s m a l l c o m p a r e d w i t h the to ta l range 
o f l eng ths . S u b s e q u e n t l y , accura te b o n d l eng ths a n d c o u p l i n g c on 
stants h a v e b e c o m e a v a i l a b l e for a large n u m b e r o f p l a t i n u m ( I I ) 
c o m p l e x e s o f t r i a l k y l p h o s p h i n e s , a n d the resu l t s are p l o t t e d i n 
F i g u r e 4 (22). 

N o s i m p l e co r r e l a t i on is c a p a b l e o f fitting the resul ts to w i t h i n the 
e x p e r i m e n t a l errors, a n d w i t h i n the f r a m e w o r k o f i n t e rp r e t a t i on that is 
sugges t ed , i t m u s t b e c o n c l u d e d that e i the r there are s i gn i f i cant v a r i a 
t ions i n |S M (0 )| 2 / 3 AE or that the co r r e l a t i on b e t w e e n (P ' sp ts P ) 2 a n d b o n d 
l e n g t h is poor . H o w e v e r , the o v e r a l l t r e n d i n the resu l ts i n w h i c h 
i n c r e a s i n g va lues o f î/pt-p are assoc ia ted w i t h shorter b o n d s is l i k e l y to 
d e r i v e f r om the sens i t i v i t y o f b o t h !/pt-p a n d the b o n d l eng ths to the 
s -orb i ta l b o n d order . T h e w i d e range o f ^pt-p f o u n d for the short P t - P 
b o n d s suggests that the b o n d l eng ths b e t w e e n p l a t i n u m ( I I ) a n d t r i a l 
k y l p h o s p h i n e s m a y r e a c h a l o w e r l i m i t o f ca . 2.21 À a n d that the b o n d 
l eng ths there fore b e c o m e v i r t u a l l y i n d e p e n d e n t o f (P'sptSp)2 ( and l/m-p) 
i n th is r e g i on . I t is p o s s i b l e that m o r e accura te cor re la t i ons b e t w e e n 
!/M-p a n d the M - P l e n g t h m a y b e f o u n d for m o r e r e s t r i c t ed sets o f 
c o m p l e x e s . I n F i g u r e 4 m o s t o f the po in t s c o r r e s p o n d to c o m p l e x e s 
w i t h p h o s p h o r u s trans to p h o s p h o r u s or p h o s p h o r u s trans to c h l o r i n e so 
that w i t h i n these sets the l i g a n d s c is to p h o s p h o r u s vary . C a l c u l a t i o n s 
b y S h u s t o r o v i c h , w h o treats the energy d i f f erence b e t w e e n L a n d X i n 
M X n L as a p e r t u r b a t i o n , suggest that a c o r r e l a t i on b e t w e e n 1/M-P a n d 
the M - P l e n g t h is to b e e x p e c t e d w h e n the l i g a n d s trans to p h o s p h o r u s 
are v a r i e d , b u t that a c o r r e l a t i on is not e x p e c t e d w h e n l i g a n d s c is to 
p h o s p h o r u s are v a r i e d (25, 26). A l t h o u g h the p e r t u r b a t i o n m u s t b e 
m u c h m o r e c o m p l i c a t e d t h a n the s i n g l e ene rgy d i f f e rence pa rame t e r 
u s e d i n these c a l cu l a t i ons , i t is c l e a r l y d e s i r a b l e that a ser ies o f c o m 
p l exes is e x a m i n e d i n w h i c h o n l y the l i g a n d trans to P R 3 va r i es . T h e 
c a l cu l a t i ons a n d the b r o a d ag r e emen t f o u n d b e t w e e n trans in f luence 
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1. P IDCOCK P-31 NMR and Metal-Phosphorus Bonding 9 

2 . Ί 0 

2 . 2 0 

2 0 0 0 3000 4 0 0 0 5000 

: J ( P T P ) (HZ) 

Figure 4. Graph of Pt-P length (shown with standard deviation 
limits) against 'JPÎ-P for platinum(II) complexes of trialkylphosphines: 

phosphorus trans to phosphorus; phosphorus trans to chlorine; 
Φ, phosphorus trans to other donor atoms; O, trans-[Ptl 2(PCy 3) 2], For 
discussion see Ref 23; the point with ]Pt-P > 5000 Hz is for [Ρί2(μ-
Cl)2(COEt)2(PMe2Ph)2] (24). Some platinum(IV) complexes have been 

included, O. 

series b a s e d o n ^pt-p (or o ther c o u p l i n g constants ) a n d o ther p h y s i c a l 
pa ramete rs (3) p r o v i d e some g r o u n d s for e x p e c t i n g that a mo r e a c c u 
rate c o r r e l a t i on b e t w e e n lJM-p a n d the M - P l e n g t h t h e n w i l l emerge . 

R e s u l t s for a f ew p l a t i n u m ( I V ) c o m p l e x e s have b e e n i n c l u d e d i n 
F i g u r e 4. W e have k n o w n for some t i m e that c o u p l i n g constants !/pt-p 
are s m a l l e r i n p l a t i n u m ( I V ) t h a n i n r e l a t e d p l a t i n u m ( I I ) c o m p l e x e s 
a n d that the rat io o f the c o u p l i n g s was ca . 0.6, c l ose to the rat io 0 .67 
e x p e c t e d for i d e a l i z e d d 2 s p 3 a n d d s p 2 h y b r i d i z a t i o n s chemes (8). 
H o w e v e r , the c a n c e l l a t i o n o f |S P t (0 )| 2 / 3 AE te rms for the t w o o x i d a t i o n 
states appears i m p r o b a b l e , as does the c o r r e l a t i on w i t h i d e a l i z e d 
s -orb i ta l contents for s u c h a s y m m e t r i c c o m p l e x e s . P e r h a p s o f m o r e 
s i gn i f i cance is the appa ren t c o n f o r m i t y o f the p l a t i n u m ( I V ) resu l ts w i t h 
the p l a t i n u m ( I I ) c o r r e l a t i on (see F i g u r e 4) w h i c h h i g h l i g h t s the près-
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10 M E T A L P H O S P H I N E C O M P L E X E S 

ence o f l onge r P t - P b o n d s i n the p l a t i n u m ( I V ) c o m p l e x e s (20, 21, 27). 
R e s u l t s for p la t inum(O) c o m p l e x e s canno t b e i n c l u d e d p r o p e r l y i n 
F i g u r e 4 b e c a u s e b o n d l eng ths are not a v a i l a b l e for s i m p l e t r i a l k y l -
p h o s p h i n e c o m p l e x e s . H o w e v e r , d e sp i t e some va r i a t i on o f the phos 
pho rus l i g a n d , the c o u p l i n g constants for p la t inum(O) c o m p l e x e s 
[ P t ( P X 3 ) n ] v a r y w i t h η i n the m a n n e r e x p e c t e d from a s i m p l e h y b r i d i 
z a t i on s c h e m e (28). 

R e c e n t l y c o u p l i n g constants b e t w e e n the m e t a l a n d l i g a n d a t o m 
n u c l e i h a v e b e e n r e p o r t e d for sets o f l i n e a r mercury ( I I ) c o m p l e x e s 
c o n t a i n i n g the de t ec to r l i g a n d s C H 3 , C F 3 , P M e 3 , P ( 0 ) B u ' 2 , P (O ) -
P h ( O C 4 H 9 - n) a n d P ( 0 ) ( O E t ) 2 (29, 30, 61) a n d a va r i e t y o f o ther 
a n i o n i c l i g a n d s . T h e orders o f trans in f luence f o u n d w e r e a lmos t i n d e 
p e n d e n t o f the de t ec to r l i g a n d a n d the c o u p l i n g m e a s u r e d , a n d w e r e 
s i m i l a r to the trans i n f l uence orders e s t a b l i s h e d for p l a t i num( I I ) a n d 
o ther t r ans i t i on -me ta l c o m p l e x e s (3, 7, 31-36). A s w e p o i n t e d ou t ear
l i e r , the trans in f luence o rde r is not e x p e c t e d to b e c o m p l e t e l y i n d e 
p e n d e n t o f the de tec to r l i g a n d or the c o u p l i n g (29), a n d i n a d d i t i o n the 
resu l t s for s p - h y b r i d i z e d mercury ( I I ) c o m p l e x e s s h o w that the trans 
in f luence p h e n o m e n o n does not r e q u i r e the use o f do- o rb i ta l s i n the 
f o rma l h y b r i d i z a t i o n s c h e m e o f the m e t a l . A c c o r d i n g to the p e r t u r b a 
t i o n ca l cu l a t i ons o f S h u s t o r o v i c h (25), the da a n d s o rb i ta l s , w h i c h are 
the mos t i m p o r t a n t b o n d i n g o rb i ta l s for meta l s s u c h as p l a t i n u m ( I I ) , 
r e s p o n d i n p a r a l l e l to a c h a n g i n g trans l i g a n d , a n d i n l i n e a r sp-
h y b r i d i z e d mercury ( I I ) c o m p l e x e s the s -orb i ta l b e h a v i o r is e x p e c t e d to 
c l o s e l y p a r a l l e l that i n e a r l i e r t rans i t i on m e t a l c o m p l e x e s . T h u s , i n a l l 
o f these c o m p l e x e s the m e t a l s o r b i t a l is e i the r d o m i n a n t or v e r y 
i m p o r t a n t i n the b o n d i n g a n d is the p r i n c i p a l c o n t r i b u t o r to the N M R 
c o u p l i n g constants . 

Dependence of l / M - p on cis Ligands 

W h i l e i t appears w e l l e s t a b l i s h e d that changes i n the σ-bonding 
are at l east m a i n l y r e s p o n s i b l e for the effects o f trans l i g a n d s o n 1/M-P 
a n d o ther paramete rs o f m e t a l - l i g a n d b o n d s , the r e l a t i v e i m p o r t a n c e 
o f σ, π, a n d s ter i c c on t r i bu t i ons to the effects o f c is l i g a n d s r e m a i n s 
u n c l e a r . A l t h o u g h i n s ome sys tems , s u c h as i n the c o m p l e x e s 
[ P t C l 4 - w ( P R 3 ) n ] ( n " 2 ) + a n d [ P t C l e - n ( P R 3 ) n ] ( n " 2 ) + w h i c h w e r e d i s c u s s e d 
ea r l i e r , c h a n g e o f the c is l i g a n d s has r e l a t i v e l y l i t t l e effect o n Î / M - P or 
o n the M - P l eng ths , c o n s i d e r a b l e var ia t ions i n Î/M-P a n d o ther 
c o u p l i n g s c a n b e i n d u c e d b y c is l i g a n d s . M o r e r e c e n t l y changes i n 
b o n d l eng ths i n d u c e d b y c i s l i g a n d s h a v e b e e n s t u d i e d s y s t e m a t i c a l l y 
i n cis- [ P t C l 2 L ( P R 3 ) ] c o m p l e x e s (11, 37, 38). 

T h e r e are g o o d cor re la t i ons b e t w e e n the va lues o f l/m-p for the 
p h o s p h i n e l i g a n d s i n trans- [ P t ( C H 8 ) X ( P E t 3 ) 2 ] , f r a n s - [ P t { P ( 0 ) ( O P h ) 2 } -
X ( P B u 3 ) 2 ] , trans- [ P t ( S C F 3 ) X ( P E t 3 ) 2 ] , a n d trans- [ P t ( C 2 F 3 ) X ( P E t 3 ) 2 ] for 
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1. P IDCOCK P-31 NMR and Metal-Phosphorus Bonding 11 

h a l i d e a n d p s e u d o h a l i d e l i g a n d s X , a n d b e t w e e n the lat ter t w o series 
for a w i d e r range o f a n i o n i c l i g a n d s (5,32). T h e o rde r o f d e c r e a s i n g c i s 
i n f l u ence (as m e a s u r e d b y l/pt-p for the C 2 F 3 c o m p l e x e s was C O > 
P ( O P h ) 3 > P ( O M e ) 3 > P ( O E t ) 3 > P P h 3 > C N > P E t 3 > p y r i d i n e > I > 
S C F 3 > B r > C I > N 3 > N 0 2 > O N 0 2 , w i t h J^-p c h a n g i n g f r om 2 0 2 1 
H z (X = C O ) to 2 6 0 3 H z (X = O N 0 2 ) . T h e resu l t s for the S C F 3 

c o m p l e x e s i n d i c a t e that the series c o n t i n u e s to g roups o f e v e n l o w e r 
c i s i n f l u e n c e : C F 3 > H > P h > C H 3 (32). W i t h s o m e m i n o r var ia t i ons , 
s i m i l a r series h a v e b e e n f o u n d for l/pt-p c i s to X i n [ P t ( C H 3 ) X ( d p p e ) ] 
( dppe = P h 2 P C H 2 C H 2 P P h 2 ) (33) a n d i n [ P t X ( t t p ) l + [ttp = P h P ( C H r 

C H 2 C H 2 P P h 2 ) 2 ] (34). A l t h o u g h there is a g o o d m e a s u r e o f cons i s t ency 
i n the b e h a v i o r o f î/pt-p cis to X i n these series o f c o m p l e x e s , the 
co r r e l a t i on b e t w e e n 1/pt-p a n d the P t - P l e n g t h i n the series cis-
[ P t C l 2 L ( P E t 3 ) ] is r e l a t i v e l y poo r (see F i g u r e 5). T h i s m a y b e b e c a u s e 
the to ta l o v e r l ap p o p u l a t i o n ( and hence the b o n d l ength ) c is to the 
l i g a n d does not cor re la te w i t h the s -orb i ta l b o n d o rder ( and hence 
î/pt-p) as sugges t ed b y S h u s t o r o v i c h (26), b u t i t w o u l d b e u n w i s e to 
a t tach s i gn i f i cance to the weakness o f the c o r r e l a t i on for v a r y i n g c is 
l i g a n d s u n t i l a be t t e r c o r r e l a t i on is o b t a i n e d for v a r y i n g trans l i g a n d s . 

A l t h o u g h the ca l cu l a t i ons o f S h u s t o r o v i c h d o not suggest a g ene ra l 
r e l a t i o n s h i p b e t w e e n c o u p l i n g s c is a n d trans to a v a r y i n g l i g a n d X (26), 

P T - P 

LENGTH ( A ) 

2 . 2 8 

2 . 2 6 A 

Ç I S - I P T C L 2 L ( P E T 3 ) ] 

2 . 2 4 

2 . 2 2 

2 6 0 0 3 0 0 0 3 4 0 0 

2 J ( P T - P ) (Hz) 

3 8 0 0 

Figure 5. Graph of Pt-P (shown with standard deviation limits) 
against ^pt-pfor the cis-[PtCl2L(PEt3)] complexes 
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12 M E T A L P H O S P H I N E C O M P L E X E S 

3 J ( P T S C F ) (HZ ) 

4 0 8 0 1 2 0 

3 J ( P T S C F ) ( H Z ) TRAN_S TO X 

Figure 6. Graph of3JPtScFcis to Xin trans-[Pt(SCF3)X(PEt3)2] against 
3]ptscF trans to Xin cis-[Pt(SCF3)X(PEt3)2] ( 7 , 3 9 j 

the c o u p l i n g 3Jpt-scF cis to X i n c i s - [ P t ( S C F 3 ) X ( P E t 3 ) 2 ] is a l i n e a r de 
c r e a s i n g func t i on o f 3 /pt-scF trans to X i n trans-[Pt(SCF3)X(PEt3)2] 
(39). S u b s e q u e n t resu l ts h a v e r e v e a l e d a s i m i l a r b u t s l i g h t l y less p r e 
c ise c o r r e l a t i on for the d i r e c t c o u p l i n g s l/pt-p (see F i g u r e s 6 a n d 7) (32). 

I n s tud i es o f the react ions o f o r gano t in c o m p o u n d s w i t h 
p la t inum(O ) a n d p l a t i n u m ( I I ) c o m p l e x e s , w e h a v e o b t a i n e d a ser ies o f 
c i 5 - 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 ( I I ) c o m p l e x e s i n w h i c h one 

I J ( P T P ) ( H Z ) 

TRANS TO X 

Figure 7. Graph of *]Ρ(-Ρ cis to X against ^pt-p trans to X in cis-
[Pt(SCF3)X(PEt3)2] (32) 
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1. P IDCOCK P-31 NMR and Metal-Phosphorus Bonding 13 

a n i o n i c l i g a n d var ies t h r o u g h a range o f c a r b o n or t i n donors (40, 41, 
42). L i n e a r r e l a t i onsh ip s w e r e f o u n d b e t w e e n l/pt-p c is to the c a r b o n 
l i g a n d i n the t w o ser ies d s - [ P t C l ( C X n ) ( P P h 3 ) 2 ] a n d f r a n s - [ P t C l ( C X n ) -
( PPh 3 ) 2 ] a n d cis to the t i n l i g a n d i n the t w o series cis- [ P t C l ( S n X 3 ) -
( PPh 3 ) 2 ] a n d f r a n s - [ P t C l ( S n X 3 ) ( P P h 3 ) 2 ] (see F i g u r e s 8 a n d 9). F u r t h e r 
more , i n c o m p l e x e s w h e r e the P P h 3 l i g a n d , w h i c h is c is to c a r b o n or 
t i n , is a lso trans to c h l o r i n e , ! / P t - p c is to c a r b o n or t i n is a l i n e a r 
d e c r e a s i n g func t i on o f î/m-p trans to c a r b o n or t i n (see F i g u r e s 10 a n d 
11). F o r the c o m p l e x e s cis- [ P t P h ( S n X 3 ) ( P P h 3 ) 2 ] , w h e r e the P P h 3 

l i g a n d c is to t i n is trans to the p h e n y l l i g a n d , there is no d i s c e r n i b l e 
c o r r e l a t i on b e t w e e n i/pt-p c is a n d trans to t i n (see F i g u r e 12). T h i s was 
also the case for ! / P t - p c is a n d trans to v a r y i n g c a r b o n l i g a n d s i n 
[ P t C H 3 ( C X n ) ( d p p e ) ] ( 33 ) , w h e r e aga in the p h o s p h o r u s l i g a n d is trans 
to a c a r b o n σ donor . F o r the cis-[PtPh(SnX3)(PPh3)2] c o m p l e x e s (see 
F i g u r e 12) ^ H - P trans to t i n var i es b y a s i m i l a r a m o u n t to ! / P t - p trans to 
t i n i n c i s - [ P t C l ( S n X 3 ) ( P P h 3 ) 2 ] (see F i g u r e 9), b u t 7 p t - P c i s to t i n i n the 
fo rmer c o m p l e x e s var i es b y a m u c h s m a l l e r a m o u n t t h a n for the cor re 
s p o n d i n g l i g a n d i n the lat ter c o m p l e x e s . T h i s a n d the resu l t s o f A p -
p l e t o n a n d B e n n e t t ( 3 3 ) suggest that w h e n P R 3 is trans to a c a r b o n cr 
donor , the b o n d s a l o n g th is axis o f the m o l e c u l e are m u c h m o r e res is
tant to p e r t u r b a t i o n t h a n w h e n P R 3 is trans to P R 3 or c h l o r i n e . T h e 
a m o u n t o f scatter o n the cor re la t i ons is n u m e r i c a l l y s i m i l a r i n e a c h 

C L ^ ( P T - P ) (HZ) 

I c i s το ( X . 
PHTP Ρτ PPH 3 — N 

I 

Figure 8. Graph of ' ]P,-P cis to C X„ in cis- [PtCl(C Xa)(PPh3)2] against 
'Jpt-pcis to CXnin trans- [PtCKCX„)(PPh 3 ) 2 ] (41) 
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1. P IDCOCK P-31 NMR and Metal-Phosphorus Bonding 15 

1600 

3500 £4000 4500 

X J ( P T - P ) (HZ) C IS το SN 

Figure 11. Graph of1 ]Pt-p trans to SnX3 against *Jpt-pcis to SnX3 in 
cis- [PtCl(SnX3)(PPh3)2] (41) 

case , b u t i t is suf f ic ient to o b s c u r e a n y c o r r e l a t i on w h e r e the o v e r a l l 
changes i n d u c e d b y c i s l i g a n d s are s m a l l . 

T h e resu l ts for the t i n - c o n t a i n i n g c o m p l e x e s (41, 42) a lso p e r m i t 
the e x a m i n a t i o n o f the r e l a t i o n s h i p b e t w e e n 1JP%-P trans to the t i n 
l i g a n d a n d the i n d i r e c t c o u p l i n g constant 2 /p -p t - sn - T h e r e are accura te 
l i n e a r r e l a t i onsh ips for t w o ser ies o f c o m p l e x e s (see F i g u r e 13) that 

3 0 0 0 -

^ ( P T - P ) (HZ) 

TRANS το SN 

2 5 0 0 1 

2000 -

2000 2050 2100 

^(Ρτ-Ρ) (HZ) TRANS TO PH 

2150 2200 

Figure 12. Plot of ^pt-ptrans to SnX3 against ^pt-pcis to SnX3 in cis-
[PtPh(SnX3)(PPh3)2] (41) 
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16 M E T A L P H O S P H I N E C O M P L E X E S 

— ι 1 1— 
2 0 0 0 2 5 0 0 3 0 0 0 

A J ( P T P ) ( H Z ) TRANS TO SN 

Figure 13. Graphs of 2 Jp-ptsn for PPh3 trans to tin against 'Jpt-pfor 
PPh3 trans to tin for the cis- [PtCl(S η X3)(PPh3)2] and cis- [PtPh( S η X3)-

(PPh3)2] complexes (41) 

e x t e n d ove r s i z eab l e ranges o f m a g n i t u d e . I n these series o f c o m 
p l exes , the p r i n c i p a l va r i ab l e s are e x p e c t e d to b e (P ' s P t sp ) 2 ( and p a r t i c u 
l a r l y the c o n t r i b u t i o n o f the p l a t i n u m orb i ta ls ) for the P t - P c o u p l i n g , 
a n d |S S n (0 )| 2 a 2 sn for the i n d i r e c t c o u p l i n g . A s the e l e c t r onega t i v i t y o f 
the g roups o n t i n increases |S S n(0)| 2 a n d a§ n for the S n - P t b o n d b o t h 
inc rease a n d the trans in f luence o f the t i n l i g a n d decreases l e a d i n g to 
the o b s e r v e d co r r e l a t i on . P e rhaps fur ther cor re la t i ons w i l l b e f o u n d 
w h e n resu l t s for l/pt-sn for these c o m p l e x e s b e c o m e a v a i l a b l e . 

Dependence on the Phosphorus Ligand 

T h e te rms o f E q u a t i o n 1 that are e x p e c t e d to b e c h a n g e d mos t as 
g roups o n p h o s p h o r u s are v a r i e d are |SP(0)|2 a n d the s charac te r o f the 
p h o s p h o r u s dono r o r b i t a l ap, w h i c h c on t r i bu t e s d i r e c t l y to (P ' s M s P ) 2 -
B o t h o f these t e rms are e x p e c t e d to inc rease w i t h i n c r e a s i n g l y e l e c 
t r onega t i v e subs t i tuen ts o n phosphorus—|S P ( 0 ) | 2 b y con t rac t i on o f the 
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1. P IDCOCK P-31 NMR and Metal-Phosphorus Bonding 17 

p h o s p h o r u s 3s o rb i t a l a n d a p b y r e h y b r i d i z a t i o n o f the p h o s p h o r u s 
o rb i ta l s i n a c c o r d w i t h B e n t ' s ru l e s (JO). I n m o s t ins tances c o u p l i n g 
constants lJM-p inc rease w i t h i n c r e a s i n g e l e c t r onega t i v i t y o f the s u b -
st i tuents o n the p h o s p h o r u s donor , b u t the oppos i t e t r e n d has b e e n 
n o t e d for c o m p l e x e s o f the l i g a n d s P P h n R 3 _ n (R = a l k y l a n d η = 1-3) 
i n mercury ( I I ) c o m p l e x e s [ H g X 2 L 2 ] (43). I n c o o r d i n a t i v e l y sa tura ted 
c a d m i u m ( I I ) , i n d i u m ( I I I ) , a n d t in ( IV ) c o m p l e x e s the M - P b o n d s are 
rather l o n g a n d , there fore , p r e s u m a b l y m u c h w e a k e r t h a n for the trans
i t i o n meta l s (44, 45, 46). It seems that the a n o m a l o u s t r e n d i n c o u p l i n g 
constants for [ H g X 2 L 2 ] m a y b e c o m m o n to s u c h c o m p l e x e s a n d m a y 
arise f r om i n c r e a s i n g s ter ic p ressure on the r e l a t i v e l y w e a k M - P b o n d s 
as the n u m b e r o f p h e n y l subs t i tuen t s o n the p h o s p h o r u s increases . 

C o u p l i n g constants are m u c h la rger for p h o s p h i t e t h a n for phos 
p h i n e l i g a n d s a n d the rat io o f the c o u p l i n g constants i n o the rw i se 
s i m i l a r c o m p l e x e s l i es i n the 1.5-1.8 range for a va r i e t y o f acceptors 
(e.g., r h o d i u m ( I ) a n d (III), p l a t i n u m ( I I ) , s i lver ( I ) , a n d B H 3 ) (1, 2). A p 
p r o x i m a t e cons tancy o f the rat io is e x p e c t e d i f changes i n |S P (0 )| 2 ap are 
d o m i n a n t . F o r c o m p l e x e s o f a g i v e n m e t a l a n d o x i d a t i o n state, the rat io 
o f c o u p l i n g constants b e t w e e n p h o s p h i t e a n d p h o s p h i n e c o m p l e x e s is 
not r i g o r o u s l y constant . H o w e v e r for p l a t i n u m ( I I ) c o m p l e x e s w e h a v e 
f o u n d that for P ( O P h ) 3 a n d P P h 3 c o m p l e x e s , a n d a va r i e t y o f o ther pa i r s 
o f p h o s p h o r u s donors , that there are accura te l i n e a r r e l a t i onsh ips b e 
t w e e n the c o u p l i n g constants for c o m p l e x e s o f d i f ferent p h o s p h o r u s 
donors (e.g., see F i g u r e 14) (47). W h e r e suf f ic ient resu l ts are a v a i l a b l e 
s u c h l i n e a r cor re la t i ons are bes t l i m i t e d to sets o f c o m p l e x e s o f a g i v e n 
s t e r eochemis t r y . T h u s for c o m p l e x e s o f P P h 3 a n d P E t 3 the three d i f 
ferent cor re la t i ons for trans-[PtAB(PR3)2], c i s - [ P t A B ( P R 3 ) 2 ] , a n d 
[ P t A B C ( P R 3 ) ] c o m p l e x e s are g i v e n b y E q u a t i o n s 2 ( cor re la t i on coeff i
c i e n t r = 1.00, 17 po in ts ) , 3 (r = 1.00, 14 po in ts ) , a n d 4 (r = 0.99, 10 
po in ts ) . 

T h e g rad i en t is l a rger for E q u a t i o n 2 t h a n for E q u a t i o n s 3 a n d 4 
b e c a u s e the trans i n f l uence o f P P h 3 is l o w e r t h a n that o f P E t 3 . T h e s e 
r e l a t i onsh ip s are su f f i c i ent l y accura te to m a k e a use fu l c a l c u l a t i o n o f a n 
u n k n o w n c o u p l i n g constant w h e n the r esu l t for an ana logous c o m p l e x 
w i t h a d i f ferent p h o s p h o r u s donor is a v a i l a b l e . 

R e s u l t s a lso h a v e b e e n o b t a i n e d for cis- [ P t C l 2 L ( P E t 3 ) ] a n d trans-
[ P t C l 2 L ( P C y 3 ) ] ( C y = c y c l o h e x y l ) c o m p l e x e s , w h e r e L i n the c is c o m 
p l exes var ies o ve r the f u l l range o f p h o s p h o r u s donors from P H P h 2 to 
P F 3 a n d for the trans c o m p l e x e s f r om P R 3 to P ( O R ) 3 (22). T h e c o u p l i n g 

! /p t - PPh 3 t r ans = 1-155 ! / p t - P E t 3 t r a n s ~ ^7 

! / p t - P P h 3 c i s = 1 1 2 5 ! / p t - P E t 3 c i s ~ 2 1 5 

7 p t - p p h 3
 = 1-120 y p t - P E t 3 ~~ 378 

(2) 

(3) 

(4) 
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6 0 0 0 ' 

1 J ( P T - P P H 3 ) 

(Hz) 

mo A 

2 0 0 0 » 1 i · 

W O O 6 0 0 0 S 0 0 0 1 0 0 0 0 

I J ( P T - P ( 0 P H ) 3 ) ( H Z ) 

Figure 14. Graph of1Jpt-pfor bonds to PPh3 in platinum(II) complexes 
against 'Jpt-pfor bonds to P(OPh)3 in otherwise similar complexes: 

^Pt-pphs = 0.530 ^pt-pwph^ + 517 (correlation coefficient 0.99) (41) 

2 J ( P T P ) (HZ ) FOR L IN T R A N S - [ P T C L 2 L ( P C Y 3 ) ] 

Figure 15. Graph of 'Jpt-p for bonds to the ligand L in cis-
[PtCl2L(PEt3)] against *JPt-p for bonds to the ligand L in trans-

[PtCl2L(PCy3)](Cy = cyclohexyl) (22) 
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8 0 0 0 J 

Figure 16. Graph of 'Jpt-p for bonds to the ligand L in cis-
[PtCl2L(PEt3)] against ^w-pfor bonds to the ligand L in [W(CO)5L] (22) 

constants to the c h a n g i n g p h o s p h o r u s donor i n the t w o ser ies are re 
l a t e d l i n e a r l y (see F i g u r e 15), a n d there is a n accura t e l i n e a r r e l a t i on 
s h i p b e t w e e n the resu l t s for the c i s p l a t i n u m ( I I ) c o m p l e x e s a n d the 
tungsten(O) [ W ( C O ) 5 L ] c o m p l e x e s (21, 4 8 , 4 9 , 50 , 51) o v e r the f u l l 
r ange o f p h o s p h o r u s donors (see F i g u r e 16). T h e s e cor re la t i ons p r i n c i 
p a l l y re f lect the d o m i n a n c e o f the p h o s p h o r u s - c e n t e r e d t e rms |S P (0)| 2ap 
i n XJ ( M L ) , b u t i t appea rs that a n y i n d u c e d changes i n the te rms asso
c i a t e d w i t h the m e t a l m u s t b e c l o s e l y p a r a l l e l i n the c i s -p l a t i num( I I ) 
a n d the tungsten(O) c o m p l e x e s . T h a t changes i n the m e t a l o rb i t a l s 
o c c u r is e v i d e n t f r om changes i n the b o n d l eng ths to the r e m a i n i n g 
l i g a n d s for b o t h p l a t i n u m ( I I ) c o m p l e x e s (see F i g u r e 17) a n d for 
c h r o m i u m ( O ) c o m p l e x e s , w h i c h are p r e s u m a b l y v e r y s i m i l a r to the 
ana l ogous tungsten(O) c o m p l e x e s ( 5 3 ) . 

I n r e c en t years the a v a i l a b i l i t y o f s t r ong l y a c i d i c so l ven ts has f a c i l 
i t a t ed the d e t e r m i n a t i o n o f ^ H - P for a f u l l r ange o f p r o t o n a t e d phos 
p h o r u s donors [ H L ] + (54, 55, 56) a n d the g r a p h o f ^ H - P aga inst 1JPX-P 

for the c i s - p l a t i num( I I ) c o m p l e x e s is g i v e n i n F i g u r e 18. T h e c u r v a t u r e 
o f the g r a p h is oppos i t e to that w h i c h is e x p e c t e d f r om s y n e r g i c 
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2 . 3 6 1 

2 . 2 5 8 2 . 3 6 1 

2 . 2 5 8 

PET3 

Ετ,Ρ-

2.m 
2 . 3 5 5 

Ετ,Ρ-
2 . 2 7 2 

2 . 1 8 2 

Ρ(0ΡΗ)? 

2 . 3 0 5 

2 . 3 5 7 

2 . Ml 

Figure 17. Pt-L bond lengths (in angstroms) in cis-[PtCl2(PEt3)2] ( 16), 
cis-[PtCl2(PEt3) {P(OPh)3}] (52), and c\s-[PtCl2(PEt3)(PF3)] (\\) 

s t r e n g t h e n i n g o f the P t - P σ b o n d t h r o u g h π b o n d i n g i n the P t - P F 3 

sy s t em . T h e n o n l i n e a r i t y p r o b a b l y de r i v e s f r om i n d u c e d changes i n 
the p l a t i n u m orb i ta l s w h i c h are p r e s u m a b l y greater t h a n a n y changes 
i n d u c e d i n the Is accep to r o rb i t a l o f h y d r o g e n . It is not s u r p r i s i n g that 
some changes i n the orb i ta l s o f p l a t i n u m have to b e i n v o k e d s ince 
three g r oups o n p h o s p h o r u s are v a r i e d i n these sys tems a n d large 
changes i n the charac t e r o f the p h o s p h o r u s donor o r b i t a l are e v i d e n t 
f r o m the changes i n the c o u p l i n g constants , the energ ies o f the phos 
pho rus l o n e - p a i r o rb i ta l s (57, 58 , 59), a n d i n hype r f i n e c o u p l i n g c o n 
stants i n c o b a l t c o m p l e x e s o f v a r i ous p h o s p h o r u s donors (60). S i n c e 

8000 Η 

2J(HP) (Hz) IN [ΗΡΧ 3 ] + 

Figure 18. Graph of '1Ρί_ρ for bonds to the ligand L in cis-
[PtCl2L(PEt3)] against 'JH-pfor [HL]+. Values of'Jn-pforL = PPh2Cl 

and PPhCl2, may be unreliable (55) 
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1. P IDCOCK P-31 NMR and Metal-Phosphorus Bonding 21 

! / M - p a n d the hype r f i n e c o u p l i n g constants (60) d e p e n d o n the p r o d u c t 
«p|Sp(0)|2, i t is not p o s s i b l e to d e t e r m i n e w h i c h o f the t e rms a% or 
|SP(0)|2 is the mo r e sens i t i ve to the g r o u p s a t t a ched to p h o s p h o r u s . W e 
expec t that the coef f ic ients o f the o rb i ta l s a 2

P v a r y mo r e t h a n the e l e c 
t r on dens i t y |SP(0)|2, a n d i t is p r o b a b l e that α ρ var i es m o r e t h a n is 
i m p l i e d b y the h y b r i d o rb i ta l s c o n s t r u c t e d to f o l l o w k n o w n X P X b o n d 
ang les . T h u s i t is m o r e l i k e l y that the changes i n 7M-P d e r i v e mo r e 
t h a n « ρ t h a n f r om |SP(0)|2, b u t s ince the t e rms c h a n g e i n the same w a y 
for M - P b o n d s , d i s c u s s i o n i n t e rms o f the p r o d u c t a 2 |S P (0 )| 2 is mo r e 
app rop r i a t e at present . 
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P-31, Sn-119, and Pt-195 NMR Studies 
on Platinum-Tin Homogeneous 
Hydrogenation Catalysts 

K. A. O S T O J A S T A R Z E W S K I and P. S. PREGOSIN 

Laboratorium für Anorganische Chemie , E T H - Z e n t r u m , Universitätstrasse 6, 
CH-8092 Zürich, Switzer land 

P-31, Sn-119, and Pt-195 NMR spectroscopic methods 
have been used to identify the products of the reaction of 
SnCl2 with phosphine complexes of platinum(II). These 
complexes are of the type [Pt(SnCl3)L(PR 3 )2], L = Cl-, 
SnCl3-, H-, or alkyl, and are of interest, spectroscop-
ically, in that the one-bond platinum-tin coupling 
1J(195Pt, 119Sn) can exceed 30,000 Hz and therefore repre
sents the largest known nuclear spin-spin coupling con
stant. The two-bond interaction in the poly-SnCl3 com
plex 2J(119Sn, 117Sn) at > 18,000 Hz is also exceedingly 
large. 

P l a t i n u m p h o s p h i n e c o m p l e x e s are r e c o g n i z e d to func t i on as h o m o 
geneous hydrogénation a n d h y d r o f o r m y l a t i o n cata lysts w h e n 

c o m b i n e d w i t h a n excess o f a co-cata lys t s u c h as t in( I I ) c h l o r i d e 
(1, 2, 3 ) . S p e c i f i c a l l y , α-olefin h y d r o f o r m y l a t i o n p r o c e eds b o t h w i t h 
h i g h y i e l d a n d s e l e c t i v i t y u s i n g the c o m b i n a t i o n [ P t C l 2 ( P P h 3 ) 2 ] + 
S n C l 2 as s h o w n i n E q u a t i o n 1 (4): 

C H 3 ( C H 2 ) 4 C H = C H 2 — • 9 0 % 1-octanal (1) 
d V Z / 4 A PtCUPPhak + n-SnClj 

66° 

T h e h o m o g e n e o u s hydrogénation a n d h y d r o f o r m y l a t i o n react ions 
are k n o w n to i n v o l v e m e t a l h y d r i d e , m e t a l o l e f in , a n d m e t a l a l k y l 
c o o r d i n a t i o n c o m p l e x e s ( 5 ) ; h o w e v e r , there is r e l a t i v e l y l i t t l e i n the 
l i t e ra ture c o n c e r n i n g the func t i on o f S n C l 2 i n th is c o n n e c t i o n . T h e 
w o r k that has b e e n d o n e suggests (6, 7, 8, 9) that S n C l 2 reacts w i t h 
p l a t i n u m c o m p l e x e s c o n t a i n i n g a P t - C l b o n d a c c o r d i n g to E q u a t i o n 2. 

0065-2393/82/0196-0023$05.00/0 
© 1982 American Chemical Society 
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P t - C l + S n C l 2 P t - S n C l 3 (2) 

I n s u p p o r t o f the d i r e c t p l a t i n u m - t i n b o n d are c r y s t a l l o g r a p h i c 
s t ruc tu ra l d e t e rm ina t i ons for [ M n ( S n C l 3 ) ( C O ) 5 ] (10) , [Pd (w-a l ly l ) -
( S n C l 3 ) ( P P h 3 ) ] ( i i ) , [ A u ( S n C l 3 ) ( P M e 2 P h ) 2 ] (12) , a n d the c y c l o o c t a -
d i e n e c l u s t e r [ P t 3 ( S n C l 3 ) 2 ( C 8 H 1 2 ) 3 ] w h i c h has a t r i ang l e o f p l a t i n u m 
a toms c a p p e d above a n d b e l o w b y t w o S n C l 3 " g r oups (13). I n a d d i t i o n 
to the m e t a l - m e t a l b o n d there are t w o fur ther poss i b l e in te rac t ions o f 
the S n C l 3 " l i g a n d w i t h the p l a t i n u m . T h e m o s t t r i v i a l is nonasso-
c i a t i v e , w i t h the S n C l 2 s e r v i n g as a c h l o r i d e extractor f o r m i n g the 
t r i ch l o r os t anna t e c o u n t e r i o n , a n d i n d e e d th is has b e e n f o u n d i n 
the s o l i d state for [ C o C l ( d p p e ) 2 ] S n C l 3 ( dppe = 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 (14). T h e last a n d m o s t i n t r i g u i n g op t i on , s tems from a 
r e cen t s t r u c t u r a l d e t e r m i n a t i o n o f [ A g ( S n C l 3 ) ( P P ) ] w h e r e P P = 
2 , l l - b i s ( d i p h e n y l p h o s p h i n o m e t h y l ) b e n z o [ c ] p h e n a n t h r e n e , a che la t 
i n g d i p h o s p h i n e that m a y s p a n the trans pos i t i ons o f a square p l a n a r 
c o m p l e x (15). I n th is m o l e c u l e , a b b r e v i a t e d as I, the S n C l 3 ~ c o o r d i 
nates to the t r ans i t i on m e t a l v i a the h a l o g e n . 

T h e p r o b l e m o f e s t a b l i s h i n g the s o lu t i on s t ruc ture o f p l a t i n u m -
t i n c o m p l e x e s is c o m p l i c a t e d b y the l a b i l i t y o f th i s s y s t em . W e h a v e 
f o u n d (16, 17) ( and w i l l re fer to th is later) that these c o m p l e x e s are 
o f ten d y n a m i c o n the N M R t i m e sca le . D e s p i t e these d i f f i cu l t i es i t is 
p o s s i b l e to cha rac t e r i z e s u c h m o l e c u l e s u s i n g N M R m e t h o d s . 

T h i s means that w e use (a) P -31 N M R b o t h q u a l i t a t i v e l y , for 
i n f o r m a t i o n o n the o r i en ta t i on o f the te r t iary p h o s p h i n e l i g a n d s , a n d 
a n a l y t i c a l l y to d e t e r m i n e the n u m b e r o f c o m p l e x e s i n s o l u t i o n (this is a 
v e r y r e c e p t i v e n u c l e u s a n d 1 -2% o f i m p u r i t i e s o f ten are d e t e c t e d 
r e a d i l y ) ; (b) S n - 1 1 9 (I = i n a t u r a l a b u n d a n c e = 8.6%) N M R as a 
p r o b e for the i d e n t i t y o f the t r i ch l o r o s t anna t e m o i e t y ; a n d (c) P t - 195 
(I = i , n a t u r a l a b u n d a n c e = 33 .7%) N M R for m u l t i p l i c i t y da ta c o n 
c e r n e d w i t h the n u m b e r o f c o o r d i n a t e d p h o s p h i n e s ( and N M R sp ins i n 
genera l ) . T h e v a l u e o f H - l N M R i n m e t a l h y d r i d e c h e m i s t r y is so w e l l 
e s t a b l i s h e d (18) that n o fur ther jus t i f i c a t i on is r e q u i r e d here . 

C I 

S n C l 2 
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2. STARZEWSKi A N D PREGOSIN Pt-Sn Hydrogénation Catalysts 25 

W e b e g i n b y c o n s i d e r i n g the p r o d u c t s o f E q u a t i o n 3 a n d f o l l o w b y 
d i s c u s s i n g the c o m p l e x e s that r e su l t from a d d i n g m o l e c u l a r h y d r o g e n 
a n d e v e n t u a l l y a n ace t y l ene . 

P t C l 2 P 2 ? - S S i * ? (3) 

Experimental 

P-31, Sn-119, and Pt-195 N M R spectra were measured using Bruker HX-90 
( 3 1P only) and WM-250 (101.27, 93.28, and 53.77 M H z ) spectrometers. The 
samples were measured as solutions in rotating 10-mm tubes using ~40°-45° 
pulse angles for 3 1 P , 1 1 9 S n , and 1 9 5 P t w i th acquisit ion times of —0.7, 0.2, and 
0.2 s, respectively. Spectral widths were routinely (WM-250) 10,000, 50,000 
and 50,000 H z for these same nucle i . Chemica l shifts are i n parts per mi l l i on 
relative to external H 3 P 0 4 , M e 4 S n , and N a 2 P t C l e and ± 1 ppm for the two 
metals. A positive sign indicates a shift to a lower field (higher frequency) 
relative to the reference. Coup l i n g constants are i n hertz and are ±3 H z for 3 1 Ρ 
and ±12 H z for 1 1 9 S n and 1 9 5 Pt . The variable-temperature spectra were mea
sured using the commercial ly prov ided controller whose accuracy is ~ ±1°C. 
The temperatures and solvents for the ind iv idua l measurements are given i n 
the tables. Sample concentrations were of the order of 5 x 10~ 2 M . 

Results and Discussion 

[ P t C l ( S n C l 3 ) P 2 ] C o m p l e x e s . T h e r ea c t i on o f cis- [ P t C l 2 ( P E t 3 ) 2 ] 
(or the t r i p r o p y l or t r i - n - b u t y l ana logs ) i n e i the r C D C 1 3 or C D 2 C 1 2 does 
not afford s i m p l e i nse r t i on o f S n C l 2 i n t o a P t - C l b o n d to y i e l d the c is 
i somer , b u t g i ves d i r e c t l y trans- [ P t C l ( S n C l 3 ) ( P E t 3 ) 2 ] . T h e trans i s omer 
is sugges t ed b y the a p p e a r a n c e o f a s i n g l e 3 1 P resonance , δ = 13.6, 
flanked s y m m e t r i c a l l y b y 1 9 5 P t (7( 1 9 5Pt, 3 1 P ) = 2 0 4 2 H z ) a n d 1 1 7 - 1 1 9 S n 
(7 ( 1 1 7Sn, 3 i P ) = 2 2 7 H z , 2 / ( 1 1 9 S n , 3 1 P ) = 2 3 7 H z ) sa t e l l i t e l i n e s . ( In the 
p r o c e e d i n g pages o n l y va lues for the 1 1 9 S n iso tope w i l l b e g i ven ) . T h e 
1 1 9 S n s p e c t r u m revea l s t r i p l e t s t ruc tu r e f r om the t w o P E t 3 g r oups a n d 
1 9 5 P t sa te l l i t es w h o s e s p a c i n g is s t r ong l y sugges t i v e o f a o n e - b o n d c o u 
p l i n g cons tant ; the 1 9 5 P t s p e c t r u m shows a 1 : 2 : 1 s t ruc ture c o n f i r m i n g 
the p r esence o f t w o e q u i v a l e n t P E t 3 g r oups (δ 1 9 5 P t = - 4 7 9 0 r e l a t i v e to 
N a 2 P t C l e ) . W e reserve fur ther c o m m e n t o n these c o u p l i n g constants 
u n t i l the d e s c r i p t i v e c h e m i s t r y is finished. T h e same c o m p l e x is ob 
t a i n e d d i r e c t l y f r o m trans- [ P t C l 2 ( P E t 3 ) 2 ] . T h e ana l o gous d i c h l o r i d e 
c o m p l e x c o n t a i n i n g the trans s p a n n i n g che l a t e , C o m p l e x II, w h i c h is 
e l e c t r o n i c a l l y s i m i l a r to P E t 3 , c l e a n l y affords £rans-[PtCl (SnCl 3 ) -
( E t 2 P P E t 2 ) ] (19 ) . 

T h e c o m p l e x e s cis-[PtCl(SnCl3)P2] m a y b e o b t a i n e d s ta r t ing f r o m 
e i the r a c i s - b i s - p h o s p h i n e c o m p l e x o f a t e r t ia ry a r y l p h o s p h i n e or a 
c h e l a t i n g d i p h o s p h i n e , e.g. P P h 3 or D I O P c o m p l e x e s (20) , ( a l though 
ca r e fu l e x a m i n a t i o n o f the P -31 spec t ra o f the monoden ta t e sys t ems 
suggests that the trans i s omer is a lso present ) . 
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26 M E T A L P H O S P H I N E C O M P L E X E S 

= E t 2 P P E t 2 = b i s ( d i e t h y l p h o s p h i n o -
m e t h y l ) benzo [ c]-
p h e n a n t h r e n e 

C H 2 C H 2 

E t 2 P P E t 2 

II 

[ P t ( S n C l 3 ) 2 P 2 ] C o m p l e x e s . F u r t h e r a d d i t i o n o f S n C l 2 to a s o l u 
t i o n c o n t a i n i n g trans- [ P t C l ( S n C l 3 ) ( P E t 3 ) 2 ] l e ads to the e q u i l i b r i u m 
s h o w n i n E q u a t i o n 4. U n f o r t u n a t e l y , S n C l 2 is o n l y s p a r i n g l y s o l u b l e i n 
c h l o r i n a t e d h y d r o c a r b o n s ; h o w e v e r , suf f ic ient t in ( I I ) d i c h l o r i d e c a n b e 
d i s s o l v e d i n ace tone s u c h that the e q u i l i b r i u m l i es far to the r i gh t . 

f r a n 5 - [ P t C l ( S n C l 3 ) ( P E t 3 ) 2 l trans-[Pt(SnCl3)2(PEt3)2] (4) 

A t th is p o i n t i t is w o r t h m e n t i o n i n g that there are t w o ways to 
de t ec t the p resence o f a p o l y - t r i c h l o r o s t a n n a n e d e r i v a t i v e u s i n g N M R 
spec t r oscopy : (1) v i a the r e l a t i v e in t ens i t i e s o f the 1 1 7 S n a n d 1 1 9 S n sate l 
l i t es i n the P -31 (or Pt-195) N M R s p e c t r u m a n d (2) f r o m the obse rva 
t i o n o f a 2 y ( 1 1 7 S n , 1 1 9 S n ) c o u p l i n g cons tan t i n the S n - 1 1 9 s p e c t r u m . 

P o i n t 2 is the m o r e o b v i o u s a n d c a n b e d e m o n s t r a t e d for a c o m 
p l e x s u c h as III. C l e a r l y the t w o m a g n e t i c a l l y i n e q u i v a l e n t t i n atoms 

w i l l s u p e r i m p o s e a n a d d i t i o n a l s i m p l e c o u p l i n g pa t t e rn o n the S n - 1 1 9 
s p e c t r u m , t h e r e b y u n e q u i v o c a l l y e s t a b l i s h i n g the p resence o f m o r e 
t h a n one S n C l 3 " l i g a n d (see F i g u r e 1). 

P o i n t 1 is less o b v i o u s b u t e q u a l l y impor t an t . I n the P -31 s p e c t r u m 
o f a m o n o - t i n c o m p l e x , the rat io o f the 1 1 9 S n (or 1 1 7 S n ) sa te l l i t es to the 
m a i n - b a n d ( 3 1 P not c o u p l e d to N M R - a c t i v e t in ) w i l l b e a p p r o x i m a t e l y 
1 : 2 0 d u e to the r e l a t i v e l y d i l u t e s p i n I = i t i n isotopes ( [—84% 3 1 P 
not c o u p l e d to I = \ S n ] / [ ~ 8 % 3 1 P c o u p l e d to e.g. 1 1 9 S n , d i v i d e d b y 2 
d u e to c o u p l i n g ] ) . I n a c o m p l e x c o n t a i n i n g t w o S n C l 3 g r oups there are 
m o l e c u l e s h a v i n g o n l y one 1 1 7 S n or 1 1 9 S n ( - 13% ) a n d a f e w (<3%) 

P E t 3 

C l 3
1 1 7 S n — P t — 1 1 9 S n C l 3 

P E t 3 

III 
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28 M E T A L P H O S P H I N E C O M P L E X E S 

h a v i n g t w o ac t i v e t ins (this lat ter i s o t opomer affords o n l y w e a k s ig 
na ls ) . T h e t i n - sa t e l l i t e , m a i n - b a n d rat io for the fo rmer i so topomer is 
— 1 : 1 0 , t w i c e as la rge as i n the c o m p o u n d h a v i n g o n l y a s i n g l e t i n 
l i g a n d ( [ - 7 0 % 3 1 P not c o u p l e d to I = \ S n ] / [ - 1 3 % 3 1 P c o u p l e d to e.g. 
1 1 9 S n , d i v i d e d b y 2 d u e to c o u p l i n g ) . C o n s e q u e n t l y , one n e e d o n l y 
i n s p e c t the s p e c t r u m to r e c o g n i z e a b i s - S n C l 3 ~ c o m p l e x a n d a n e x a m 
p l e o f th is is s h o w n i n F i g u r e 2. T h e ass i gnmen t o f the trans g e o m e t r y 
is b a s e d o n the m a g n i t u d e s o f 2 J ( 1 1 7 ' 1 1 9 S n , 3 1 P ) (16) a n d 2 / ( 1 1 9 S n , 1 1 7 S n ) . 

Be f o r e l e a v i n g these s i m p l e p l a t i n u m - t i n c o m p l e x e s , a f e w a d m i t 
t e d l y s p e c u l a t i v e w o r d s o n the m e c h a n i s m o f the f o rmat i on o f the 
P t - S n b o n d are i n order . W e h a v e o b s e r v e d (21 ) that the r ea c t i on o f 
sym-trans- [ P t 2 C l 4 ( P E t 3 ) 2 ] w i t h excess S n C l 2 l e ads to a m i x t u r e o f the 
C o m p l e x e s IV a n d V (we are no t c e r t a i n w h e t h e r these are c is or trans) , 
w i t h no p r o d u c t s r e s u l t i n g f r om h a l o g e n b r i d g e c l eavage . O b v i o u s l y 
the S n C l 2 pre fers the m o r e e l e c t r o n - r i c h t e r m i n a l c h l o r i d e l i g a n d . 

E t 3 P C l S n C l 3 E t 3 P C I S n C l 3 

\ / \ / \ / \ / 
P t P t P t P t 

/ \ / \ / \ / \ 
C l C l P E t 3 C l 3 S n C I P E t 3 

IV ν 

T h i s fact, c o m b i n e d w i t h the k n o w n s t ruc tu r e , I, suggests that the 
t in ( I I ) d i c h l o r i d e funct ions as a L e w i s a c i d i n a t t a c k i n g the h a l o g e n , 
thus p r o d u c i n g the S n C l 3 " l i g a n d , w h i c h t h e n coo rd ina t es to p l a t i n u m . 
T h e i m p l i c a t i o n he re is that a p l a t i n u m c o m p l e x o f the t y p e [ P t 2 C l 3 

( P E t 3 ) 2 ] S n C l 3 m a y b e e a s i l y a c cess ib l e , p e rhaps i f o n l y as a t i gh t i o n 
pa i r . T h e r e h a v e b e e n seve ra l repor ts (22, 2 3 , 24) c o n c e r n e d w i t h the 
e l e c t r o p h i l i c charac t e r o f the t i n i n S n C l 2 w i t h r e spec t to i ts r eac t i on 
w i t h l i g a n d s . 

[ P t H ( S n C l 3 ) P 2 ] C o m p l e x e s . T h e c o m p l e x f r a n * - [ P t H ( S n C l 3 ) -
( PE t 3 ) 2 ] has b e e n p r e p a r e d p r e v i o u s l y (9) a n d w e h a v e s y n t h e s i z e d 
(see E q u a t i o n 5) a n d c h a r a c t e r i z e d th i s as w e l l as the ana l ogous 
P P h 2 C H 2 P h a n d P P h 3 c o m p l e x e s (17). T h e S n - 1 1 9 p r o t o n - c o u p l e d 
N M R s p e c t r u m o f the P P h 3 c o m p l e x , s h o w n i n F i g u r e 3, is r ep l e t e 
w i t h i n f o rma t i on . I n a d d i t i o n to the 1 9 5 P t sa te l l i t es a r i s i n g f r o m the 
m e t a l - m e t a l c o u p l i n g constant , there is t r i p l e t m u l t i p l i c i t y s t e m m i n g 
f r o m the e q u i v a l e n t t e r t i a ry p h o s p h i n e s a n d a s u r p r i s i n g l y la rge 
c o u p l i n g d u e to the trans h y d r i d e . T h e s e observa t ions are once a ga in 
cons is tent w i t h a s t ruc ture i n w h i c h the t i n a t o m o c c u p i e s a p o s i t i o n 
w i t h i n the square p l a n a r c o o r d i n a t i o n sphere o f the p l a t i n u m . 

trans-[PtHClP2] + S n C l 2 > trans-[PtH(SnCl3)P2] (5) 
CDjC l j 
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2. STARZEWSKi A N D PREGOSIN Pt-Sn Hydrogénation Catalysts 31 

U n l i k e E q u a t i o n 5, the hydrogénation r eac t i on b e g i n s from 
[ P t C l 2 P 2 ] , w h i c h i n the presence o f a n excess o f S n C l 2 , g i ves p o l y - t i n 
c o m p l e x . W e find that r eac t i on o f cis- [ P t C l 2 ( P P h 3 ) 2 ] w i t h 2 m o l o f S n C l 2 

u n d e r 1 a tm H 2 i n C H C 1 3 , f o l l o w e d b y a d d i t i o n o f t e t r a m e t h y l a m -
m o n i u m c h l o r i d e , g i ves g o o d y i e l d s o f trans- [ P t H C l ( P P h 3 ) 2 ] ( 25 ) (see 
E q u a t i o n 6): 

1) H T 

c i s - [ P t C l 2 ( P P h 3 ) 2 ] + 2 S n C l 2
 2 ) M e < N C 1 

CDC1 3 , room temperature 

trans-[PtHCl(PPh3)2] + ( M e 4 N ) S n C l 3 (6) 

C o n s e q u e n t l y , the p resence o f the S n C l 2 p r omo t es the r eac t i on b e 
t w e e n m o l e c u l a r h y d r o g e n a n d the p l a t i n u m c o m p l e x . F u r t h e r , w i t h 
P E t 3 as te r t iary p h o s p h i n e , w e h a v e o b s e r v e d the P -31 s p e c t r u m o f 
trans- [ P t H ( S n C l 3 ) ( P E t 3 ) 2 ] i n a s i m i l a r r eac t i on m i x t u r e ( 100°C i n 
m e t h a n o l (21 )). It seems l i k e l y that the h y d r i d o - t i n c o m p l e x is f o r m e d 
f r om the r eac t i on w i t h h y d r o g e n a n d is c o n v e r t e d to the h y d r i d o -
c h l o r i d e , as i n E q u a t i o n 6, w h e n the s p a r i n g l y s o l u b l e ( M e 4 N ) S n C l 3 

is p r e c i p i t a t e d . 
I n i n d e p e n d e n t e x p e r i m e n t s w e h a v e s h o w n that trans-[PtH-

( S n C l 3 ) ( P P h 3 ) 2 ] a n d trans- [ P t H ( S n C l 3 ) ( P P h 2 C H 2 P h ) 2 ] react w i t h 
E t 2 O O C - C s = C - C O O E t , at r o o m t empe ra tu r e , to afford trans-[ft-
( E t O O O = C H C O O E t ) ( S n C l 3 ) P 2 ] c o m p l e x e s , b o t h o f w h i c h have the 
t i n c o o r d i n a t e d d i r e c t l y to p l a t i n u m . T h e c h o i c e o f a c e t y l ene is some
w h a t spec i f i c ; h o w e v e r , trans- [ P t ( C e H 5 ) ( S n C l 3 ) ( P E t 3 ) 2 ] a n d trans-
[ P t ( p - C H 3 C e H 4 ) ( S n B r 3 ) ( P E t 3 ) 2 ] (21) as w e l l as f r a n s - [ P t ( S n C l 3 ) -
( m - F C e H 4 ) ( P E t 3 ) 2 ] ( 9 ) are a l l s tab le m o l e c u l e s sugge s t i ng that a 
c a r b o n l i g a n d trans to a n S n X 3 m o i e t y is a c c e p t a b l e . 

N M R C o u p l i n g C o n s t a n t s . O V E R O N E B O N D . T h r o u g h o u t th is 
s t u d y w e h a v e r e l i e d h e a v i l y o n the obse r va t i on a n d e m p i r i c a l i n 
t e rp re ta t i on o f s p i n - s p i n c o u p l i n g constants . S e v e r a l o f these , s u c h as 
7 ( 1 9 5 Pt , 3 1 P ) a n d 7 ( 3 1P, 3 1 P ) , h a v e b e e n i n v e s t i g a t e d i n some d e t a i l (26); 
others, s u c h as 2J ( 1 1 7 , 1 1 9 S n , 3 1 P ) , h a v e b e e n i n v e s t i g a t e d o n l y s p a r i n g l y 
( 2 7 , 2 8 , 2 9 ) or, as i n the case o f lJ ( 1 9 5 Pt , 1 1 9 S n ) , not at a l l . W e e s p e c i a l l y 
w e r e i n t e r e s t ed i n th is last v a l u e as, once c h a r a c t e r i z e d , i t w o u l d 
p r o v e a n e m p i r i c a l t o o l for e s t a b l i s h i n g the presence o f a p l a t i n u m - t i n 
b o n d . 

T h e first c o m p l e x that w e sat is fac tor i l y c h a r a c t e r i z e d was trans-
[ P t C l ( S n C l 3 ) ( P E t 3 ) 2 ] (16). T h e 3 1 P a n d 1 9 5 P t da ta (we h a d no 1 1 9 S n 
c a p a b i l i t y at that t ime ) s t rong l y sugges t ed a P t - S n b o n d , a l t h o u g h 
the P t - 1 9 5 s p e c t r u m s h o w e d no resonances o ther t h a n the 1 : 2 : 1 
t r i p l e t d u e to 3 1 P c o u p l i n g , a n d some w e a k , out-o f -phase s i gna l s . 
T h e s e w e r e w e a k a n d out o f phase because the v a l u e lJ ( 1 9 5 Pt , 1 1 9 S n ) , 
28 ,954 H z , was so la rge that the 1 1 9 S n sate l l i t es l a y o u t s i d e o f o u r 
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32 M E T A L P H O S P H I N E C O M P L E X E S 

spec t ra l w i d t h ! F o r t u n a t e l y w e h a d access to a m o r e s oph i s t i c a t ed 
c o m p u t e r a n d , e v e n t u a l l y , c o u l d cha rac t e r i z e p r o p e r l y a f u l l spec 
t r u m . To o u r k n o w l e d g e th i s r ep r e s en t ed (30) {see S t ruc tures I V 
a n d V ) the largest n u c l e a r s p i n - s p i n c o u p l i n g e v e r o b s e r v e d , a n d i n 
Tab l e s I a n d I I w e l i s t b o t h the c o u p l i n g constant a n d c h e m i c a l sh i f t 
da ta for o u r p l a t i n u m - t i n c o m p l e x e s . (We h a v e l e a r n e d r e c e n t l y that 
the a n i o n i c c o m p l e x e s P t C l 2 ( S n C l 3 ) 2

2 " a n d P t ( S n C l 3 ) 5
3 ~ h a v e b e e n 

m e a s u r e d a n d s h o w 7 ( 1 9 5 Pt , 1 1 9 S n ) v a lues o f 27 ,635 a n d 16,024 H z , 
r e s p e c t i v e l y (31)). F r o m o u r va lues 7( 1 9 5Pt> n 9 S n ) w e obse rve that (a) 
there is a c h a n g e o f a p p r o x i m a t e l y a factor o f s ix as a func t i on o f the 
trans l i g a n d a n d (b) that these changes are r e m i n i s c e n t o f a trans i n f l u 
ence (32) ser ies, i n that the poore r l i g a n d s , e.g. C I " , are assoc ia t ed w i t h 
larger , o n e - b o n d c o u p l i n g constants . T h i s latter p o i n t suggests that w e 
w i l l , i n part , b e a b l e to i n t e rp r e t changes i n th is N M R pa rame t e r i n 
te rms o f o u r k n o w l e d g e o f the factors a f f ec t ing the trans in f luence (33). 
T o a p p r e c i a t e the abso lu t e m a g n i t u d e o f th is c o u p l i n g constant i t is 
u s e f u l to c o n s i d e r the F e r m i contac t express i on (see E q u a t i o n 7) as 
g i v e n b y P o p l e a n d San t r y (34, 35 ) . T h e s y m b o l s y r ep resen t the 
g y r o m a g n e t i c rat ios o f the n u c l e i , the te rms |^ns(0)|2 are the v a l e n c e 
s -e l ec t ron dens i t i e s at the n u c l e i , A a n d Β a n d π Α ί Β is the m u t u a l 
p o l a r i z a b i l i t y . T h e nAtB express ion conta ins the s coef f ic ients o f the 
a t o m i c o rb i ta l s u s e d i n the l i n e a r c o m b i n a t i o n s that m a k e u p the oc
c u p i e d a n d u n o c c u p i e d m o l e c u l a r o rb i ta l s , as w e l l as a d i f f e rence 
t e r m , (ÉJ - €|) w h e r e et is the energy o f a n o c c u p i e d e} a n d a n u n o c 
c u p i e d m o l e c u l a r o rb i t a l . 

O n e c a n ask w h i c h o f the three t e rms i n E q u a t i o n 7 w o u l d di f fer 
m a r k e d l y i f w e c o m p a r e 7 ( 1 9 5 Pt, 1 1 9 S n ) w i t h , e.g., 7 ( 1 9 5 Pt, 3 1 P ) . T h e 
rat io y n 9 S n / y 3 i p is e q u a l to 0.92 a n d there fore is not a n i m p o r t a n t pa ra 
meter . T h e rat io |Ψδη(0)|2/|ΨΡ(0)|2 is o f the o rde r o f 2 (26), b u t i t m a y 
h a v e a p r o n o u n c e d d e p e n d e n c e o n the charge o f the l i g a n d a t om . I t is 
d i f f i cu l t to k n o w i f th is factor o f 2 suffices to e x p l a i n d i f ferences b e 
t w e e n these t w o o n e - b o n d c o u p l i n g constants . M u l t i p l i c a t i o n b y 2 for 
C o m p l e x e s V I a n d V I I does no t a c h i e v e the v a l u e for 7 ( 1 9 5 Pt, 1 1 9 S n ) i n 

7 (Α ,Β) ~ yAyB \ Ψ^Ο) |21 Ψ η 8 β ( 0 ) 12ττΑ, ,B (7) 

occ unocc 
Π Α ,Β - Σ Σ ( E J - €<) ' Q A Q B C J A C J B 

l S 

[C13P—Pt—ci]-

C l Ο P^Ets 
t I 

[ ( P h O ) 2 P ' — P t — C I ] 

C I 
7 ( 1 9 5 Pt, 3 , P) = 6182 H z (35) 

P 2 E t 3 

7 ( 1 9 5 Pt , 3 l P' ) = 5569 H z (36) 
VII V I 
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2. STARZEWSKi A N D PREGOSIN Pt-Sn Hydrogénation Catalysts 35 

P E t 3 

I 
[ C l 3 S n — P t — C I ] 

I 
P E t 3 

7 ( 1 9 5 Pt , 1 1 9 Sn) = 28954 H z 

VIII 
C o m p l e x VIII; a l t h o u g h the same opera t i on (p lus a s e c o n d factor o f ~ 2 
d u e to the presence o f e t h y l g r oups i n s t ead o f c h l o r i n e (39)) seems 
sat is factory w h e n c o m p a r i n g C o m p l e x e s IX a n d X . P e r h a p s the π Α Β 

t e r m is m o r e i m p o r t a n t i n one case t h a n i n ano ther and/or a c o m p a r i s o n 
w i t h a 3 1 Ρ c o u p l i n g is u n s u i t a b l e . T h e t r i ch l o r o s t anna t e g r o u p is 
t h o u g h t to b e a g o o d π-acceptor d u e to the e l e c t r o n - w i t h d r a w i n g 
proper t i es o f the ha logens , a n d th is c o n c e i v a b l y c o u l d favor la rger s 
coef f ic ients i n a m o l e c u l a r o r b i t a l i n v o l v e d w i t h the p l a t i n u m - t i n 
b o n d . 

P E t 3 P E t 3 

I I 
[ E t 3 P — P t — H ] + [ C l 3 S n — P t — H ] 

I I 
P E t 3 P E t 3 

7 ( 1 9 5 Pt, 3 1 P) = 2,515 H z (37) 7 ( 1 9 5 Pt , 1 1 9 Sn) = 9,067 H z 
IX X 

I n s u m m a t i o n , the 7( 1 9 5Pt> 1 1 9 S n ) c a n b e u s e d to ass ign s t ruc ture 
w h e r e the m o d e o f b i n d i n g o f the t i n is i n q u e s t i o n a n d large o n e - b o n d 
p l a t i n u m - t i n / va lues are to b e e x p e c t e d a n d s e em m a n a g e a b l e w i t h i n 
the contex t o f the F e r m i contac t t e r m . 

O V E R T W O B O N D S . A S m e n t i o n e d , the s p l i t t i n g 2 / ( 1 1 9 S n , 
Ή ) = 1740 H z (see F i g u r e 3) is s o m e w h a t l a rge for a t w o - b o n d trans 
c o u p l i n g cons tant (40) a n d i n fact is the largest k n o w n t w o - b o n d c o u p l 
i n g i n v o l v i n g a p r o t o n (17). 

T h i s k i n d o f c o u p l i n g - c o n s t a n t i n f o r m a t i o n c a n have d i a gnos t i c 
v a l u e for o ther t r ans i t i on -me ta l h y d r i d e c o m p l e x e s . T h e V a s k a a n a l o g 
trans- [ I r C l ( C O ) P P ] reacts w i t h S n C l 2 to g i v e a n i r i d i u m h y d r i d e c o m 
p l e x w h o s e s t ruc ture m a y b e e i the r X I or XII (41 ). T h e obse rva t i on o f a 
2 / ( 1 1 9 S n , Ή ) c o u p l i n g constant o f 1570 H z suggests that S t ruc tu r e XI is 
co r rec t a n d v i b r a t i o n a l s p e c t r o s c o p i c da ta s u p p o r t th i s ass i gnment . 

/ P H - P 

Λ - , -
O C - K i r — C l O C - ( - I r — C l P P = 2,11-

b i s ( d i p h e n y l p h o s p h i n o m e t h y l ) -

C l j S n " N P ^ " ' v ~ b e n z o [ c ] p h e n a n t h r e n e XI 
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A t w o - b o n d c o u p l i n g cons tant >1 .5 K H z is l a rge ; h o w e v e r , 
V ( " • S n 3 1 ? ) ^ i n the c o m p l e x e s cis- [ P t C l ( S n C l 3 ) P 2 ] , P 2 = 2 x P P h 3 or 
D I O P , is l a rger y e t w i t h va lues e x c e e d i n g 4 K H z . T h i s k n o w l e d g e is 
a lso v a l u a b l e a n d has ass is ted i n d i s t i n g u i s h i n g b e t w e e n the i s o m e r i c 
p o s s i b i l i t i e s for the [ P t (SnC l 3 ) 2 P2 ] c o m p l e x e s , w h i c h for monoden ta t e 
p h o s p h o r u s l i g a n d s are a l l t rans: 2J ( 1 1 9 S n , 3 1 P ) c i s ~ 2 0 0 - 2 5 0 H z ) . B u t 
4 K H z is not the last w o r d ! W e find 2J ( 1 1 9 S n , " ' S n ) ^ to b e > 16,000 
a n d w e p l a n to s u b m i t these , a n d ye t la rger t w o - b o n d c o u p l i n g c o n 
stants, s epara te l y for p u b l i c a t i o n . 

A d d i t i o n a l P h y s i c a l M e a s u r e m e n t s . I n a l l o f the c o m p l e x e s w e 
h a v e e n c o u n t e r e d to d a t e — a n d s u c h m o l e c u l e s are r easonab l e m o d e l s 
for i n t e rmed i a t e s i n the hydrogénation c y c l e — t h e S n C l 3 g r o u p is 
present as a c o o r d i n a t e d l i g a n d a n d forms d i s t i n c t m e t a l - m e t a l b o n d s 
i n s o lu t i on . 

F u r t h e r , b o t h the hydrogénation a n d h y d r o f o r m y l a t i o n react ions 
are r e p o r t e d to r e q u i r e a n excess o f t in ( I I ) d i c h l o r i d e w i t h a Sn/Pt rat io 
o f m o r e t h a n 2 (often 5 is op t ima l ) . O u r N M R s tud i es suggest that 
Sn/Pt > 1 affords a n a p p r e c i a b l e increase i n the concen t ra t i on o f 
trans- [ P t ( S n C l 3 ) 2 ( P E t 3 ) 2 ] a n d h i g h e r S n C l 2 concentra t ions suppo r t a 
m o r e c o m p l e t e f o rmat ion o f p o l y - t i n spec i es . I n v i e w o f the po t en 
t i a l r e l e v a n c e o f these c o m p l e x e s i t w o u l d b e v a l u a b l e to fur ther 
cha rac t e r i z e t h e m . T h i s w i l l r e q u i r e not o n l y a d d i t i o n a l c o m p l e x e s 
b u t a lso a d d i t i o n a l p h y s i c o c h e m i c a l i n f o r m a t i o n c o n c e r n i n g the e l e c 
t r on i c s t ruc ture o f the g r o u n d a n d l o w - l y i n g e x c i t e d states. W e have 
there fore m e a s u r e d some X - r a y p h o t o e l e c t r o n E S C A spec t r a i n the 
hope o f o b t a i n i n g a f u l l e r p i c t u r e o f the charge d i s t r i b u t i o n . I n c o n 
trast to U V p h o t o e l e c t r o n spec t r oscopy , ( U V - P E S ) , w h e r e o r b i t a l 
in te rac t i ons p l a y a d o m i n a n t ro l e , E S C A b i n d i n g energ ies , B E s , are 
r e c o g n i z e d (42, 43) to d e p e n d p r i m a r i l y o n the charge o f the a t o m 
a n d the charges o f the s u r r o u n d i n g a toms ; i.e., the h i g h e r the p o s i t i v e 
cha rge the mor e ene rgy is n e e d e d to e ject a core e l e c t r o n ( a s suming 
that there are s i m i l a r r e l axa t i on energ ies ) . 

I n T a b l e I I I w e g i v e B E s for s ome o f o u r c o m p l e x e s a n d note the 
f o l l o w i n g p o i n t s : (a) the Sn (3d 5 / 2 ) v a lues o f 4 8 6 . 7 - 487 .2 e V are la rger 
t h a n that for the m o d e l t in ( I I ) c o m p l e x ( E t 4 N ) S n C l 3 at 485 .7 e V (44) 
sugges t i ng a n i n c r e a s e d p o s i t i v e cha rge o n t i n d u e to S n C l 3 c o o r d i n a 
t i on to the p l a t i n u m , a n d (b) the Pt (4f 7 / 2 ) v a lues , 7 2 . 7 - 7 3 . 3 eV , d o not 
de v i a t e s i gn i f i c an t l y f r om those o f K 2 P t C l 4 = 73.4 e V or o ther m o d e l 
c o m p l e x e s (see T a b l e I I I ) . 

δ + 
; S n : — ^ S n — Pt — 
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T h e s e da ta m a y b e i n t e r p r e t e d u s i n g a c l a s s i ca l d o n o r - a c c e p t o r 
c o m p l e x m o d e l i n w h i c h w e h a v e a d i m i n i s h e d p o s i t i v e p l a t i n u m 
charge a n d a n e n h a n c e d p o s i t i v e cha r g e o n t i n . T h e c o o r d i n a t i o n o f the 
S n C l 3 " u n i t decreases the P t B E o n one h a n d ; h o w e v e r , the presence o f 
a p o s i t i v e l y c h a r g e d n e i g h b o r i n g t i n compensa t e s b y i n c r e a s i n g the 
B E w i t h the n e t r e su l t b e i n g l i t t l e or no s i gn i f i can t c h a n g e i n the 
i o n i z a t i o n p o t e n t i a l o f the p l a t i n u m core e l ec t rons . T h e t i n core re
sponds to the dona t i on o f the l o n e p a i r b y s h o w i n g a n e n h a n c e d p o t e n 
t i a l w h i c h is i n c r e a s e d fur ther b y i n t r o d u c i n g a p o s i t i v e l y c h a r g e d 
n e i g h b o r i n g p l a t i n u m . T h e e n d effect at t i n is a r e l a t i v e l y h i g h core 
p o t e n t i a l that creates the i m p r e s s i o n o f a h i g h p o s i t i v e charge at th i s 
m e t a l ( ( E t 4 N ) 2 S n C l e = 487.1 e V (45)). 

T h e p i c t u r e is at least q u a l i t a t i v e l y i n ag r e emen t w i t h e a r l i e r 
S n - 1 1 9 m Môssbauer m e a s u r e m e n t s for a v a r i e t y o f t r ans i t i on -me ta l 
t r i ch l o ros tanna t e c o m p l e x e s b y F e n t o n a n d Z u c k e r m a n (46) w h o 
more r i g o r o u s l y c o n c l u d e d that the t i n i n M - S n C l 3 u n i t s s h o u l d b e 
c o n s i d e r e d as t in ( IV ) . 

F r o m T a b l e I I w e note that the P t - 1 9 5 N M R c h e m i c a l shi f ts o f the 
p l a t i n u m - t i n c o m p l e x e s f a l l i n a n d e v e n at h i g h e r field t h a n the 
c l a ss i ca l Pt(0) c o m p l e x e s (e.g. [ P t ( C F 3 - t e C - C F 3 ) ( P E t 3 ) 2 ] = - 4 7 1 2 
p p m , [ P t ( f r ans - s t i l b ene ) ( PE t 3 ) 2 ] = - 5 1 2 2 (47)). A c c o r d i n g l y i t is 
t e m p t i n g to seek a r e l a t i o n s h i p b e t w e e n the P t - 195 N M R c o o r d i n a t i o n 
c h e m i c a l sh i f t Δδ = ô (complex w i t h t in ) -6 ( re la ted c o m p l e x w i t h o u t t in ) 
a n d the e l e c t r o n dens i t y at the m e t a l . H o w e v e r , the f ew E S C A da ta for 
the c h o s e n test c o m p o u n d s d o not i n d i c a t e a s i m p l e cha rge d e p e n 
d e n c e o f the N M R s h i e l d i n g . 

A m o r e q u a n t i t a t i v e a t t empt at i n t e r p r e t i n g p l a t i n u m c h e m i c a l 
shi f ts r e q u i r e s that w e cons i d e r s ome f o rm o f the R a m s e y (48) e q u a 
t i on , w h i c h desc r i bes the resonance f r equency , v, i n t e rms o f the 
p a r a m a g n e t i c s c r e e n i n g t e rm , σ>· Q A B is a charge -dens i t y , b o n d - o r d e r 
mat r i x , Δ Ε is the average exc i t a t i on energy , a n d r represents a d i s tance 
f r om the n u c l e u s for, i n th is case, a g i v e n d e l e c t r o n . 

voz8H0(l - σΡ)\2π (8) 

a P o c ( l M E ) ( l / r 3 ) X Q A B 

A l t h o u g h there is some p r e c e d e n c e for b e l i e v i n g that 1 9 5 P t c h e m i 
c a l shi f ts m a y b e u n d e r s t o o d q u a l i t a t i v e l y i f the Δ Ε t e r m c a n b e es t i 
m a t e d from v i s i b l e U V data (49), there is a n e x p e r i m e n t a l d i f f i cu l t y i n 
o u r c o m p l e x e s i n t r o d u c e d b y the fact that m i n o r i m p u r i t i e s w i t h h i g h 
e x t i n c t i o n coe f f ic ients m a y dis tor t c o n s i d e r a b l y the U V curves . W e 
have f o u n d that o u r n e a r l y co lo r l ess h y d r i d o - t i n , a n d c h l o r o - t i n d e r i v a 
t i ves a lso c a n b e i s o l a t ed as y e l l o w - or o range - co l o r ed c o m p l e x e s that , 
f r om 3 1 P m e a s u r e m e n t s , are > 9 5 % p u r e . It seems that c a u t i o n w i l l b e 
r e q u i r e d i n i n t e r p r e t i n g the U V spec t ra . Neve r the l e s s , a fu ture s t u d y 
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T a b l e IV . I R D a t a " 

»>PtH (Δί>)" î -SnCU 

[cm '] [cm '] [ c m '] 

trans- [ P t C l ( S n C l 3 ) ( E t 4 P P ) ] — — 3 5 3 , 3 3 5 , 3 2 0 
trans- [ P t C l ( S n C l 3 ) ( P E t 3 ) 2 ] — — 3 5 2 , 3 2 9 , 3 1 6 
trans-[PtH(SnCl3)(Et4PP)] 2 1 1 2 (- 93) 3 4 2 , 3 2 0 
trans- [ P t H ( S n C l 3 ) ( P E t 3 ) 2 ] 2 1 2 0 ( - 108 ) 3 3 2 , 3 0 6 
trans-[PtH(SnCl3)(PBzPh2)2] 2 1 5 4 (- 66) 3 3 7 , 3 1 7 , 3 0 8 
trans-[PtH(SnCl3)(PPh3)2] 2 2 0 0 (- 45) 3 3 2 , 3 1 5 , 3 0 6 
trans- [ P t C H S n C l a X P E t , , ) ^ _ _ 3 2 9 , 3 0 5 
trans- [ P t C 2 ( S n C l 3 ) ( P B z P h 2 ) 2 ] c — — 3 4 0 , 3 2 0 

° Measured as KBr discs. 
b Δν = (i/Pt-H in the tin complex) - (v Pt-Η in the chloro complex). 
c See Table I for abbreviations. 

i n th is d i r e c t i o n c o u l d p r o v e h e l p f u l , a l t h o u g h the k n o w l e d g e o f a 
s i ng l e , l o w - e n e r g y U V t rans i t i on b y i t s e l f is not n e c e s s a r i l y suf f i c ient to 
c l a i m a f u l l u n d e r s t a n d i n g o f the Δ Ε s u m m a t i o n . T h e 1/r3 t e r m m a y not 
b e v a r y i n g s i gn i f i c an t l y as o u r E S C A data s h o w no m a r k e d c h a n g e i n 
the cha rge o n p l a t i n u m . S i n c e w e have no sat is factory m e t h o d o f es
t i m a t i n g changes i n Q A B , o ther t h a n o u r I R da ta w h i c h is far too c r u d e 
(see T a b l e IV ) , a n d s ince a n in t e rp r e ta t i on o f Δ Ε is p r o b l e m a t i c , a 
d e e p e r u n d e r s t a n d i n g o f o u r δ 1 9 5 P t da ta m u s t awa i t fur ther suppor t , 
p e rhaps i n the f o rm o f m o l e c u l a r o r b i t a l c a l cu l a t i ons . 

O n e c o u l d seek a d d i t i o n a l h e l p f r om the va lues δ 1 1 9 S n ; h o w e v e r , 
i n a d d i t i o n to the p r o b l e m s a l r e a d y m e n t i o n e d w e note that there is a 
c o n s i d e r a b l e d e p e n d e n c e o f δ 1 1 9 S n o n b o t h so l v en t a n d t e m p e r a t u r e 
(50). I n v i e w o f the d i f ferent s a m p l e c ond i t i ons i n d i c a t e d b y b o t h the 
s o l u b i l i t y a n d the d y n a m i c charac te r i s t i c s o f o u r c o m p l e x e s , a d e t a i l e d 
i n t e rp r e t a t i on o f these va lues w o u l d b e p r e s u m p t u o u s . 

I n s u m m a t i o n , there is r eason to b e l i e v e , f r om the E S C A a n d 
N M R s tud i es , that the c o o r d i n a t i o n o f S n C l 2 b e s t ows i n t e r e s t i n g p r o p 
ert ies o n o u r c o m p l e x e s ; h o w e v e r , there is as y e t insu f f i c i en t da ta to 
p e r m i t d e f i n i t i v e c onc lus i ons r e l e v a n t to the h o m o g e n e o u s hydrogéna
t i on r eac t i on . 
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3 
P-31 NMR Studies of Equilibria and 
Ligand Exchange in 
Triphenylphosphine Rhodium 
Complex and Related Chelated 
Bisphosphine Rhodium Complex 
Hydroformylation Catalyst Systems 

RODNEY V. KASTRUP, JOSEPH S. MEROLA, and ALEXIS A. OSWALD 
The Analytical and Information Division and Corporate Research Science 
Laboratories, Exxon Research and Engineering Company, P.O. Box 45, 
Linden, NJ 07036 

Triphenylphosphine-rhodium complex hydroformyla
tion catalyst systems discovered by Wilkinson and devel
oped by Union Carbide, Davy Powergas, and Johnson 
Matthey 

(Ph3P)3Rh(CO)H + nPh3P (Ph3P)2Rh(CO)H 
+ (n + l)Ph3P 

(n = 0 - 140) were studied in toluene solution by P-31 
NMR in the + 5°-+105°C temperature range. In general, 
the equilibria favored the trisphosphine rather than the 
bisphosphine complex. The dissociation of the tris
-tertiary-phosphine-rhodium carbonyl hydride complex 
to the corresponding trans-bis-tertiary-phosphine-rho
dium complex is postulated to provide the active inter
mediate for the selective terminal hydroformylation of 
1-olefins. 

The tris(triphenylphosphine) rhodium carbonyl hy
dride complex also was used via ligand exchange to ob
tain known chelate complexes of bisphosphines 

Ph2PCH2CH2PPh2 and Ph2PCH2CH2CH2PPh2 

0065-2393/82/0196-0043$05.50/0 
© 1982 American Chemical Society 
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for similar studies. These stabilized complexes exhibited 
sharply reduced ligand exchange under comparative 
conditions. 

P -31 N M R was a p o w e r f u l t o o l i n s tud i es c o r r e l a t i n g the s t ruc
tu re o f t e r t i a r y - p h o s p h i n e - r h o d i u m c h l o r i d e c o m p l e x e s w i t h the i r 

b e h a v i o r as o l e f i n hydrogénation cata lys ts . T r i p h e n y l p h o s p h i n e -
r h o d i u m c o m p l e x hydrogénation ca ta lys t spec i es ( i ) w e r e s t u d i e d b y 
T o l m a n et a l . at d u P o n t a n d C o m p a n y (2). T h e y f o u n d that 
t r i s ( t r i p h e n y l p h o s p h i n e ) r h o d i u m ( I ) c h l o r i d e (A) d issoc ia tes to t r i 
p h e n y l p h o s p h i n e a n d a h i g h l y r eac t i v e i n t e r m e d i a t e (B). T h e lat ter 
is d i m e r i z e d to t e t r a k i s ( t r i p h e n y l p h o s p h i n e ) d i r h o d i u m ( I ) d i c h l o r i d e 
(C) . 

2 ( P h 3 P ) 3 R h C l ^ 2 ( P h 3 P ) 2 R h C l + 2 P h 3 P ^ [ ( P h a P ^ h C l l a + 2 P h 3 P 

A Β C 

A l t h o u g h Β c o u l d not b e d e t e c t e d s p e c t r o s c o p i c a l l y , e q u i l i b r i a b e 
t w e e n A a n d Β c o u l d b e p o s t u l a t e d f r o m k i n e t i c r esu l t s . 

T h e effects o f a d d e d t r i p h e n y l p h o s p h i n e a n d c h a n g i n g t e m p e r a 
tu re o n l i g a n d d i s soc i a t i on a n d e q u i l i b r i a w e r e s t u d i e d a lso . T h e a b o v e 
d i m e r was a n ac t i v e hydrogénation cata lyst . T h e e q u i l i b r i u m c o n c e n 
t ra t i on o f the d i m e r a n d the rate o f o l e f i n hydrogénation cata lys is b y 
the s y s t e m d e p e n d i n v e r s e l y o n the concen t ra t i on o f excess p h o s p h i n e 
l i g a n d . 

A p p l y i n g P-31 N M R to the field o f h y d r o f o r m y l a t i o n cata lys is b y 
t r i p h e n y l p h o s p h i n e r h o d i u m c o m p l e x - b a s e d sys t ems is the sub jec t o f 
th i s chapte r . T h e s e h y d r o f o r m y l a t i o n ca ta lys t s ys t ems are o f h i g h aca
d e m i c a n d t e c h n o l o g i c a l interest . T h e y are e f fect ive for h y d r o f o r m y l a t -
i n g 1-olefins at l o w pressure a n d t e m p e r a t u r e a n d e x h i b i t a h i g h se lec 
t i v i t y to n - a l d e h y d e s : 

R C H = C H 2 + C O + H 2 - ^ R C H 2 C H 2 C H O + R C H C H O 

<^Η3 

T h e s e ca ta l ys t sys tems w e r e d i s c o v e r e d a n d s t u d i e d first b y G . W i l k i n 
son a n d co -worke rs i n the 1960s (3). W i l k i n s o n r e c o g n i z e d the exc ep 
t i o n a l l y m i l d r eac t i on c ond i t i ons a n d h i g h s e l e c t i v i t i e s a t t a inab l e i n 
s u c h sys t ems . H o w e v e r , P r u e t t a n d S m i t h o f the U n i o n C a r b i d e C o r 
po ra t i on r e p o r t e d first that the s e l e c t i v i t y o f the r eac t i on to p r o d u c e a 
h i g h rat io o f n - to i- a l d e h y d e p r o d u c t s is d i r e c t l y p r opo r t i ona l to the 
excess t r i p h e n y l p h o s p h i n e l i g a n d (4). I n contrast , t hey f o u n d that the 
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nli a l d e h y d e rat io was i n v e r s e l y p r o p o r t i o n a l to the p a r t i a l p ressure o f 
the C O reactant . T h e s e findings w e r e u s e d b y P rue t t a n d other U n i o n 
C a r b i d e researchers to d e v e l o p a n i m p o r t a n t c o m m e r c i a l process for 
the c o n t i n u o u s , l ow -p r e s su r e , h o m o g e n e o u s , l i q u i d - p h a s e hydro f o r 
m y l a t i o n o f p r o p y l e n e to n - b u t y r a l d e h y d e u s i n g a h i g h rat io o f H 2 / C O 

T h e s tud i es o f W i l k i n s o n et a l . i n c l u d e d I R a n d H - l N M R spec 
t r o scopy o f the i n t e r m e d i a t e spec i es o f th is ca ta l ys t s y s t e m (7 ) . T h i s 
l e d to r e c o g n i z i n g t r i s ( t r i p h e n y l p h o s p h i n e ) r h o d i u m ( I ) c a r b o n y l h y 
d r i d e (D) as the k e y s tab le r h o d i u m c o m p l e x . T h e r eac t i v e trans-bis-
( t r i p h e n y l p h o s p h i n e ) r h o d i u m ( I ) c a r b o n y l h y d r i d e (E ) r e s u l t i n g v i a 
the d i s soc i a t i on o f th is c o m p l e x 

is a k e y i n t e r m e d i a t e i n b o t h the assoc ia t i ve a n d d i s soc i a t i v e m e c h a 
n i s m s p r o p o s e d b y W i l k i n s o n e t a l . (7, 8 ) . 

F i g u r e 1 o u t l i n e s the k e y i n t e rmed i a t e s o f a ca ta l y t i c c y c l e w h e r e 
the r a t e - d e t e r m i n i n g s tep is the f o rmat i on o f a n n - a l k y l d e r i v a t i v e o f 
the t r a n s - b i s p h o s p h i n e v i a a c o o r d i n a t e d o l e f i n c o m p l e x . T h i s p r e 
s u m e d ca ta l y t i c c y c l e appears to satisfy p roposa l s b y C a v a l i e r i d O r o 
et a l . (9 ) , C . V . P i t t m a n et a l . (10), a n d J . H jor tk jaer (11). A l t h o u g h no 
s ing l e m e c h a n i s m o f h y d r o f o r m y l a t i o n was e s t a b l i s h e d , the c y c l e is 
s h o w n here to i l l u s t r a t e the k e y na tu r e o f the e q u i l i b r i u m b e t w e e n the 
t r i s p h o s p h i n e (D ) a n d the t r a n s - b i s p h o s p h i n e (E ) . 

S i n c e there w e r e no k n o w n d e f i n i t i v e s tud ies o f the c r u c i a l 
e q u i l i b r i a b e t w e e n the t r i s - ( t r i p h e n y l p h o s p h i n e ) - a n d b is - ( t r i -
p h e n y l p h o s p h i n e ) r h o d i u m ( I ) c a r b o n y l h y d r i d e c o m p l e x e s , i t w a s 
d e c i d e d to s t u d y s u c h e q u i l i b r i a b y P-31 N M R spec t r oscopy . T h e 

(5, 6). 

( P h 3 P ) 3 R h ( C O ) H i ± ( P h 3 P ) 2 R h ( C O ) H + P h 3 P 

D Ε 

(0 3 P) 3 Rh(CO)H (0 3 P) 2 Rh(CO)H 
RCH=CH 2 

(0 3 P) 2 Rh(CO) 

tri s-phosphine trans-
bis-phosphine 

R C H 2 C H 2 

- R C H 0 C H 0 C H O | 

R C H 2 C H 2 C O 

( 0 3 P ) 2 Rh(CO)H 2 
- ( 0 P) Rh(CO) 

3 2| 

R C H 2 C H 2 C O 

Figure 1. Ligand exchange is a proposed key step in the mechanism 
of phosphine-rhodium complex catalyzed hydroformylation of olefins 
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p r e s en t l y r e p o r t e d s tud i es w e r e c a r r i e d ou t at va r i ous t empera tures i n 
v a r y i n g a m o u n t s o f excess t r i p h e n y l p h o s p h i n e . T h e rate o f p h o s p h i n e 
d i s soc i a t i on for the t r i s p h o s p h i n e c o m p l e x was d e t e r m i n e d a lso b y 
P-31 N M R . 

P-31 N M R s tud ies a lso w e r e c a r r i e d ou t i n a s i m i l a r m a n n e r o n 
r h o d i u m c o m p l e x e s o f t w o c h e l a t i n g b i s p h o s p h i n e s — b i s - l , 3 - d i p h e n y l -
p h o s p h i n o p r o p a n e a n d b i s - l , 2 - d i p h e n y l p h o s p h i n o e t h a n e . T h e s e c o m 
p l exes w e r e g ene ra t ed i n s o lu t i on v i a l i g a n d d i s p l a c e m e n t f r om tr is ( t r i -
p h e n y l p h o s p h i n e ) r h o d i u m c a r b o n y l h y d r i d e . F o r e x a m p l e , one o f the 
p o s s i b l e d i s p l a c e m e n t p r o d u c t s o f b i s - l , 3 - d i p h e n y l p h o s p h i n o p r o p a n e 
(F) is a c i s - che la t e (G) that c a n u n d e r g o d i s soc i a t i on to y i e l d a c h e l a t i n g 
b i s p h o s p h i n e c o m p l e x (H): 

( 0 3 P ) 3 R h ( C O ) H + 2 0 2 P ( C H 2 ) 3 P 0 2 

F en 
^ Η 2 Ρ 0 2 j 

C H 2 " > h 0 2 P ( C H 2 ) 3 P 0 2 

X C H 2 P 0 2 I 
H 

G 

/ 
C H 2 

\ 

C H 2 P 0 , 
C O 

. R h + 0 2 P ( C H 2 ) 3 P 0 2 

C H 2 P 0 2 

H 

H 

H o w e v e r , s u c h che l a t e c o m p l e x e s h a v e a c i s - con f i gura t i on a n d as s u c h 
are not e x p e c t e d to p r o d u c e a h i g h rat io o f nli a l d e h y d e p r o d u c t s w h e n 
u s e d as h y d r o f o r m y l a t i o n cata lys ts . 

F o r c i s - che la t e c o m p l e x e s o f r h o d i u m a n d b i s p h o s p h i n e s as 
cata lysts , i n d e e d r e l a t i v e l y l o w rat ios o f nli a l d e h y d e p r o d u c t s w e r e 
r e p o r t e d (12, 13). U s i n g a 1 :1 m i x t u r e o f H 2 / C O at a t m o s p h e r i c 
p ressure , Sange r r e p o r t e d nli rat ios r a n g i n g f r o m 3 to 4 for p r o p y l e n e 
h y d r o f o r m y l a t i o n (12). H o w e v e r , h i s ca ta lys t sys t ems w e r e p r o d u c e d 
b y a d d i n g less t h a n 2 m o l o f b i s p h o s p h i n e p e r m o l e tr is ( t r i p h e n y l 
p h o s p h i n e ) r h o d i u m c a r b o n y l h y d r i d e . W h e n a n excess o f the che la t 
i n g b i s p h o s p h i n e s was u s e d b y P i t t m a n a n d H i r a o (13), l o w nli rat ios 
c l o se to 1 w e r e p r o d u c e d f r om 1-pentene u s i n g a m i x t u r e o f H 2 / C O at 
1 0 0 - 8 0 0 p s i b e t w e e n 60° a n d 120°C. 
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I n the P-31 N M R s tud i es , g e n e r a l l y a 9 : 1 m i x t u r e o f the t o l u e n e 
a n d p e r d e u t e r o b e n z e n e was u s e d as a so l v en t for the cata lyst -
c o m p l e x - p l u s - t r i p h e n y l p h o s p h i n e sys t ems . S i m i l a r so lu t i ons i n to
l u e n e w e r e u s e d i n h y d r o f o r m y l a t i o n s tud i es . 

S o m e e x a m p l e s o f 1-butene h y d r o f o r m y l a t i o n s tud ies at 90° a n d 
120°C are s h o w n i n T a b l e I. T h i s o l e f i n a l l o w e d s i m u l t a n e o u s observa 
t i o n o f the rate o f i s o m e r i z a t i o n to 2-butenes . I n these s tud i es , a n ap
p r o x i m a t e l y 5 : 1 m i x t u r e o f H 2 / C O gas was u s e d at abou t 4 a tm as a n 
i n i t i a l r eac tant to ensure a r e l a t i v e l y mode ra t e p a r t i a l p r essure o f C O . 
A f t e r the r eac t i on m i x t u r e was p r e s s u r e d w i t h the i n i t i a l synthes is gas 
m i x t u r e , a n a p p r o x i m a t e l y 1 :1 m i x t u r e o f H a / C O was p r o v i d e d as a 
f eed gas at the same pressure . T h e f eed gas was s l i g h t l y r i c h e r i n H 2 i n 
order to p r o v i d e the ex t ra H 2 for the hydrogénation s i de r eac t i on . B y a n 
app rop r i a t e ad jus tment o f the f e ed gas rat io , 5 : 1 m i x t u r e o f H 2 a n d C O 
was m a i n t a i n e d t h r o u g h o u t the r eac t i on . T h i s m e a n t that the r eac t i on 
was p e r f o r m e d i n the same range o f C O p a r t i a l p ressure . G e n e r a l l y , 
the react ions w e r e c a r r i e d out to abou t 8 0 % b u t e n e c onve r s i on . T h i s 
r e s u l t e d i n a h i g h l y s e l e c t i v e h y d r o f o r m y l a t i o n . S e l e c t i v i t i e s to b u t a n e 
hydrogénation p r o d u c t a n d 2 -bu tene i s o m e r i z a t i o n p r o d u c t s w e r e e a c h 
less t h a n 4 % at the h i g h e r l i g a n d concent ra t ions o f T a b l e I. R e a c t i o n 
rates a n d convers i ons w e r e e s t i m a t e d o n the basis o f the a m o u n t o f 
f e ed gas r e q u i r e d . 

A s s h o w n b y the da ta o f T a b l e I, a d d i n g i n c r e a s i n g a m o u n t s o f 
the three p h o s p h i n e s u s e d i n the presen t s tud i es to t r i s ( t r i -
p h e n y l p h o s p h i n e ) r h o d i u m ( I ) c a r b o n y l h y d r i d e p r o d u c e s ca ta lys t 
sys t ems o f r e d u c e d a c t i v i t y as i n d i c a t e d b y the r e d u c e d r eac t i on rate . 
A s e x p e c t e d , a n i n c r e a s i n g excess o f t r i p h e n y l p h o s p h i n e resu l t s i n a n 
i n c r e a s e d 1-butene h y d r o f o r m y l a t i o n s e l e c t i v i t y t owa rds the n-

T a b l e I. E f f e c t o f L i g a n d E x c e s s o n C a t a l y s i s 0 

Reaction 
Reaction Reaction Selectivity 

Temp Ligand Rate n / i 
Ligand erature Excess k χ 10~3 Valeraldehyde 

Structure °C P/Rh min~' Ratio 

0 3 P 9 0 6 3 3 6 3.6 0 3 P 
6 3 140 4.0 

160 5 9 4.3 
0 2 P ( C H 2 ) 2 P 0 2 120 3 68 1.3 

15 61 1.2 
140 8 1.2 

0 2 P ( C H 2 ) 3 P 0 2 120 3 143 1.2 
140 21 1.2 

» Butene h y d r o f o n n y l a t i o f r t ^ f o J ^ l j p ^ ^ M , ρ C O = 4 atm. 

Society Library 
1155 16th St. N. w. 

Washington, D. C. 20036 
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v a l e r a l d e h y d e , i .e. a n i n c r e a s e d nli a l d e h y d e rat io . ( R e d u c e d C O 
p a r t i a l p r essure resu l ts i n a fur ther inc rease o f the nli ratio.) O n the 
o ther h a n d , a n i n c r e a s i n g excess o f the t w o c h e l a t i n g d i p h o s p h i n e s 
does not r e su l t i n a n y inc r ease i n s e l e c t i v i t y . T h e same l o w nli rat io is 
m a i n t a i n e d i n d e p e n d e n t o f l i g a n d excess ( and C O p a r t i a l pressure ) . 

Tris(triphenylphosphine) rhodium(I) Carbonyl 
Hydride-Plus- Triphenylphosphine Systems 

P-31 N M R s tud i es o f the t r i p h e n y l p h o s p h i n e r h o d i u m c o m p l e x 
s y s t e m w e r e c a r r i e d ou t i n the p resence o f s ix- , fifty-seven-, a n d 
one -hundr ed - f o r t y f o l d l i g a n d excess l e v e l (see F i g u r e s 3 - 8 ) . U s i n g a 
c e r t a i n l i g a n d excess, the spec t r a w e r e d e t e r m i n e d at t w o sets o f t e m 
pera tures . S tud i e s i n the l o w - t e m p e r a t u r e r e g i o n w e r e c a r r i e d ou t at 
5°, 15°, a n d 25°C (see F i g u r e s 2 a n d 5). I n the h i g h - t e m p e r a t u r e re
g i on , the spec t r a w e r e s t u d i e d at 35°, 60°, 90°, a n d 105°C (see F i g u r e s 
3 , 6, a n d 7). A s o l u t i o n o f p u r e t r i s ( t r i p h e n y l p h o s p h i n e ) r h o d i u m car
b o n y l h y d r i d e was u s e d at r o o m t e m p e r a t u r e as a s t anda rd s o lu t i on . 

I n the l o w - t e m p e r a t u r e r e g i on , the P -31 spec t r a o f a l l o f the s o l u 
t ions e x h i b i t e d the d o u b l e t a r i s i n g f r om the t r i p h e n y l p h o s p h i n e coor
d i n a t e d w i t h r h o d i u m . T h i s d o u b l e t has a c h e m i c a l - s h i f t v a l u e o f 
+39 .8 p p m ( re la t i ve to 8 5 % H 3 P 0 4 ) a n d a c o u p l i n g constant , / P _ R h , 
o f 155 H z . A s s u c h , i t arises u n d o u b t e d l y f r o m t r i p h e n y l p h o s 
p h i n e b o u n d to r h o d i u m i n a t r i g o n a l b i p y r a m i d a l c o m p l e x , 
( P h 3 P ) 3 R h ( C O ) H . N o n e o f the spec t ra s h o w e d a n y i n d i c a t i o n o f 
the t r a n s - b i s p h o s p h i n e c o m p l e x that is f o r m e d b y d i s soc i a t i on o f 
the t r i s - p h o s p h i n e c o m p l e x . T h e e q u i l i b r i u m concen t ra t i on o f 
( P h 3 P ) 2 R h ( C O ) H was too l o w for d e t e c t i on b y N M R u n d e r a l l o f the 
e x p e r i m e n t a l c ond i t i ons u s e d i n the p resen t s tud i es . 

I n the spec t ra o f the va r i ous so lu t ions c o n t a i n i n g excess t r i p h e n y l 
p h o s p h i n e , the e x p e c t e d s ing l e t s i g n a l at 7.2 p p m a p p e a r e d . A l s o pres 
ent i n a l l o f the so lu t i ons w a s a sha rp s i ng l e t s i g n a l at +22.1 p p m , d u e 
to t r i p h e n y l p h o s p h i n e o x i d e , w h i c h a lways was f o r m e d d u e to o x i d a 
t i on b y the traces o f m o l e c u l a r o x y g e n present . T h e present r h o d i u m 
c o m p l e x s y s t e m is a v e r y e f fect ive ca ta lys t for s u c h ox ida t i ons . 

W i t h i n c r e a s i n g t e m p e r a t u r e u p to 105°C, a l l spec t ra i n d i c a t e d 
i n c r e a s i n g e x c h a n g e rates for b o u n d a n d free t r i p h e n y l p h o s p h i n e . T h e 
l i n e w i d t h s o f the sha rp t r i p h e n y l p h o s p h i n e o x i d e s i gna ls d i d not 
c h a n g e w i t h t e m p e r a t u r e , i n d i c a t i n g that t r i p h e n y l p h o s p h i n e o x i d e 
does not pa r t i c i pa t e i n the l i g a n d e x change . 

E x c h a n g e rates for the d i s soc i a t i on o f t r i p h e n y l p h o s p h i n e f r o m the 
t r i s p h o s p h i n e c o m p l e x a n d for its assoc ia t ion w i t h the b i s p h o s p h i n e 
c o m p l e x w e r e d e t e r m i n e d b y l i n e s h a p e ana lyses o f the spec t ra . F o r 
s l o w ex change , the rate was d e t e r m i n e d f r om the l i n e w i d t h , u s i n g the 
f o l l o w i n g r e l a t i o n s h i p (14): 
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Γ ΓΤ1 ' v 

2obs 1 2 

w h e r e r is the l i f e t i m e o f P h 3 P i n the b o u n d or free s i tes; T 2 o b s e qua l s 
the o b s e r v e d s p i n - s p i n r e l axa t i on t i m e m e a s u r e d f r om the l i n e w i d t h ; 
T2 is the s p i n - s p i n r e l axa t i on t i m e i n the absence o f e x c h a n g e ; a n d k 
e q u a l s the t rans i t i on p r o b a b i l i t y for l e a v i n g the b o u n d or free s i te , i .e. 
the m e a s u r e d N M R rate constant , s e c o n d s " 1 . 

I n the case o f fast e x c h a n g e , the N M R rate constants w e r e deter
m i n e d u s i n g a c o m p u t e r p r o g r a m that c a l c u l a t e d rates, popu la t i ons , 
a n d c h e m i c a l shi f ts b y n o n l i n e a r l eas t -squares fitting o f N M R l i n e -
shape da ta to the G M S e q u a t i o n (15). 

I n the case o f s i x f o l d excess t r i p h e n y l p h o s p h i n e , the l o w - t e m 
pera ture spec t ra (at 2 . 5 m M r h o d i u m concent ra t ion ) s h o w the ex
p e c t e d i n c r e a s i n g l i n e w i d t h s for b o t h the free a n d b o u n d l i g a n d (see 
F i g u r e 2). T h e h i g h - t e m p e r a t u r e spec t r a a lso w e r e s t u d i e d u s i n g s o l u 
t ions h a v i n g the same l i g a n d - t o - c o m p l e x rat io b u t h i g h e r concen t ra 
t ions ( 7 m M r h o d i u m , (see F i g u r e 3)). A s the t empera tures w e r e i n 
c r eased f r om 35° to 105°C, a p rog ress i on f r o m s l o w to i n t e r m e d i a t e a n d 
t h e n to fast l i g a n d e x c h a n g e w a s o b s e r v e d . L i n e s h a p e ana lyses o f b o t h 
m i x t u r e s i n d i c a t e d i n c r e a s i n g rates o f t r i s p h o s p h i n e c o m p l e x d i s soc ia 
t i on w i t h i n c r e a s i n g t empera tures . 

40 30 20 10 0 -10 
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Figure 2. Ligand exchange at various temperatures— 
60SP + (03P)3Rh(CO)H 
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S i n c e N M R measure s a rate constant pe r m o l e c u l e , a first-order 
process w i l l s h o w a n i n v a r i a n t rate constant w i t h i n c r e a s i n g c o n c e n 
t ra t ion at a g i v e n t e m p e r a t u r e . I n o rder to d e t e r m i n e w h e t h e r the 
t r i p h e n y l p h o s p h i n e d i s soc i a t i on a n d assoc ia t ion w e r e first-order p r o 
cesses, w e m e a s u r e d the rate constants for th i s s y s t e m at i n c r e a s e d 
l i g a n d - t o - c o m p l e x rat ios a n d d e c r e a s e d r h o d i u m concen t ra t i on . 

W h e n a fifty-sevenfold excess o f the t r i p h e n y l p h o s p h i n e l i g a n d 
was u s e d at a r h o d i u m concen t ra t i on o f 2 . 5 m M , a s i m i l a r d e p e n d e n c e 
o f the c o m p l e x ' s d i s soc i a t i on rate o n the t empe ra tu r e was o b s e r v e d 
b e t w e e n 5° a n d 90°C (see F i g u r e s 4 a n d 5). A c o m p a r i s o n o f the spec t ra 
w i t h those o f the m i x t u r e s h a v i n g a s i x f o l d l i g a n d excess s h o w e d that 
the d i s soc i a t i on rate is i n d e p e n d e n t o f the l i g a n d - t o - c o m p l e x rat io . 
H o w e v e r , the assoc ia t i on rate constants w e r e s m a l l e r t h a n those ob 
s e r v ed at the l o w e r l i g a n d - t o - c o m p l e x rat io . A fur ther inc rease o f the 
l i g a n d - t o - r h o d i u m rat io to 140 ( 1 . 5 m M r h o d i u m ) r e s u l t e d i n a fur ther 
dec rease o f the assoc ia t ion rate cons tant (see F i g u r e 6). O n the o ther 
h a n d , the v a l u e o f the d i s soc i a t i on constant r e m a i n e d i n d e p e n d e n t o f 
the l i g a n d excess. 

F r o m these a n d s i m i l a r spe c t r a l ana lyses , i t is c o n c l u d e d that the 
d i s soc i a t i on o f t r i p h e n y l p h o s p h i n e f r om the t r i g o n a l b i p y r a m i d a l t r is -
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Figure 4. Ligand exchange at various temperatures — 
5703P + (03P)3Rh(CO)H 
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Figure 6. Ligand exchange at various temperatures— 
14O03P + (03P)3Rh(CO)H 

p h o s p h i n e c o m p l e x is a first-order r eac t i on . O b v i o u s l y the reverse , 
i.e., assoc ia t ion , r eac t i on o f the free t r i p h e n y l p h o s p h i n e w i t h the 
c o o r d i n a t i v e l y u n s a t u r a t e d b i s p h o s p h i n e is not o f the first order . 

T h e d i s soc i a t i on constant d i d not c h a n g e w i t h the free l i g and - t o -
c o m p l e x rat io at the concent ra t ions o f the c o m p o n e n t s o ve r the w h o l e 
range s t u d i e d (3 .6-20.4 m o l a l - b o u n d a n d 4 1 - 1 7 0 mo la l - f r ee t r i 
p h e n y l p h o s p h i n e ) . A c c o r d i n g l y , the N M R da ta w e r e u s e d for p r epa r 
i n g A r r h e n i u s p l o t s c o r r e l a t i n g the d i s soc i a t i on constants , fcdiss()c, i.e., 
the n u m b e r o f t rans i t ions p e r s e cond , w i t h the r e c i p r o c a l abso lu t e 
t empe ra tu r e . I n th i s m a n n e r , the ac t i va t i on energy for d i s soc i a t i on , 
Ε act, was d e t e r m i n e d . 

I n the case o f the c o m p l e x s o l u t i o n h a v i n g a s i x f o l d excess o f 
t r i p h e n y l p h o s p h i n e , F i g u r e 7 shows the A r r h e n i u s p l o t for d i s soc ia 
t i on . T h e da ta p o i n t s o f the p l o t i n d i c a t e a l i n e a r r e l a t i o n s h i p w i t h i n 
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TEMPERATURE, °C 

1/Tx Ι Ο " 3 ( 0 Κ _ 1 ) 

Figure 7. Arrhenius plot for 03P-Rh complex dissociation— 
(03P)3Rh(CO)H +± (03P)2Rh(CO)H + 03P 

the e x p e r i m e n t a l error. O n the bas is o f th i s p l o t , the c a l c u l a t e d E a c t is 
19 ± 1 k c a l m o l - 1 . I n the case o f fifty-sevenfold l i g a n d excess, a s i m i l a r 
p l o t t i n g resu l t s i n a n E a c t v a l u e o f 2 0 ± 1 k c a l m o l - 1 . T h e d i f ference 
b e t w e e n these t w o va lues i nd i ca t e s the m a g n i t u d e o f the e x p e r i m e n t a l 
error w h e n u s i n g th is m e t h o d . 

It was i n t e r e s t i n g to c o m p a r e the a c t i v a t i on energy for the d i s soc i 
a t i on o f the t r i s p h o s p h i n e c o m p l e x w i t h the appa ren t a c t i v a t i on ene rgy 
o f h y d r o f o r m y l a t i o n c a t a l y z e d b y the t r i s p h o s p h i n e c o m p l e x - p l u s -
excess l i g a n d s y s t em . T h e h y d r o f o r m y l a t i o n rate h a d a first-order de 
p e n d e n c e o n the o l e f i n c oncen t r a t i on a n d was i n d e p e n d e n t o f the par 
t i a l pressures o f C O a n d H 2 u n d e r the e x p e r i m e n t a l c ond i t i ons . Ra te 
constants w e r e o b t a i n e d for the h y d r o f o r m y l a t i o n runs b y m e a s u r i n g 
the a m o u n t o f synthes is gas u p t a k e as a f unc t i on o f t i m e a n d c o n 
v e r t i n g gas u p t a k e to p e r c en t c o n v e r s i o n o f 1-butene u s i n g the 
η = PV x ( R T ) - 1 r e l a t i o n s h i p . Va lues o f l o g (1 - x) w h e n χ is 1-butene 
c o n v e r s i o n w e r e p l o t t e d aga inst r eac t i on t i m e to y i e l d a p l o t that is 
l i n e a r at l eas t to the 8 0 % c o n v e r s i o n l e v e l to w h i c h the runs w e r e 
t aken . T h e s l ope o f th is l i n e y i e l d s the first-order rate constant w i t h 
r espec t to 1-butene a n d is e xp r e s s ed i n un i t s o f m i n u t e s - 1 . A l l o f the 
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Figure 8. Arrhenius plots for 03P-Rh-catalyzed 1-butene hydro
formylation 

rate d e t e rm ina t i ons w e r e c a r r i e d ou t u s i n g r eac t i on m i x t u r e s c o n t a i n 
i n g 0 . 0 0 1 M r h o d i u m c o m p l e x . A r r h e n i u s p lo ts t h e n w e r e m a d e for the 
ca ta lys t sys t ems h a v i n g a v a r y i n g excess o f the t r i p h e n y l p h o s p h i n e 
l i g a n d . 

F i g u r e 8 shows the A r r h e n i u s p l o t s for the 1-butene h y d r o f o r m y l a -
t ions d e s c r i b e d i n T a b l e I. T h e da ta i n d i c a t e that, as e x p e c t e d , the 
r eac t i on rates dec r ease w i t h i n c r e a s i n g excess p h o s p h i n e concen t ra 
t ions at a l l r eac t i on t empera tu res . T h i s is e x p l a i n e d b y the i n c r e a s i n g 
rates o f assoc ia t ion for the a c t i v e t r a n s - b i s p h o s p h i n e c o m p l e x w i t h 
i n c r e a s i n g p h o s p h i n e excess. T h u s , a r e d u c e d e q u i l i b r i u m concen t ra 
t i o n o f the c a t a l y t i c a l l y ac t i v e t r a n s - b i s p h o s p h i n e spec i e s r esu l t s . 

T h e s lopes o f the l i n e s l a i d across the da ta p o i n t s o b t a i n e d at 
d i f ferent t empe ra tu r es for the three sys t ems h a v i n g d i f ferent l i g a n d -
t o - c o m p l e x rat ios w e r e a p p r o x i m a t e l y the same . I n o ther wo rds , the 
a c t i v a t i on ene rgy for h y d r o f o r m y l a t i o n is abou t 2 2 k c a l m o l " 1 i n e a c h o f 
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these sys t ems . T h a t means that the r eac t i on o f the ca ta lys t c o m p l e x 
spec i es w i t h the o l e f i n has a s l i g h t l y h i g h e r a c t i v a t i on ene rgy at a l l o f 
the p h o s p h i n e excess l e v e l s t h a n that o f the d i s soc i a t i on o f the t r i s 
p h o s p h i n e c o m p l e x . 

I n a c c o r d w i t h the data o n the a c t i va t i on energ i es o f c o m p l e x 
d i s soc i a t i on a n d o l e f i n h y d r o f o r m y l a t i o n , s ome features o f the energe 
t i cs o f the ca ta l y t i c i n t e rmed i a t e s c a n b e r e c o g n i z e d . T h e s e features 
are i n d i c a t e d b y the s i m p l i f i e d r eac t i on pro f i l e s h o w n b y F i g u r e 9. 
T h e figure shows that the d i s soc i a t i on o f the t r i s p h o s p h i n e c o m p l e x is 
p r o p o s e d as a k e y , p r i m a r y s tep that in i t i a t es the ca ta l y t i c c y c l e . T h i s 
s tep has a s i gn i f i can t a c t i va t i on ene rgy o f d i s soc i a t i on . H o w e v e r , reac
t i on o f the 1-olefin r eac tant w i t h the t r a n s - b i s p h o s p h i n e c o m p l e x 
p r o d u c t o f d i s soc i a t i on or its d e r i v a t i v e appears to r e q u i r e a s o m e w h a t 
h i g h e r ene rgy o f a c t i va t i on . T h e t rans i t i on state h a v i n g the h i ghes t 
a c t i va t i on energy l eads to the f o rmat ion o f the η-alkyl r h o d i u m c o m 
p l ex . The re f o r e , s u c h a c o m p l e x is i n d i c a t e d i n the r eac t i on s c h e m e o f 
the figure as a k e y i n t e r m e d i a t e o n the w a y to f o r m i n g the η-aldehyde 
p r o d u c t . H o w e v e r , o ther h i g h - e n e r g y t r ans i t i on states are l i k e l y to 
c o m p l i c a t e the d e t a i l e d pro f i l e o f the h y d r o f o r m y l a t i o n r eac t i on . 

I n c o n c l u s i o n , o n the bas is o f the t w o ac t i va t i on -energy d e t e r m i n a 
t ions, the r a t e - l i m i t i n g s tep o f t e r m i n a l h y d r o f o r m y l a t i o n s is not the 
d i s soc i a t i on o f the t r i s p h o s p h i n e c o m p l e x , b u t rather a s u b s e q u e n t 
assoc ia t ion o f a b i s p h o s p h i n e d e r i v a t i v e w i t h the 1-olefin reactant . 

Chelate Complexes Derived from Tris(triphenylphosphine)rhodium(I) 
Carbonyl Hydride and Bisphosphines 

A s i n d i c a t e d i n the i n t r o d u c t i o n , b i s - l , 3 - d i p h e n y l p h o s p h i n o -
p r o p a n e (dppp ) a n d b i s - l , 2 - d i p h e n y l p h o s p h i n o e t h a n e (dppe ) w e r e 
r e a c t e d w i t h t r i s ( t r i p h e n y l p h o s p h i n e ) r h o d i u m ( I I ) c a r b o n y l h y d r i d e 
i n t o l u e n e - d e u t e r o b e n z e n e s o l u t i o n to d e r i v e c i s - che la t e c o m p l e x 
h y d r o f o r m y l a t i o n ca ta lys ts . T h e s e c o m p l e x e s w e r e e x p e c t e d l y n o n 
s e l e c t i v e t e r m i n a l h y d r o f o r m y l a t i o n cata lysts for 1-butene h y d r o 
f o r m y l a t i o n {see T a b l e I) b e c a u s e o f the i r c i s - s t e r eochemis t r y . T h e y 
w e r e a lso s o m e w h a t less ac t i v e d u e to t h e i r spec i f i c s t ruc tu ra l 
features. T h e s t ruc ture o f these c o m p l e x e s i n s o l u t i o n was s t u d i e d 
i n d e t a i l b y P-31 N M R spec t r oscopy . 

F i g u r e 10 shows the spec t r a o f the r eac t i on m i x t u r e s o f b o t h 
c h e l a t i n g l i g a n d s . T h e y s h o w that w h e n u s e d i n a t w o f o l d excess, b o t h 
o f these l i g a n d s c o m p l e t e l y d i s p l a c e d t r i p h e n y l p h o s p h i n e f r o m the 
c o m p l e x . D p p e has f o r m e d a l m o s t e x c l u s i v e l y a s i n g l e c o m p l e x i n 
w h i c h a l l o f the p h o s p h o r u s e n v i r o n m e n t s are e q u a l . T h e s p e c t r u m o f 
the c o m p l e x e d d p p p was m u c h m o r e c o m p l e x . 
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40 20 

0 2 F C H 2 C H 2 C H 2 P 0 2 

0 20 
1 

A Λ 
Ί 1 Γ 

0 2 P C H 2 C H 2 P 0 2 

40 20 0 
C H E M I C A L SHIFT, PPM 

-20 

Figure 10. Ligand exchange of (03P)3Rh(CO)H with chelating bis
phosphines—302P(CH2)nP02 + (03P)3Rh(CO)H 

F i g u r e 11 shows the s p e c t r u m o f the d p p e s y s t e m i n m o r e d e t a i l at 
35° a n d 90°C. T h e c h e m i c a l sh i f t ( ±54 .3 p p m ) a n d the c o u p l i n g c o n 
stant ( P - R h = 144 H z ) o f the c o m p l e x e d p h o s p h o r u s a toms are i d e n t i 
c a l w i t h those r e p o r t e d b y James a n d M a h a j a n (16) for the k n o w n d p p e 
r h o d i u m h y d r i d e . 

C H 2 — P 0 2 0 2 p _ C H 2 

\ / I 
R h 

/ 
C H 2 — P 0 2 0 2 P — C H 2 

H 

T h i s c o m p l e x shows no l i g a n d e x c h a n g e e i ther w i t h t r i p h e n y l p h o s 
p h i n e or w i t h excess d p p e . T h e l a c k o f af f inity for C O a n d the s t rong 
b i n d i n g p r e v e n t i n g d p p e d i s soc i a t i on m a y e x p l a i n the s h a r p l y r e d u c e d 
a c t i v i t y o f th i s ca ta lys t at v e r y l o w C O p a r t i a l p r essure (<1 atm) i n a 
l a rge excess o f the d p p e l i g a n d . 

F i g u r e 12 shows the s p e c t r u m o f the d p p p c o m p l e x i n d e t a i l . T h e 
s p e c t r u m e x h i b i t s a n in t ense d o u b l e t s i g n a l at 16.1 p p m (/ P_R H = 142 
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H z ) a n d a c o m p l i c a t e d s i g n a l h a v i n g a 16 - l i n e A B C X pa t t e rn . (A l so 
present is a w e a k d o u b l e t s i g n a l at 6.3 p p m (/ P-R h = 154 H z ) that was 
not assigned. ) 

T h e la rge d o u b l e t was a s s i g n e d as the s i g n a l d u e to the f ou r 
e q u i v a l e n t p h o s p h o r u s n u c l e i i n d p p p r h o d i u m h y d r i d e . T h e spec 
t r u m o f th i s b i c y c l i c c o m p l e x a lso was d e s c r i b e d p r e v i o u s l y b y James 
a n d M a h a j a n (16). 

C H 2 — P 0 2 

C H 2 ^ 
\ y 

C H 2 — P 0 2 

0 2 P — C H 2 

\ 
R h C H 2 

0 2 P — C H 2 

H 

A s t u d y o f the e x p a n d e d p l o t o f the d p p p c o m p l e x r e s u l t e d i n 
d e c o n v o l u t i n g the A B C X c o u p l i n g pa t t e rn i n t e rms o f P - R h a n d P - P 
c o u p l i n g s as i n d i c a t e d b y F i g u r e 12. T h e n u m e r i c a l v a lues for the 
a s s i gned c h e m i c a l shi f ts a n d c o u p l i n g constants are g i v e n i n T a b l e I I . 

60 40 20 0 
I 

1 Λ 

1 ' 1 ' ι 

i l L 

I 

I L L 

90° 90° 

I I 1 I 1 I 

C H 2 — P 0 2 0 2 P - C H 2 

C H 2 — P 0 2 0 2 P — C H 2 

H 

- . 1 

35° 

1 . 1 . 1 . 1 . 

35° 

60 40 20 0 

CHEMICAL SHIFT, PPM 

Figure 11. Ligand exchange of 03P-Rh complex with ethylene bisphos-
phine—302PCH2CH2P02 + (03P)3Rh(CO)H 
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O n the bas is o f the d e c o n v o l u t i o n , the A B C X pa t t e rn was a ss i gned to 
o r i g ina t e from the three c o m p l e x e d n o n e q u i v a l e n t p h o s p h o r u s a toms 
o f m o n o c y c l i c 1 , 3 - d i p h e n y l p h o s p h i n o p r o p a n e 3 - ( d i p h e n y l p h o s p h i n o ) -
p r o p y l d i p h e n y l p h o s p h i n e r h o d i u m ( I ) c a r b o n y l h y d r i d e . 

C H 2 — * P 0 2 

C O 

C H 2 R h — 0 2 * * * P ( C H 2 ) 3 P 0 2 

\ y I 
C H 2 - * * P 0 2 I 

r l 

A s t u d y o f the paramete rs o f the a b o v e m o n o c y c l i c p h o s p h i n e 
( s h o w n i n T a b l e II) i nd i ca t e s that the m a g n e t i c e n v i r o n m e n t s o f the 
c h e l a t e d p h o s p h o r u s a toms i n th is c o m p l e x a n d i n the b i c y c l i c c o m 
p l e x o f d p p p are v e r y s i m i l a r . T h i s is sugges t ed d u e to the i r e ssen t i a l l y 
i d e n t i c a l c h e m i c a l - s h i f t v a lues o f abou t 16 p p m (and i d e n t i c a l 
c h e m i c a l - s h i f t c h a n g e o f 36 p p m o n c o m p l e x a t i o n ) . O n the o ther h a n d , 
the n o n c h e l a t e d , b u t c o m p l e x e d p h o s p h o r u s a t o m o f the m o n o c y c l i c 
c o m p l e x e x h i b i t s p r a c t i c a l l y the same c h e m i c a l - s h i f t c h a n g e (45 p p m ) 
o n c o m p l e x a t i o n as that f o u n d for t r i p h e n y l p h o s p h i n e i n the t r i s -
( t r i p h e n y l p h o s p h i n e ) r h o d i u m ( I ) c a r b o n y l h y d r i d e - p l u s - e x c e s s l i g a n d 
s y s t em . T a b l e I I a l so s h o w s that i n the m o n o c y c l i c c o m p l e x , l a rge P - P 
c o u p l i n g constants are o b s e r v e d (about 51 a n d 56 H z , r e spec t i v e l y ) . 
T h e s e c o u p l i n g s are b e t w e e n the n o n c h e l a t e d b o u n d p h o s p h o r u s a n d 

T a b l e I I . Pa rame te r s o f C h e l a t e C o m p l e x e s o f 
T r i m e t h y l e n e B i s p h o s p h i n e 

C H 2 - P 0 2 0 2 P - C H 2 / C H 2 - * P 0 2 C O 
/ \ / \ 

C \ C H * R h - 0 2 * * * P ( C H 2 ) 3 P 0 2 

C H 2 — P 0 2 0 2 P — C H 2 \ / 
' C H 2 - * * P 0 2 • 

r l r l 

Chemical Shift, ppm 

Type Value Difference 
of for Bound from Free 
Ρ 8b &b-f 

Ρ 16.1 35 .8 
* p 16.4 36.1 

* * p 16.3 36 .0 
* * * p 25.4 45 .1 

Coupling Constant, Hz 

Jp-m J"P-"**P J"P-"'l 

142 — — 
144 ~ 51 
144 ~ 56 
126 - 5 1 - 5 6 
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the t w o c h e l a t e d p h o s p h o r u s a toms. It is n o t e d that c o u p l i n g b e t w e e n 
the t w o , a p p a r e n t l y n o n e q u i v a l e n t , c h e l a t e d p h o s p h o r u s atoms is too 
s m a l l to obse rve . 

D p p p so lut ions h a v i n g i n c r e a s e d d p p p - t o - r h o d i u m ratios ( 1 5 : 1 4 0 ) 
a lso w e r e s t u d i e d b y N M R for changes i n a p o t e n t i a l e q u i l i b r i u m 
b e t w e e n the b i c y c l i c a n d m o n o c y c l i c c o m p l e x e s . W i t h i n c r e a s i n g 
d p p p - t o - r h o d i u m rat ios, the so lut ions c o n t a i n i n c r e a s i n g percentages 
o f the b i c y c l i c c o m p l e x . A t a rat io o f 1 4 0 : 1 , no m o n o c y c l i c c o m p l e x is 
d e t e c t ab l e . 

F i g u r e 13 i l lus t ra tes the t e m p e r a t u r e d e p e n d e n c e o f the spec t ra o f 
the s o lu t i on d e r i v e d b y r e a c t i n g 1 m o l o f t r i s ( t r i p h e n y l p h o s p h i n e ) -
r h o d i u m ( I ) c a r b o n y l h y d r i d e w i t h 6 m o l o f d p p p . T h e m a i n t e n a n c e 
o f the n a r r o w l i n e w i d t h o f the in t ense d o u b l e t s i g n a l at 16.1 p p m 
shows that the b i c y c l i c c o m p l e x does no t d i ssoc ia te u p to 90°C. O n the 
o ther h a n d , b r o a d e n i n g s i gna ls o f the c o m p l e x s p e c t r u m o f the 
m o n o c y c l i c c o m p l e x a n d that o f the s ing l e t s i g n a l o f free d p p p i n d i -

20 -20 

I 3 0 2 P C H 2 C H 2 C H 2 P 0 2 

+ 

( 0 3 P ) 3 Rh(CO)H 

t 

C H 0 - P0_ 0 o P - C H 9 

II C H 2

 X R h ' 

V 
C H 2 - P 0 2 

\ 
C H . 

0 2 P - C H 2 

/ C H 2 - P 0 2 ^H 

C H . R h - 0 P(CH ) P0 . 
\ 2 / \ 2 2 3 

C H 2 — P 0 2 C O 

1 1 1 1 

J L , 

P 

( 0 „ P C H 2 ) 2 C H 2 

' 1 

j j 
JL JL 

< 1 • 1 

, 1 
1 1 1 1 

0 3 P 

I . I 

1 

( 0 2 P C H 2 ) 2 C H 2 
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CHEMICAL SHIFT, PPM 

Figure 13. Ligand exchange of 03P-Rh complex with trimethylene 
bisphosphine at different temperatures 
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cates that th is c o m p o n e n t d issoc iates a n d exchanges w i t h the free d p p p 
at a faster rate w i t h i n c r e a s i n g t empera tures . T h i s d i s soc i a t i on a n d the 
assoc ia ted l i g a n d e x change are a p p a r e n t l y d u e to the d i ssoc ia t i on o f 
the m o n o - c o o r d i n a t e d b i s p h o s p h i n e m o i e t y i n the m a n n e r p r o p o s e d i n 
the i n t r o d u c t i o n . A c o m p a r i s o n o f the spec t ra t aken at d i f ferent t e m 
pera tures i nd i ca t e s l i t t l e i f a n y c h a n g e i n the r e l a t i v e q u a n t i t i e s o f the 
m o n o c y c l i c a n d b i c y c l i c c o m p l e x e s . 

T h e v a r i a b l e - t e m p e r a t u r e N M R spec t r a h e l p to e x p l a i n the ca ta ly 
t i c p roper t i e s o f the d p p p c o m p l e x s y s t e m w h i c h w e r e o u t l i n e d p r e v i 
o u s l y i n T a b l e I. T h e r e d u c e d ca ta l y t i c a c t i v i t y c o m p a r e d w i t h the 
t r i s ( t r i p h e n y l p h o s p h i n e ) c o m p l e x s y s t e m is a p p a r e n t l y d u e to the re 
d u c e d d i s soc i a t i on o f the c y c l i c c o m p l e x e s . F o r e x a m p l e , the 90°C 
spec t ra o f F i g u r e s 3 a n d 13, c l e a r l y s h o w that the l i g a n d - e x c h a n g e rate 
is m u c h s l o w e r i n the case o f d p p p . H o w e v e r , t e m p e r a t u r e - d e p e n d e n t 
l i g a n d e x c h a n g e o f the m o n o c y c l i c c o m p l e x o c curs a n d l eads to c i s -
b i s p h o s p h i n e spec i es that c a t a l y z e the h y d r o f o r m y l a t i o n o f o le f ins at 
m i n i m a l p a r t i a l pressures o f C O . T h e h y d r o f o r m y l a t i o n rate o f the 
d p p p s y s t e m is faster at 1 a tm C O pressure t h a n that o f the d p p e 
s y s t em . O f course , s u c h h y d r o f o r m y l a t i o n s are n o n s e l e c t i v e d u e to the 
c i s - s t e r eochemis t ry . 

Conclusions 

P-31 N M R s tud i es o f the t r i s ( t r i p h e n y l p h o s p h i n e ) r h o d i u m ( I ) 
c a r b o n y l h y d r i d e - p l u s - e x c e s s t r i p h e n y l p h o s p h i n e ca ta lys t sys tems i n 
t o l u e n e a n d b e n z e n e d i d no t i n d i c a t e a n y s i gn i f i can t d i s soc i a t i on to the 
c o r r e s p o n d i n g t r a n s - b i s p h o s p h i n e c o m p l e x i n t e rms o f d e t e c t ab l e 
spec i es . H o w e v e r , the ex i s t ence o f a n e q u i l i b r i u m b e t w e e n the t w o 
c o m p l e x e s was e s t a b l i s h e d b y i n d i r e c t m e t h o d s i n v o l v i n g l i g a n d -
ex change s tud i es at va r i ous excess t r i p h e n y l p h o s p h i n e to c o m p l e x 
rat ios. A first-order d i s soc i a t i on r eac t i on o f the t r i s p h o s p h i n e c o m p l e x 
o c cu r s w i t h d i s soc i a t i on ene rgy o f 2 0 ± 1 k c a l m o l " 1 . T h e assoc ia t ion 
r eac t i on b e t w e e n the b i s p h o s p h i n e a n d t r i p h e n y l p h o s p h i n e a lso de 
p e n d s o n the concen t ra t i on o f the reactants . I n genera l , a c o r r e l a t i on 
exists b e t w e e n l i g a n d e x c h a n g e a n d h y d r o f o r m y l a t i o n cata lys is b y th is 
s y s t em . 

S i n c e the 1-olefin c o n c e n t r a t i o n - d e p e n d e n t h y d r o f o r m y l a t i o n i n 
the p resence o f the above ca ta lys t s y s t e m has a s l i g h t l y h i g h e r ac t i 
v a t i on energy o f abou t 22 k c a l m o l " 1 , i t is p r o p o s e d that the rate-
d e t e r m i n i n g s tep o f s e l e c t i v e t e r m i n a l 1-olef in h y d r o f o r m y l a t i o n m a y 
i n v o l v e a t rans i t i on state l e a d i n g to the f o rmat i on o f a 1-a lky l b i s -
( f r a n s - p h o s p h i n e ) r h o d i u m c a r b o n y l h y d r i d e c o m p l e x ra ther t h a n the 
d i s soc i a t i on o f the t r i s p h o s p h i n e c o m p l e x . 
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P-31 s tud i es e s t a b l i s h e d that the t w o c h e l a t i n g l i g a n d s u s e d , i .e. 
d p p e a n d d p p p , effect c o m p l e t e l i g a n d d i s p l a c e m e n t w h e n a d d e d to 
so lu t ions o f t r i s ( t r i p h e n y l p h o s p h i n e ) r h o d i u m ( I ) c a r b o n y l h y d r i d e . 
T h i s resu l ts i n n o n s e l e c t i v e h y d r o f o r m y l a t i o n ca ta lys t sys tems . D p p e 
forms a k n o w n ca rbony l - f r e e b i c y c l i c r h o d i u m h y d r i d e c o m p l e x . D p p p 
forms a n e q u i l i b r i u m m i x t u r e o f the ana l ogous b i c y c l i c c o m p o u n d 
p l u s a n e w m o n o c y c l i c - t r i s p h o s p h i n e c o m p l e x h a v i n g a l i g and - ex 
c h a n g e b e h a v i o r s i m i l a r to that o f the t r i s ( t r i p h e n y l p h o s p h i n e ) c o m 
p l e x . A h i g h excess o f d p p p resu l ts i n a m i x t u r e c o n t a i n i n g m o s t l y the 
b i c y c l i c c o m p l e x . 

T h e h i g h s t a b i l i t y o f the b i c y c l i c c o m p l e x e s i n s u c h sys t ems a n d 
the i r c i s - s t e r eochemis t r y are sugges t ed to e x p l a i n the i r l o w a c t i v i t y 
a n d l a ck o f s e l e c t i v i t y as h y d r o f o r m y l a t i o n cata lysts w h e n c o m p a r e d 
w i t h s i m i l a r sys t ems b a s e d o n t r i p h e n y l p h o s p h i n e . 
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4 
The Effect of Chelating Diphosphine 
Ligands on Homogeneous Catalytic 
Decarbonylation Reactions Using 
Cationic Rhodium Catalysts 

D. H. DOUGHTY, M. P. ANDERSON, A. L. CASALNUOVO, 
M. F. McGUIGGAN, C. C. TSO, H. H. WANG, and L. H. P IGNOLET 
Department of Chemistry, University of Minnesota, Minneapolis, MN 55455 

Catalytic decarbonylation of aldehydes has been studied 
using mono- and bisdiphosphine complexes of Rh(I). 
The catalyst [Rh(dppp)2]BF4, where dppp = 1,3-
bis(diphenylphosphino)propane, decarbonylates al
dehydes homogeneously with rates that are more than 
two orders of magnitude faster than with Rh(PPh3)3Cl. 
Additionally, good catalytic activities were measured 
under mild thermal conditions (100 turnovers hr-1 for 
benzaldehyde at 150°C) and the reactions are highly 
selective. The catalysts are stable for days and turnovers 
in excess of 100,000 have been achieved. Experiments on 
a variety of aldehydes have established the general use
fulness of this reaction in organic synthesis. Kinetic mea
surements, P-31 NMR spectroscopy, and X-ray diffrac
tion studies have permitted some general mechanistic 
conclusions. For the catalytic decarbonylation of benzal
dehyde, a rapid pre-equilibrium is established 
(Rh(dppp)2+ + PhCHO (PhCHO)Rh(dppp)2+) prior to 
oxidative addition, which is the rate-determining step. 
A mechanistic understanding of this reaction is im
portant since it is a model for the discreet processes 
in other catalytic reactions that use organometallic 
catalysts. 

Decarbonylation of aldehydes and acid halides is an important syn
thetic reaction (1, 2) and using various transition-metal com

plexes as stoichiometric or catalytic reagents for this process has 

0065-2393/82/0196-0065$05.00/0 
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66 M E T A L P H O S P H I N E C O M P L E X E S 

r e c e i v e d c o n s i d e r a b l e a t t ent ion (3-8) . I n th is r e ga rd , t r i s ( t r i pheny l phos -
p h i n e ) c h l o r o r h o d i u m ( I ) , R h C l ( P P h 3 ) 3 , has r e c e i v e d the mos t s t u d y a n d 
has b e e n p r o v e n u s e f u l as a d e c a r b o n y l a t i o n r eagen t i n o r gan i c s yn the 
sis (1, 8, 9) . T h i s c o m p l e x d e ca rbony l a t e s a l d e h y d e s a n d a c i d c h l o r i d e s 
s t o i c h i o m e t r i c a l l y u n d e r m i l d c o n d i t i o n s (<100°C ) i n h o m o g e n e o u s 
so lut ions (4, 9 , 1 0 , 1 1 , 1 2 , 1 3 ) . T h e o v e r a l l r e a c t i on is s h o w n b y E q u a 
t i o n 1. I n cases w h e r e R con ta ins a j8 -hydrogen a t o m , 0 -hydr ide e l i m i 
n a t i o n c o m p e t e s w i t h R e a c t i o n 1 a n d u n s a t u r a t e d p r o d u c t s are p ro 
d u c e d . T h i s is e s p e c i a l l y i m p o r t a n t w h e n X = C I b u t i t is o f m i n o r 
i m p o r t a n c e w h e n X = H (e.g. d e c a r b o n y l a t i o n o f h e p t a n a l y i e l d s 8 6 % 
hexane a n d 1 4 % 1-hexene) (4). T h e d e c a r b o n y l a t i o n r eac t i on is ca ta ly 
t i c above 200°C ( i , 4,14); h o w e v e r , m o s t s tud i es have u s e d the reac
t i o n s t o i c h i o m e t r i c a l l y . 

R h C l ( P P h 3 ) 3 + R C O X — > R X + R h C l ( C O ) ( P P h 3 ) 2 (1) 
X = C l or H 

Reaction Mechanism Using RhCl(PPh3)s 

T h e r e is g ene ra l a g r e emen t o n the m e c h a n i s m for the s t o i c h i o m e t 
r i c d e c a r b o n y l a t i o n o f a c i d c h l o r i d e s ( 9 , 1 4 , 1 5 , 1 6 ) . T h e o v e r a l l m e c h 
a n i s m is s h o w n b y E q u a t i o n set 2 w h e r e X = C l . T h e s t o i c h i o m e t r i c 
d e c a r b o n y l a t i o n r eac t i on resu l t s from i n i t i a l o x i d a t i v e a d d i t i o n o f the 
a c i d c h l o r i d e to R h C l ( P P h 3 ) 2 ( E q u a t i o n 2 b , X = C l ) . R h C l ( P P h 3 ) 2 is a 
v e r y r eac t i v e , l o w - c o n c e n t r a t i o n i n t e r m e d i a t e w h i c h is l i k e l y to b e 
s o l v a t ed (see E q u a t i o n 2a) (17). 

R h C l ( P P h 3 ) 2 + R C O X « = * R C O ( X ) R h C l ( P P h 3 ) 2 (2b) 

R C O ( X ) R h C l ( P P h 3 ) 2 * = ± R ( X ) R h C l ( C O ) ( P P h 3 ) 2 (2c) 

R ( X ) R h C l ( C O ) ( P P h 3 ) 2 > R X + R h C l ( C O ) ( P P h 3 ) 2 (2d) 

E q u a t i o n s 2c a n d 2 d s h o w the a c y l - a l k y l 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 steps, r e s p e c t i v e l y . T h e r e is g o o d e v i d e n c e that th is same 
m e c h a n i s t i c s c h e m e a p p l i e s to the d e c a r b o n y l a t i o n o f a l d e h y d e s (see 
E q u a t i o n set 2 , X = H ) , a l t h o u g h i n th is case r eac t i on i n t e rmed i a t e s 
have not b e e n i s o l a t ed (3, 5, 9, 18). A d d i t i o n a l l y , e v i d e n c e ex is ts that 
the r a t e - d e t e r m i n i n g s t ep is o x i d a t i v e a d d i t i o n for a l d e h y d e decar 
b o n y l a t i o n (see E q u a t i o n 2 b , X = H ) (3, 9, 18). S e v e r a l r e c en t reports 
have s h o w n that for some s p e c i a l a l d e h y d e s , o x i d a t i v e a d d i t i o n o f the 
c a r b o n y l - h y d r o g e n b o n d i n d e e d does o c c u r u s i n g r h o d i u m ( I ) c o m 
p l exes (8,19). I n these s tud i e s a s tab le che la t e was f o r m e d after o x i d a 
t i v e a d d i t i o n that e n a b l e d i so l a t i on a n d cha rac t e r i z a t i on o f the p r o d 
ucts (8,19). 

(2a) 
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4. D O U G H T Y E T A L . Decarbonylation Reactions 67 

A t t empera tures above c a . 200°C, the d e c a r b o n y l a t i o n r eac t i on c a n 
b e d r i v e n c a t a l y t i c a l l y ( i , 4,14, 20 ) . S c h e m e I i l lus t ra tes the p r o p o s e d 
ca ta l y t i c r e a c t i on s c h e m e (15,16). T h i s ca t a l y t i c r eac t i on is s l o w (act iv
i t y for b e n z a l d e h y d e d e c a r b o n y l a t i o n at 178°C is 10 tu rnove rs h r " 1 ) 
p r e s u m a b l y b e cause the o x i d a t i v e a d d i t i o n o f R C O X to 
R h C l ( C O ) ( P P h 3 ) 2 is d i f f i cu l t (7, 21, 22). C o n s i s t e n t w i t h th is , the rate is 
s i g n i f i c a n d y greater w h e n I r C l ( C O ) ( P P h 3 ) 2 is u s e d as the ca ta l ys t 
( b e n z a l d e h y d e , 178°C, a c t i v i t y is 66 tu rnove rs h r " 1 ) (23). O x i d a t i v e 
a d d i t i o n to i r i d i u m c o m p l e x e s is w e l l k n o w n to b e m o r e f ac i l e t h a n 
w i t h the i r r h o d i u m ana l ogues . 

S c h e m e I. 

R ( X ) R h C l ( C O ) ( P P h 3 ) 2 R C O ( X ) R h C l ( C O ) ( P P h 3 ) 2 

X = C l or H 

Decarbonylation of Benzaldehyde Using Cationic Diphosphine 
Complexes of Rhodium (I) 

I n o rde r to a c h i e v e h i g h e r ca ta l y t i c a c t i v i t i e s for d e c a r b o n y l a t i o n 
u n d e r m i l d t h e r m a l c ond i t i ons , i t is necessary to use a m e t a l c o m p l e x 
o f suf f ic ient b a s i c i t y to p r o m o t e f ac i l e o x i d a t i v e a d d i t i o n , b u t a lso w i t h 
the p r o p e r s t e r e o c h e m i c a l a n d e l e c t r o n i c p roper t i es so that C O loss 
a n d ca ta lys t r e gene ra t i on is r a p i d . W i t h R h C l ( P P h 3 ) 3 , the p r o d u c t c o m 
p l e x f r a n s - R h C l ( C O ) ( P P h 3 ) 2 (see E q u a t i o n 2d) is i ne r t to C O d i ssoc ia 
t i on e v e n at h i g h t empe ra tu r e (24) a n d u n d e r U V i r r a d i a t i o n (25) ; 
there fore S c h e m e I is r e q u i r e d for ca ta l y t i c d e c a r b o n y l a t i o n . W i t h 
th is i n m i n d , w e s y n t h e s i z e d a series o f m o n o - a n d b i s ( d i p h o s p h i n e ) 
c o m p l e x e s : [ R h ( P - P ) ] X a n d [ R h ( P - P ) 2 ] X , w h e r e X = C l or B F 4 , a n d 
P - P = P h 2 P ( C H 2 ) n P P h 2 (hereafter n a m e d d p p m , d p p e , d p p p , a n d d p p b 
for η = 1, 2, 3 , a n d 4, r e spec t i v e l y ) (7, 21, 22). T h e s e c o m p l e x e s are 
k n o w n to u n d e r g o o x i da t i v e a d d i t i o n react ions as w e l l as to b i n d C O 
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w e a k l y a n d r e v e r s i b l y (26, 27, 28, 29). I n d e e d [ R h ( d p p e ) 2 ] + is u n -
r eac t i v e t owa rds C O ; h o w e v e r , i t does func t i on as a r easonab l e de 
c a r b o n y l a t i o n ca ta lys t for a l d e h y d e s ( v i d e infra ) . 

T h e s e d i p h o s p h i n e c o m p l e x e s w e r e a l l o w e d to react w i t h nea t 
b e n z a l d e h y d e at s eve ra l t empera tu res u n d e r a p u r i f i e d n i t r o g e n p u r g e 
i n o rde r to d e t e r m i n e t h e i r c a t a l y t i c a c t i v i t i e s for d e c a r b o n y l a t i o n . T h e 
rate o f b e n z e n e p r o d u c t i o n was m o n i t o r e d b y g a s - l i q u i d c h r o m a t o g 
r a p h y ( G L C ) as d e s c r i b e d p r e v i o u s l y (7, 21, 22). T h e e x p e r i m e n t a l 
p r o c e d u r e for these reac t ions as w e l l as for the syntheses o f the c o m 
p l exes has b e e n p u b l i s h e d (7, 21, 22). T h e resu l t s are p r e s e n t e d i n 
T a b l e I. It is appa r en t f r o m these resu l ts that ca ta l y t i c a c t i v i t i e s 
u s i n g d i p h o s p h i n e c o m p l e x e s are s i gn i f i c an t l y greater t h a n w i t h 
R h C l ( P P h 3 ) 3 or i r o n s - R h C l ( C O ) ( P P h 3 ) 2 . I n d e e d , [ R h ( d p p p ) 2 ] X (X = C l 
or B F 4 ) c a t a l y t i c a l l y conver t s b e n z a l d e h y d e i n t o b e n z e n e at a rate that 
is m o r e t h a n a factor o f 1 0 2 faster t h a n w i t h R h C l ( P P h 3 ) 3 . I m p o r t a n t l y , 
the b i s ( d i p h o s p h i n e ) c o m p l e x e s s h o w constant c a t a l y t i c a c t i v i t y for at 
l eas t seve ra l days i n h o m o g e n e o u s s o l u t i o n , a n d to ta l t u r n o v e r n u m 
bers o f 100 ,000 h a v e b e e n a c h i e v e d . T h e r eac t i on is a lso h i g h l y se l ec 
t i v e s ince the y i e l d for b e n z e n e p r o d u c t i o n f r o m b e n z a l d e h y d e u s i n g 
[ R h ( d p p p ) 2 ] + is 1 0 0 % . T h e s e r esu l t s c l e a r l y demons t ra t e that the b i s -

T a b l e I. C a t a l y t i c D e c a r b o n y l a t i o n o f B e n z a l d e h y d e i n t o 
B e n z e n e a n d C O 

Temperature 
"C 

150 
150 
150 
115 
115 
115 
115 
145 
145 
145 
178 
178 
178 
178 

Catalyst" 

R h C K P P h s ) / 
[ R h ( d p p p ) 2 ] + d 

[ R h ( d p p e ) 2 ] + ( i 

[ R h ( d p p m ) 2 ] + d 

[ R h ( d p p e ) 2 ] + < < 

[ R h ( d p p p ) 2 ] + d 

[ R h ( d p p b ) 2 ] + d 

[ R h ( d p p p ) 2 ] + d 

[ R h ( d p p p ) ] B F 4 

R h C l ( d p p p ) 
R h C l ( P P h 3 ) 3 < 
t R h i d p p p ) , ] ^ 
[ R h ( d p p e ) 2 ] + d 

[ R M d p p m ) , ] * " 

" Catalyst concentrations between 1 χ 10~4 and 1 χ 10~3M and neat benzaldehyde 
as the solvent. 

* See Refs. 7 and 21 for experimental details; values averaged over a 30-40 h period 
and first-order dependence on [catalyst] is assumed. 

c Same results using frens-RhCl(CO)(PPh 3) 2. 
* Same rate for C l " and B F 4 " salts. 

Catalytic Activity" 
(moles benzene I moles 

catalyst/hour) 

0.60 
1.0 x 10 2 

2 5 
0.40 
3.6 

11 
1.2 

8 5 
4 0 
3 0 
10 

1.1 x 
2.1 χ 

74 

1 0 3 

10 2 
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4. D O U G H T Y E T A L . Decarbonylation Reactions 69 

( d i p h o s p h i n e ) c o m p l e x e s are e x c e l l e n t cata lysts for the d e c a r b o n y l a 
t i on o f b e n z a l d e h y d e a n d for o ther a l d e h y d e s as w e l l ( v i de infra ) . 

T h e m o n o ( d i p h o s p h i n e ) c o m p l e x e s , [ R h ( d p p p ) ] B F 4 a n d R h C l -
( dppp ) , are less e f fect ive t h a n [ R h ( d p p p ) 2 ] + b u t are s t i l l m o r e ac t i v e 
t h a n R h C l ( P P h 3 ) 3 . T h e m o n o ( d i p h o s p h i n e ) ca ta lys ts a lso d e c o m p o s e 
s l o w l y u n d e r the r eac t i on c ond i t i ons , w h i c h r ende rs t h e m less u s e f u l 
t h a n the b i s ( d i p h o s p h i n e ) ca ta lys ts . T h e s l o w e r rate o f d e c a r b o n y l a 
t i on o b s e r v e d w i t h the m o n o ( d i p h o s p h i n e ) cata lysts c o m p a r e d w i t h 
the b i s ( d i p h o s p h i n e ) cata lysts p r e s u m a b l y is d u e to the l o w e r b a s i c i t y 
o f the fo rmer w h i c h re tards the rate o f o x i d a t i v e a d d i t i o n ( v ide infra ) . 
C o n s i s t e n t w i t h th is is the obse rva t i on that [ R h ( C O D ) ( d p p p ) ] B F 4 

( C O D = 1 ,5-cyc looctad iene ) shows a h i g h e r rate for ca ta l y t i c de 
c a r b o n y l a t i o n o f b e n z a l d e h y d e t h a n does [ R h ( d p p p ) ] B F 4 (22). A n 
a d d i t i o n a l obse rva t i on is that the t ype o f a n i o n , C l " or B F 4 ~ , has 
no appa r en t effect on d e c a r b o n y l a t i o n rates for the b i s ( d i p h o s p h i n e ) 
ca ta lys ts ; h o w e v e r , for the m o n o ( d i p h o s p h i n e ) c o m p l e x e s the 
c h l o r i d e salts s h o w s l i g h t l y l o w e r rates t h a n the i r te tra f luoroborate 
ana l ogues . 

W i t h i n the c lass o f c a t i on i c b i s ( d i p h o s p h i n e ) c o m p l e x e s , the 
ca ta l y t i c a c t i v i t y shows a m a r k e d d e p e n d e n c e o n the che la t e r i n g s i ze . 
A t a l l o f the t empera tures e x a m i n e d , the rate increases i n the o rde r 
d p p m < d p p e < d p p p , thus r e f l e c t i ng the inc rease i n che l a t e r i n g s i z e 
from four to s ix m e m b e r s . H o w e v e r , the o b s e r v e d rate u s i n g the 
s e v e n - m e m b e r e d che l a t e r i n g ca ta lys t [ R h ( d p p b ) 2 ] + is c o n s i d e r a b l y 
s l o w e r t h a n for the d p p p a n d d p p e ana logues . A n u n d e r s t a n d i n g o f th is 
t r e n d is u n d o u b t e d l y c o m p l e x a n d c l e a r l y r e q u i r e s a k n o w l e d g e o f the 
r eac t i on m e c h a n i s m ( v ide infra) . It is n o t e w o r t h y that s i m i l a r rate ef
fects as a f unc t i on o f d i p h o s p h i n e che l a t e r i n g s i ze have b e e n o b s e r v e d 
b y others (30, 31, 32) for a v a r i e t y o f c a t a l y t i c r eac t i ons . 

Synthetic Usefulness of the Reaction 

I n o rde r to d e t e r m i n e the g ene ra l s y n t h e t i c u t i l i t y o f these 
cata lysts , a n d to g a i n m e c h a n i s t i c i ns i gh t , a w i d e va r i e t y o f a l d e h y d e s 
w e r e d e c a r b o n y l a t e d c a t a l y t i c a l l y u s i n g [ R h ( d p p p ) 2 ] + (22). A l d e h y d e s 
w e r e c h o s e n to i l l u s t r a t e the f o l l o w i n g effects: (a) s te r i c s i ze o f s u b 
strate (see T a b l e II ) ; (b) e l e c t r o n i c effects o f subst ra te (see T a b l e I I I ) ; 
a n d (c) ca ta lys t s e l e c t i v i t y (see T a b l e II). T h e r e is a s i gn i f i cant rate 
dec rease w h e n the α-carbon a t o m o f the a l d e h y d e b e c o m e s s u b s t i 
t u t e d (see T a b l e II). T h e d e c a r b o n y l a t i o n o f t e r t ia ry a l d e h y d e s o c curs 
v e r y s l o w l y e v e n at 180°C, a n d i t is there fore o f o n l y m i n o r s yn the t i c 
u t i l i t y . T h e effects o f pa ra s u b s t i t u t i o n o n b e n z a l d e h y d e are interest 
i n g i n that a s i m p l e r e l a t i o n s h i p does not ex is t (see T a b l e III ) . 
E l e c t r o n - d o n a t i n g a n d - w i t h d r a w i n g g roups dec rease the ca ta l y t i c ac
t i v i t y c o m p a r e d w i t h the u n s u b s t i t u t e d b e n z a l d e h y d e . T h i s r e su l t is i n 
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70 M E T A L P H O S P H I N E C O M P L E X E S 

m a r k e d contras t to that o b s e r v e d u s i n g R h C l ( P P h 3 ) 3 ( s t o i ch i ome t r i c 
r eac t i on at 100°C) w h e r e a l i n e a r H a m m e t t p l o t was o b t a i n e d w i t h a 
pos i t i v e ρ v a l u e (18) . T h e s e observat ions have i m p o r t a n t m e c h a n i s t i c 
i m p l i c a t i o n s a n d w i l l b e d i s c u s s e d i n the nex t sec t i on . 

A n i m p o r t a n t charac t e r i s t i c o f the b i s ( d i p h o s p h i n e ) ca ta lys ts is 
the r e m a r k a b l e s e l e c t i v i t y o b s e r v e d i n the d e c a r b o n y l a t i o n p r o d u c t s . 
R e c a l l that 1-heptanal is c o n v e r t e d in t o 8 6 % hexane a n d 1 4 % 1-hex-
ene b y R h C l ( P P h 3 ) 3 (25°C, s t o i c h i o m e t r i c react ion ) (4). I n contrast , 
u s i n g [ R h ( d p p p ) 2 ] + as the cata lys t , the o n l y v o l a t i l e p r o d u c t is h exane , 

T a b l e I I . S t e r i c E f f ec ts o f A l d e h y d e s a n d C a t a l y s t S e l e c t i v i t y 0 

Aldehyde 
Only 

Volatile Products 

Tem
pera
ture 
(°C) 

Catalytic 
Activity 

( turnover/ 
hour 

C 5 H u C H 2 C H O 
H e p t a n a l 
C 2 H 5 - C H - C H O 

hexane 
115 
150 

31 
3 3 0 

1 
C 2 H 5 

2 - E t h y l b u t a n a l 
C H 3 

pen tane 115 5 

P h - C - C H O 

1 
2 - p h e n y l b u t a n e 180 1.3 

C 2 H 5 

2 - P h e n y l - 2 - M e t h y l b u t a n a l 
Ç H 3 

P h - C H - C H O 
2 - P h e n y l p r o p a n a l 

e t h y l b e n z e n e 
115 
150 

16 
6 7 

P h H 

W 
P h H 

w 
115 12 

H C H O H H 

C i n n a m a l d e h y d e styrène 150 135 

P h C H 3 

w 
P h C H 3 

w 
H C H O H H 150 16 

a - M e t h y l c i n n a m a l d e h y d e cis-/S-methylstyrene 
1 Catalyst is [Rh(dppp) 2]BF 4. 
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4. D O U G H T Y E T A L . Decarbonylation Reactions 71 

T a b l e III. E l e c t r o n i c E f fec ts o f p a r a - S u b s t i t u t e d B e n z a l d e h y d e s a 

Aldehyde Product 

JHO b e n z e n e 

C H , Ο : H O t o l u e n e 

Tern- Catalytic 
pera- Activity 
ture ( turnover/ 
(°C) hour 

115 
150 

115 
150 

11 
90 

3.0 
34 

.17 

C H 3 0 — ( C y y - C H O an i so l e 115 — - . 2 6 8 
150 10 

C l ^ O V - C H O c h l o r o b e n z e n e 115 0.1 + .227 
150 1.0 

0 Catalyst is [Rh(dppp)2]BF4. 

w h i c h is p r o d u c e d at 150°C w i t h a ca ta l y t i c a c t i v i t y o f 3 3 0 tu rnove r s 
h r " 1 . A d d i t i o n a l l y , o n l y e t h y l b e n z e n e is p r o d u c e d f r om 2 - p h e n y l -
p r o p a n a l a l t h o u g h the p o s s i b l e unsa tu ra t ed p r o d u c t , s t y r ene , is v e r y 
s tab le . T h e absence o f unsa tu ra t ed p r o d u c t s u s i n g [ R h ( d p p p ) 2 ] + is at
t r i b u t e d to the l a ck o f a vacan t c o o r d i n a t i o n s i te i n a p p r o p r i a t e r eac t i on 
i n t e r m e d i a t e s ( v ide infra) so that /3-hydride e l i m i n a t i o n is u n l i k e l y to 
o c cu r . I n contrast , R h C l ( P P h 3 ) 3 c a n m o r e ea s i l y p r o v i d e a vacan t co 
o r d i n a t i o n site (see E q u a t i o n 2) for /?-hydride e l i m i n a t i o n . T h i s a r g u 
m e n t is s u p p o r t e d b y the obse rva t i on that d e c a r b o n y l a t i o n o f 1-hep-
t ana l u s i n g the m o n o ( d i p h o s p h i n e ) ca ta lys t [ R h ( d p p p ) ] B F 4 p r o d u c e s 
s i gn i f i cant amoun t s o f 1-hexene at 150°C (the rat io o f h exane/ l -hexene 
is 2/1) (22). I n t e rmed ia t e s u s i n g m o n o ( d i p h o s p h i n e ) cata lys ts are 
l i k e l y to b e c o o r d i n a t i v e l y unsa tu ra t ed . 

R h C l ( P P h 3 ) 3 is k n o w n to i s o m e r i z e d o u b l e b o n d s d u r i n g deca r 
b o n y l a t i o n (4). F o r e x a m p l e , α-methylcinnamaldehyde is c o n v e r t e d 
i n t o cis- a n d trans- β-methylstyrene: 

P h C H 3 P h C H 3 P h Η 

RhCl(PPh3)3 

140°C * 

H C H O H H H C H 3 

cis (91%) trans (9%) 
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72 M E T A L P H O S P H I N E C O M P L E X E S 

N o trans i s omer is p r o d u c e d u s i n g [ R h ( d p p p ) 2 ] + at 150°C (see T a b l e II). 
W a l b o r s k i a n d A l l e n h a v e s h o w n that s t i o c h i o m e t r i c d e c a r b o n y l a 

t i on o f a n o p t i c a l l y a c t i v e a l d e h y d e w i t h R h C l ( P P h 3 ) 3 g i ves c o m p l e t e 
r e t en t i on o f c on f i gura t i on (5). U s i n g [ R h ( d p p p ) ] B F 4 / (-) - (R)-2-
p h e n y l - 2 - m e t h y l b u t a n a l was d e c a r b o n y l a t e d c a t a l y t i c a l l y at 165°C 
(0.4 tu rnove rs h r - 1 ) i n t o (+) - ( S ) -2 -pheny lbu tane w i t h 1 0 0 % r e t en t i on 
o f o p t i c a l a c t i v i t y (21,22). 

C H 3 

C 2 H 5 C H 

P h (+) - (S) 

F o r m o s t a l d e h y d e s s t u d i e d , the d e c a r b o n y l a t i o n r eac t i on occurs 
w i t h h i g h p r o d u c t y i e l d s ( y i e l ds b a s e d o n a l d e h y d e ) . T y p i c a l da ta is 
s h o w n i n T a b l e I V u s i n g [ R h ( d p p p ) 2 ] + as the cata lys t . H o w e v e r the 
sa tura t ed a l d e h y d e s , h e p t a n a l a n d 2 - e t h y l b u t a n a l , are d e c a r b o n y l a t e d 
to hexane a n d p e n t a n e , r e s p e c t i v e l y , i n rather l o w y i e l d (but w i t h g o o d 
ca ta l y t i c ac t i v i t i e s , see T a b l e II). F u r t h e r e x p e r i m e n t s r e v e a l e d that the 
l o w y i e l d s o b s e r v e d for these a l d e h y d e s are d u e to t h e r m a l d e c o m p o s i 
t i o n w h i c h a lso o c c u r s i n the absence o f cata lys t . E v e n l o w e r y i e l d s 
(based o n a l d e h y d e ) are o b t a i n e d for these a l d e h y d e s u s i n g 
R h C l ( P P h 3 ) 3 at the same t e m p e r a t u r e , s ince w i t h th is c o m p l e x decar 
b o n y l a t i o n ac t i v i t i e s are m u c h sma l l e r . 

T h e a b o v e da ta w h i c h are p r e s e n t e d i n Tab l e s I - I V s h o w that the 
d i p h o s p h i n e c o m p l e x e s are e f fect ive cata lys ts for the a l d e h y d e decar 
b o n y l a t i o n . A l t h o u g h these react ions to lerate va r i ous func t i ona l g roups 
s u c h as c a r b o x y l i c a c ids , e thers , ke tones , o le f ins , a n d a r y l c h l o r i d e s , 

C H 3 

C 2 H 5 • c C H O [Rh;6
d;f+ 

P h (-) - (R) 

T a b l e IV . Y i e l d a n d C o n v e r s i o n for Va r i ous A l d e h y d e s 0 

Tern- Con
pera-

Yield" 
ver

Time ture Yield" sion0 

(days) (°C) Product (%) (%) 

2 140 b e n z e n e 79 100 
2 118 s ty rene 9 5 100 
1.5 175 e t h y l b e n z e n e 83 9 3 
2 118 hexane 3 9 4 6 
1.5 110 pen tane 15 4 3 

alyst, Rh(dppp) 2
+ in solvent m-•xylene or a-•methyl-

Aldehyde 
(millimoles) 

B e n z a l d e h y d e (2.45) 
C i n n a m a l d e h y d e (4.00) 
2 - P h e n y l p r o p a n a l (64.0) 
H e p t a n a l (1.85) 
2 - E t h y l b u t a n a l (60.8) 

°0.02 to 0.05 mmol cat 
naphthalene. 

6 The percent yield = (moles decarbonylation product/moles aldehyde added) x 
100; % conversion = (moles decarbonylation product/moles aldehyde consumed) x 100. 
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4. D O U G H T Y E T A L . Decarbonylation Reactions 73 

T a b l e V . E f f e c t o f A d d e d Reagen ts o n C a t a l y t i c A c t i v i t y 0 

Tem
perature Catalytic Activity 

(°C) (turnovers/hour) 

145 6 0 
145 5 0 
145 50 
145 4 0 
145 3 0 

145 3.3 
145 0 
145 — i r r e v e r s i b l e ca ta lys t 

d e c o m p o s i t i o n — 
145 0.1 

145 0.2 
115 11 
115 7 
115 0.1 

Added Reagent (M ) 

N o n e ( N 2 purge ) 
A c e t o p h e n o n e ( 0 . 8M ) 
B e n z o i c a c i d ( 0 .2M) 
para - C h l o r o t o l u e n e ( 4 . 0 M ) 
E t h y l e n e ( b u b b l e d i n p l a c e 

o f N 2 ) 
B e n z o n i t r i l e ( 5 . 0 M ) 
B e n z o y l c h l o r i d e ( 0 . 8 M ) 
O x y g e n ( b u b b l e d i n p l a c e 

o f N 2 ) 
C a r b o n m o n o x i d e ( b u b b l e d 

i n p l a c e o f N 2 ) 
P E t P h 2 ( 0 . 2 M ) 
n o n e ( N 2 purge ) 
P P h 3 ( 0 . 0 5 M ) 
d p p p ( 0 . 0 3 M ) 

a For conversion of benzaldehyde to benzene; [Rh(dppp)2]+ = 0.001M; solvent is 
benzaldehyde (21, 22). 

severa l reagents are e f fect ive at r e t a r d i n g or s t o p p i n g the ca t a l y t i c 
r eac t i on . Fo r e x a m p l e , i f C O is u s e d as the p u r g i n g gas, the r eac t i on is 
s t o p p e d c o m p l e t e l y . R e s u l t s o f e x p e r i m e n t s i n the presence o f va r i ous 
reagents are p r e s e n t e d i n T a b l e V . It is appa r en t f r o m th is da ta that 
reagents that c a n c o m p e t e for a c o o r d i n a t i o n site r e t a rd the d e c a r b o n y 
l a t i on rate. T h e effects o f gasses s u c h as e t h y l e n e a n d C O are r e v e r s i 
b l e ; h o w e v e r 0 2 i r r e v e r s i b l y d e c o m p o s e s the cata lyst . T h e resu l ts 
s h o w n i n T a b l e V h a v e i m p o r t a n t m e c h a n i s t i c i m p l i c a t i o n s w h i c h w i l l 
b e d i s c u s s e d i n the nex t sec t i on . S u r p r i s i n g l y , the p resence o f 0 . 8 M 
b e n z o y l c h l o r i d e c o m p l e t e l y stops b e n z e n e p r o d u c t i o n , a n d no 
c h l o r o b e n z e n e is p r o d u c e d . T h i s r e su l t is u n e x p e c t e d s ince 
R h C l ( P P h 3 ) 3 is a n e f fect ive ca ta l ys t for a c i d c h l o r i d e d e c a r b o n y l a t i o n 
( v ide supra) a n d i l lus t ra t es one o f the major r e a c t i v i t y changes d u e to 
the presence o f c h e l a t i n g d i p h o s p h i n e l i g a n d s (26) . 

Comments on the Reaction Mechanism 

A n u m b e r o f a d d i t i o n a l e x p e r i m e n t s h a v e b e e n c a r r i e d ou t i n a n 
a t t empt to d e t e r m i n e the o v e r a l l m e c h a n i s m for the ca ta l y t i c decar 
b o n y l a t i o n r eac t i on u s i n g [ R h ( d p p p ) 2 ] + . S i n c e th is r e a c t i on is a us e fu l 
s yn the t i c m e t h o d a n d is a m o d e l for the d i s c r ee t processes i n o ther 
o r g a n o m e t a l l i c reac t ions , a d e t a i l e d k n o w l e d g e o f the m e c h a n i s m s a n d 
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74 M E T A L P H O S P H I N E C O M P L E X E S 

s t e r eochemis t r y for the i n d i v i d u a l s teps is impo r t an t . T h e a d d i t i o n a l 
e x p e r i m e n t types thus far c a r r i e d ou t are : (a) d e u t e r i u m l a b e l i n g a n d 
k i n e t i c i so tope effects; (b) d e t e r m i n a t i o n o f r eac t i on k i n e t i c s a n d rate 
l a w ; (c) P -31 N M R s tud i es o f the cata lys ts a n d i n t e r m e d i a t e s ; a n d (d) 
s t ruc tu ra l cha rac t e r i z a t i on o f the cata lys ts a n d i n t e rmed i a t e s . T h e re 
su l t s o f these e x p e r i m e n t s ( w h i c h are s u m m a r i z e d here) a n d o f those 
d i s c u s s e d a l r e a d y h a v e g i v e n some m e c h a n i s t i c ins i gh t . H o w e v e r , 
m a n y a d d i t i o n a l e x p e r i m e n t s are n e e d e d be fore de ta i l s o f the o v e r a l l 
m e c h a n i s m w i l l eme r g e . 

D e u t e r o b e n z a l d e h y d e , C e H 5 C D O , a n d ρ - t o l u a l d e h y d e , C H 3 -
C e H 4 - C H O , w e r e m i x e d i n e q u i m o l a r a m o u n t s a n d d e c a r b o n y l a t e d at 
140°C u s i n g [ R h ( d p p p ) 2 ] + (22) . T o l u e n e a n d b e n z e n e w e r e p r o d u c e d 
s i m u l t a n e o u s l y , s epa ra t ed b y G L C a n d a n a l y z e d b y mass spe c t r o s copy 
( M S ) . T h e i so top i c p u r i t i e s o f C e H 5 C H 3 a n d C e H 5 D w e r e d e t e r m i n e d 
to b e 100 ± 1% a n d 100 ± 4 % , r e s p e c t i v e l y , a n d there fore a l l p o s s i b l e 
processes that are i n t e r m o l e c u l a r i n a l d e h y d e c a n b e e x c l u d e d . T h i s 
e x p e r i m e n t , a l o n g w i t h the one that u s e d a n o p t i c a l l y a c t i v e a l d e h y d e 
( v ide supra ) , a rgue aga ins t a free-radical c h a i n m e c h a n i s m . T h e s e re 
sul ts agree w i t h those u s i n g R h C l ( P P h 3 ) 3 (5, 9) . T h e d e u t e r i u m isotope 
effect (kH/kD) for C e H 5 C ( H , D ) 0 was 1.1 ± 0.1 u s i n g [ R h ( d p p p ) 2 ] + at 
140°C (22) . U n f o r t u n a t e l y , there have not b e e n e n o u g h isotope effect 
s tud i es o n o r g a n o m e t a l l i c sys t ems i n o rde r to d r a w m e a n i n g f u l c o n c l u 
sions. T h e m e a s u r e d (kH/kO) effect for p h e n y l a c e t a l d e h y d e a n d 
p h e n y l a c e t a l d e h y d e - l - d u s i n g R h C l ( P P h 3 ) 3 is 1.86 ± 0.07 a n d th is has 
b e e n u s e d to s u p p o r t o x i d a t i v e a d d i t i o n as the r a t e - d e t e r m i n i n g 
s tep (9). 

T h e rate o f b e n z e n e p r o d u c t i o n f r om neat b e n z a l d e h y d e s o l u t i o n 
was m e a s u r e d as a func t i on o f [ R h ( d p p p ) 2 ] + c oncen t ra t i on at 135°C. 
T h e r eac t i on is first o rde r i n ca ta l ys t c oncen t ra t i on as s h o w n i n F i g u r e 
1 (21 ). T h e rate o f b e n z e n e p r o d u c t i o n a lso was m o n i t o r e d as a func t i on 

Figure 1. Rate of benzene produc
tion from neat benzaldehyde at 
135 °C as a function of Rh(dppp)2

 + 

concentration 

Ο 1.0 2.0 aO 4.0 
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4. D O U G H T Y E T A L . Decarbonylation Reactions 75 

) l 1 1 Ι
Ο 1.0 2.0 3.0 

[ PhCHO] , M 

Figure 2. Rate of benzene production vs. benzaldehyde concentration 
at 158°C for [Rh(dppp)2]+ = 6.7 x I 0 " 3 M (22). The curved line was 

calculated from the plot in Figure 3 (see Equation 4). 

o f the b e n z a l d e h y d e concen t ra t i on . I n th is e x p e r i m e n t the R h ( d p p ) 2
+ 

concen t ra t i on was h e l d cons tant at 6.7 x 1 0 " 3 M a n d an i so l e was u s e d as 
the so l vent . T h e b e n z a l d e h y d e c oncen t r a t i on w a s v a r i e d b e t w e e n 
0 .066 a n d 3 . 3 M a n d the r eac t i on t empe ra tu r e was m a i n t a i n e d at 158°C. 
A p l o t o f the rate constant , kohs, for b e n z e n e p r o d u c t i o n vs . b e n z a l 
d e h y d e c oncen t r a t i on is s h o w n i n F i g u r e 2 a n d a sa tura t i on effect is 
o b s e r v e d . S u c h a n effect i m p l i e s that a r a p i d p r e - e q u i l i b r i u m is estab
l i s h e d a n d is f o l l o w e d b y the r a t e - d e t e r m i n i n g s tep . E q u a t i o n 3 shows 
steps that are cons is tent w i t h the k i n e t i c data . A s t a n d a r d k i n e t i c a n a l 
ys is o f E q u a t i o n 3 

Rh (dppp ) 2 + + P h C H O ^ ± ( P h C H O ) R h ( d p p p ) 2 + (3a) 

( P h C H O ) R h ( d p p p ) 2
+ τ±± ( P h C O ) ( H ) R h ( d p p p ) 2

+ (3b) 

r e q u i r e s that a p l o t o f fcobs"1 vs . [ P h C H O ] " 1 b e l i n e a r as s h o w n i n 
E q u a t i o n 4. 

Ra te = fcobs[Rh(dppp)2
+] (4a) 

, kK [ P h C H O ] 
ôbs Κ [ P h C H O ] + 1 

(4b) 

J _ = i + J I (4c) 
kobs k kK [ P h C H O ] K ' 

T h e p l o t tha t is p r e s e n t e d i n F i g u r e 3 shows l i n e a r b e h a v i o r a n d the 
c a l c u l a t e d v a l u e s o f k a n d Κ are 170 h r _ 1 a n d 3 . 5 M " 1 , r e s p e c t i v e l y , at 
158°C. R e a c t i o n S teps 3 a a n d 3 b are cons is tent w i t h s eve ra l a d d i t i o n a l 
observat ions . 

T h e P -31 {H-1 } N M R s p e c t r u m o f [ R h ( d p p p ) 2 ] B F 4 i n P h C H O s o l 
v en t at 130°C s h o w s o n l y a d o u b l e t (δ 8.03 vs . H 3 P 0 4 w i t h pos i t i v e 
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ο ι 1 1 1 
Ο 5 1 0 15 

[PhCHOf? M " 1 

Figure 3. Plot of Equation 4c; data from Figure 2. 

shi f ts d o w n f i e l d , / R h - p = 132 H z ) w h i c h is a s s i gned to the r a p i d l y i n -
t e r c o n v e r t i n g c o m p l e x e s i n E q u a t i o n 3a . P -31 {H-1 } N M R da ta re 
c o r d e d at l o w t e m p e r a t u r e p r o v i d e s g o o d e v i d e n c e that a so l va t ed 
c o m p l e x ex ists . T h i s da ta is p r e s e n t e d i n F i g u r e 4 u s i n g ace tone as a 
so lvent . A t t empera tures b e l o w ca . - 6 0 ° C a n A 2 B 2 X pa t t e rn emerges 
that is cons is tent w i t h the t r i g o n a l - b i p y r a m i d a l C o m p l e x I. A b o v e th is 
t e m p e r a t u r e the c o m p l e x b e c o m e s n o n r i g i d o n the N M R t i m e sca le . A 
s i m i l a r obse r va t i on w i t h [ R h ( d p p p ) 2 ] C l has b e e n n o t e d (33) . 

ι 

S i n c e ace tone is a r easonab l e m o d e l for b e n z a l d e h y d e , the pres 
ence o f C o m p l e x I p r o v i d e s s u p p o r t for S t e p 3a . (A r e s o l v e d A 2 B 2 X 
pa t t e rn canno t b e r e a c h e d u s i n g b e n z a l d e h y d e s ince the so l v en t 
freezes be fo re the s l o w e x c h a n g e l i m i t is a c h i e v e d ; h o w e v e r , ex
c h a n g e b r o a d e n i n g is ev ident . ) A l t h o u g h a d d i t i o n a l e x p e r i m e n t s are 
n e e d e d to e s t a b l i s h the p resence o f C o m p l e x I at h i g h e r t empera tures , 
the fact that C o m p l e x I is the o n l y spec i es o b s e r v e d at l o w t e m p e r a t u r e 
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4. D O U G H T Y E T A L . Decarboxylation Reactions 77 

a n d has a n a v e r ag ed c h e m i c a l sh i f t a n d R h - P c o u p l i n g constant that 
are c l o se to the va lues o b s e r v e d at 130°C suggests that so l va t i on is 
i m p o r t a n t at h i g h e r t empera tu res . A d d i t i o n a l l y , the f o rmat i on o f C o m 
p l e x I is a r easonab l e p r e r e q u i s i t e for o x i d a t i v e a d d i t i o n . T h e fact that 
R h - P c o u p l i n g is p r e s e r v e d at 130°C a n d that u n c o o r d i n a t e d phos 
pho rous resonances are not o b s e r v e d p roves that R h - P b o n d r u p t u r e 
does not o c c u r i n S t e p 3a ( r eca l l that Κ for e q u i l i b r i u m i n E q u a t i o n 3a 
is 3 . 5 M " 1 ) . 

T h e a s s i gnmen t o f o x i d a t i v e a d d i t i o n as the r a t e - d e t e r m i n i n g s t ep 
(see E q u a t i o n 3b) is r easonab l e s ince there is n o e v i d e n c e for 
r h o d i u m ( I I I ) i n t e r m e d i a t e s i n the h i g h - t e m p e r a t u r e P-31 N M R spec 
t r u m . I f a n y later r eac t i on s tep w e r e rate d e t e r m i n i n g , e x c ep t for the 
loss o f C O f r o m ( C O ) R h ( d p p p ) 2

+ ( v i de infra) , r h o d i u m ( I I I ) i n t e r m e d i -

J = 132 Hz 

S PPM 12.7 0.13 

Figure 4. P-31 {H-l} NMR spectra as a function of temperature for 
[Rh(dppp)2] BF4 recorded using acetone solvent 
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78 M E T A L P H O S P H I N E C O M P L E X E S 

ates w o u l d b e o b s e r v a b l e a n d the i r absence is s t rong e v i d e n c e that 
S t ep 3 b is rate d e t e r m i n i n g . C O loss from ( C O ) R h ( d p p p ) 2

+ c anno t b e 
rate d e t e r m i n i n g b e cause (a) ( C O ) R h ( d p p p ) 2

+ is not o b s e r v e d b y P -31 
N M R at 130°C u n d e r ca ta l y t i c r eac t i on c ond i t i ons a n d (b) C O is d i s 
p l a c e d r e a d i l y from ( C O ) R h ( d p p p ) 2

+ i n C H 2 C 1 2 s o l u t i o n at r o o m t e m 
pera ture b y a N 2 p u r g e as m o n i t o r e d b y I R spec t r o scopy (22) . 

R e a c t i o n Steps 3 a a n d 3 b a lso c a n b e u s e d to r a t i ona l i z e the ob 
s e r v e d pa ra - subs t i tuen t effects p r e s e n t e d i n T a b l e I I I ; the m o r e 
e l e c t r on - r e l e a s ing , p a r a - s u b s t i t u t e d b e n z a l d e h y d e s r e t a rd the rate o f 
o x i da t i v e a d d i t i o n (18) for R h C l ( P P h 3 ) 3 . The r e f o r e , p - m e t h y l - a n d 
p - m e t h o x y b e n z a l d e h y d e are e x p e c t e d to b e d e c a r b o n y l a t e d s l o w e r 
t h a n the u n s u b s t i t u t e d b e n z a l d e h y d e , as is o b s e r v e d i n T a b l e I I I . 
( Th i s a r g u m e n t r e q u i r e s that R e a c t i o n 3a b e sa tura ted to the right, 
w h i c h is e x p e c t e d , i n nea t a l d e h y d e so l v en t w i t h e l e c t r on - r e l e a s ing , 
p a r a - s u b s t i t u t e d b e n z a l d e h y d e s . ) T h e u n e x p e c t e d s l o w e r rate for 
p - c h l o r o - b e n z a l d e h y d e c o u l d b e a c c o u n t e d for i f Κ for th is a l d e h y d e is 
s m a l l a n d sa tura t i on o f e q u i l i b r i u m i n E q u a t i o n 3a is not a c h i e v e d . 
N o t e that fcobs is a f unc t i on o f Κ a n d k (see E q u a t i o n 4b) u n d e r th is 
c o n d i t i o n . It is a lso p o s s i b l e that the r a t e - d e t e r m i n i n g s t ep is d i f ferent 
for th is a l d e h y d e . P r esen t r e s ea r ch i n c l u d e s a c a r e fu l k i n e t i c ana lys i s 
u s i n g seve ra l a l d e h y d e s so that Κ a n d k c a n b e d e t e r m i n e d i n d e p e n 
d e n t l y . 

I n l i g h t o f the p r e v i o u s c o m m e n t s i t is p o s s i b l e to cons t ruc t a n 
o v e r a l l m e c h a n i s t i c s c h e m e for the d e c a r b o n y l a t i o n o f b e n z a l d e h y d e 
(see S c h e m e II). R e c a l l that va r i ous reagents r e t a r d e d the d e c a r b o n y l a -

S c h e m e II . 

P h C H O 

C O 

R h L 2
+ 

l i a 

( P h C H O ) R h L 2
+ 

ub\\ 
( C O ) R h L 2

+ 

\ He 
k (s low) 

P h H ( P h C O ) H R h L 2
+ 

He 

P h ( C O ) H R h L L * + 
l i d 

L = b identa te d p p p 
L * = monodentate d j Lppp 
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4. D O U G H T Y E T A L . Decarbonylation Reactions 79 

t i o n rate o f b e n z a l d e h y d e (see T a b l e V ) . A l l o f the e f fect ive reagents 
( phosph ines , C O , n i t r i l e s , a n d e thy l ene ) are p o t e n t i a l l i g a n d s a n d p r e 
s u m a b l y c a n c o m p e t e w i t h the p r e - e q u i l i b r i u m step a n d th e r eby de 
crease fcobs b y r e m o v i n g C o m p l e x l i b . T h i s c a n b e t e s t ed i n p r i n c i p l e 
a n d s u c h e x p e r i m e n t s are i n progress . I n Sôheme I I , the o n l y o b s e r v e d 
i n t e rmed i a t e s are l i b a n d H e . P r esen t w o r k is d e s i g n e d to i so la te a n d 
s t u d y o ther i n t e rmed i a t e s i n th i s s c h e m e . 

B e n z o y l c h l o r i d e presents a s p e c i a l case s ince its p resence c o m 
p l e t e l y stops the d e c a r b o n y l a t i o n o f b e n z a l d e h y d e a n d no c h l o r o b e n -
z ene is p r o d u c e d . A n a l y s i s o f th i s r eac t i on has s h o w n that P h C O C l 
reacts w i t h [ R h ( d p p p ) 2 ] C l to p r o d u c e R h ( C l ) 2 ( P h C O ) ( d p p p ) . T h i s 
r h o d i u m ( I I I ) c o m p l e x is i ne r t to 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 
a n d there fore no d e c a r b o n y l a t i o n p r o d u c t s are p r o d u c e d (26). 

Structural Studies and Other Catalysts 

I n the p r e c e d i n g sec t i on a l l s tud i e s w e r e c a r r i e d ou t u s i n g 
[ R h ( d p p p ) 2 ] + . A l t h o u g h i t is t e m p t i n g to g ene ra l i z e S c h e m e I I to o ther 
cata lys ts , s ome r ecen t resu l t s a r gue aga inst th i s . It is w e l l k n o w n that 
the c h e m i c a l p roper t i es o f [ R h ( d p p e ) 2 ] B F 4 are v e r y d i f ferent f r om 
those o f [ R h ( d p p p ) 2 ] B F 4 . F o r e x a m p l e , [ R h ( d p p e ) 2 ] + does not react 
w i t h C O or H 2 (29, 3 2 , 34) whe r eas b o t h substrates r eac t r e a d i l y w i t h 
[ R h ( d p p p ) 2 ] + (29, 32). W e have f o u n d that the rate o f d e c a r b o n y l a t i o n 
o f b e n z a l d e h y d e in to b e n z e n e u s i n g [ R h ( d p p e ) 2 ] B F 4 is not first o rde r 
i n ca ta lys t c oncen t r a t i on (35) . ( R e c a l l that [ R h ( d p p p ) 2 ] + s h o w e d first-
o rder k ine t i c s . ) M o r e s tud ies are n e e d e d w i t h th is ca ta lys t s y s t em , 
a l t h o u g h a s i m i l a r rate d i f f e rence b e t w e e n [ R h ( d p p e ) 2 ] + a n d 
[ R h ( d p p p ) 2 ] + for c a t a l y t i c hydrogénation o f m e t h y l e n e s u c c i n i c a c i d 
has b e e n n o t e d (31). 

[ R h ( d p p b ) 2 ] B F 4 a lso e x h i b i t s d i f ferent r e a c t i v i t y t owa rds C O . I n 
th is case the b i m e t a l l i c c o m p l e x [ R h 2 ( C O ) 4 ( d p p b ) 3 ] ( B F 4 ) 2 has b e e n iso
l a t e d as the major p r o d u c t a n d c h a r a c t e r i z e d b y s ing l e - c r y s t a l X - r a y 
d i f f rac t ion (28). T h e s t ruc ture is i l l u s t r a t e d i n F i g u r e 5. It is appa r en t 
that R h - P b o n d r u p t u r e o c curs m o r e ea s i l y w i t h d p p b c o m p l e x e s 
w h e r e che l a t e r i n g s t r a in b e c o m e s impor t an t . F o r e x a m p l e , u n c o o r d i 
n a t e d d p p b is o b s e r v e d b y P -31 N M R at 25°C i m m e d i a t e l y o n a d d i n g 
C O to a C H 2 C 1 2 s o l u t i o n o f [ R h ( d p p b ) 2 ] B F 4 (35) . U n c o o r d i n a t e d phos 
pho rous resonances h a v e not b e e n o b s e r v e d w i t h c o m p l e x e s o f d p p p or 
d p p e . T h e r e c o r d e d l o w - t e m p e r a t u r e P -31 {H-1 } N M R s p e c t r u m o f 
[ R h ( d p p b ) 2 ] B F 4 w h i c h u s e d ace tone as the so l v en t is a lso v e r y c o m 
p l e x (see F i g u r e 6) a n d suggests so l v en t assoc ia t i on a n d p o s s i b l y the 
p resence o f d i m e r i c spec i e s . 

F o r th is r eason w e v e r y r e c e n t l y h a v e d e t e r m i n e d the s t ruc ture o f 
[ R h ( d p p b ) 2 ] B F 4 b y s i ng l e - c r y s t a l X - r a y d i f f rac t ion (see F i g u r e 7) (36). 
T h e s t ruc ture consists o f d i sc ree t , m o n o m e r i c m o l e c u l a r u n i t s w i t h no 
u n u s u a l l y short i n t e r m o l e c u l a r contacts . I m p o r t a n t l y , the c o o r d i n a t i o n 
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80 M E T A L P H O S P H I N E C O M P L E X E S 

Figure 5. ORTEP drawing of the coordination core of 
[Rh2(CO)4(dppb)3]2+. Only the unique part of the structure is shown 
(an inversion center in the middle of the C8-C8 bond relates this 

unit to its equivalent counterpart) (28). 

core g e o m e t r y is d i s t o r t ed s i gn i f i c an t l y t o w a r d the t e t r ahed ra l ang l e 
(the d i h e d r a l ang l e b e t w e e n p l anes c o n t a i n i n g P I , P 2 , R h a n d P 3 , P 4 , 
R h is 39°), a n d i n th is r e spec t i t is s i m i l a r to that o f [ R h ( P M e 3 ) 4 ] C l (37) . 
I n a d d i t i o n , the R h - P 4 d i s t ance is l o n g (2.361(1)À) c o m p a r e d w i t h the 
o ther R h - P d is tances (average = 2.318(1)À) a n d th i s m a y a c c o u n t for 
i ts r eac t i v i t y . R e c a l l that [ R h ( d p p b ) 2 ] + was the poores t b i s -
( d i p h o s p h i n e ) ca ta lys t e x a m i n e d (see T a b l e I) for the d e c a r b o n y l a t i o n 
o f b e n z a l d e h y d e . P e r h a p s th is c o m p l e x unde rgoes b o n d r u p t u r e s u c h 
that I n t e r m e d i a t e l i b has a monoden ta t e d p p b l i g a n d . A l t h o u g h th is 
m i g h t inc rease the v a l u e o f K , i t s u r e l y w o u l d decrease k s ince the R h 
cen t e r w o u l d b e less bas i c . P r e l i m i n a r y e x p e r i m e n t s u s i n g the 
t r i p h o s p h i n e c o m p l e x [ R h ( C O ) ( t t p ) ] + w h e r e t tp = P h P ( C H 2 C H 2 C H 2 -
P P h 2 ) 2 ( k i n d l y s u p p l i e d b y D . W. M e e k ) s h o w e d a ca ta l y t i c d e c a r b o n y 
l a t i on a c t i v i t y s i m i l a r to that o f [ R h ( d p p b ) 2 ] + i n suppo r t o f th i s a r gu 
men t . A l s o , the c a t i on i c m o n o ( d i p h o s p h i n e ) c o m p l e x e s o f r h o d i u m ( I ) 
w e r e less ac t i v e t h a n the i r b i s ( d i p h o s p h i n e ) ana l ogues ( v ide supra ) . 
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[Rh(dppb)2] Β ξ 

acetone 

3 1P{ 1H) 
40.5 MHz 

J = 137 Hz 

— 20.7 P P M 

3 0 " 

Figure 6. P-31 {H-l } NMR spectra as a function of temperature for 
[Rh(dppb)2]BF4 recorded using acetone solvent 

T h e s e observat ions s h o w that the ca ta l y t i c react ions u s i n g c o m p l e x e s 
o f d i f ferent d i p h o s p h i n e l i g a n d s are l i k e l y to i n v o l v e d i f ferent r eac t i on 
m e c h a n i s m s . A l s o , s u b t l e var ia t i ons i n m e t a l b a s i c i t y a n d cata lys t 
s t e r eochemis t r y c a n affect s i gn i f i c an t l y the rate a n d m e c h a n i s m o f 
r eac t i on . The r e f o r e i t is h i g h l y r i s k y to g ene ra l i z e a r eac t i on m e c h a 
n i s m to s e e m i n g l y s i m i l a r cata lys ts . O u r c u r r e n t r e sea rch is d i r e c t e d 
t owa rds d e t e r m i n i n g these m e c h a n i s t i c d i f ferences . 
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Figure 7. ORTEP drawing of the coordination core of 
[Rh(dppb)2]BF4 (36) 
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5 
Cobaloximes Containing 
Phosphorus-Donor Ligands 

LUIGI G. MARZILLI, PAUL J. TOSCANO, and JAMES H. RAMSDEN1 
Department of Chemistry, Emory University, Atlanta, GA 30322 

LUCIO RANDACCIO and N E V E N K A BRESCIANI-PAHOR 
Istituto di Chimica, Università di Trieste, 34127 Trieste, Italy 

Aspects of the chemistry of cobaloximes (particularly 
species containing the moiety Co(DH)2≡bis(dimethyl-
glyoximato)cobalt) that contain P-donor ligands are dis
cussed. Topics covered include the influence of electronic 
and steric effects of the P-donor ligands on NMR spectra, 
structure, and reactivity of the complexes. In turn, 
variation of the X group of the cobaloxime moiety, 
Co(III)(DH)2X, on the reactivity, structure, and NMR 
spectra of the phosphorus donor ligands can be assessed 
for X groups of widely differing trans influence and trans 
effect. The comparative trans effect of (CH3O)2PO- and 
related uninegative P-donor ligands is evaluated also. 
Finally, the entire body of information can be compared 
with that available for other complexes containing P
-donor ligands and to cobaloximes that do not contain 
P-donor ligands. 

The term cobaloximes refers to that class of cobalt complexes in 
which two dimethylglyoximato or other glyoximato monoanions 

occupy four coordination positions about cobalt and in which the four 
Ν donors are in essentially the same plane. A neutral octahedral low-
spin d6 Co(III) cobaloxime is shown in Figure 1. Cobaloximes with 
this oxidation state have been studied most extensively since these are 
more stable than the oxidation state I, II, and IV compounds. The 
chemistry of these latter oxidation state compounds wi l l be reviewed 

1Current address: Department of Chemistry, United States Military Academy, West 
Point, NY 10996. 

0065-2393/82/0196-0085$05.00/0 
© 1982 American Chemical Society 
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L 

/ 

C H 3 

H 3 C 

X 

Figure 1. Schematic of an LCo(DH)2X cobaloxime 

b r i e f l y first be fore o u r m o r e d e t a i l e d d i s c u s s i o n o f o x i d a t i o n state I I I 
c o m p o u n d s . E m p h a s i s w i l l b e p l a c e d o n c o b a l o x i m e s c o n t a i n i n g 
L = Ρ donor l i g a n d s a n d o n l y pa s s ing re ference w i l l b e m a d e to u s i n g 
these c o m p o u n d s as m o d e l s for v i t a m i n B 1 2 s y s t ems ( i , 2 , 3 , 4, 5). 

Cobalt (I) 

T h e s e c o m p o u n d s are p r o b a b l y five c oo rd ina t e i n bas i c s o lu t i on 
a n d are v e r y g o o d n u c l e o p h i l e s . T h e y are u s e f u l i n p r e p a r i n g or-
g a n o c o b a l o x i m e s v i a o x i d a t i v e a d d i t i o n reac t ions . T h e in f luence o f 
t w o P -dono r l i g a n d s o n the rate o f n u c l e o p h i l i c attack o n a l k y l h a l i d e s 
has b e e n assessed (6). T h e r e a c t i v i t y o f the B u 3 P was c a . five t imes 
greater t h a n that o f the φ 3 Ρ c o m p o u n d a n d was a t t r i b u t e d (5) to the 
greater π b o n d i n g o f the φ 3 Ρ l i g a n d w i t h the i n - p l a n e m e t a l d o rb i ta l s 
i n the 1 :1 a d d u c t s (7). U n d e r m o r e a c i d i c c o n d i t i o n s , the Co ( I ) c o m 
p o u n d s f o rm h y d r i d e s o f the L C o ( D H ) 2 H t ype a n d the B u 3 P C o ( D H ) 2 H 
spec i es has b e e n i s o l a t ed a n d s t u d i e d b y N M R (8). T h e c o m p o u n d 
d e c o m p o s e s r e a d i l y to Co ( I I ) a n d 1/2H 2 (9). T h e rates a n d m e c h a n i s m 
o f th is r eac t i on have b e e n e x a m i n e d (JO) . T h e s e h y d r i d e s c a n b e v i e w e d 
as b e i n g Co ( I I I ) c o m p o u n d s . 

Cobalt (II) 

T h e Co ( I I ) c o m p o u n d s are u s u a l l y l o w - s p i n , five-coordinate 
m o n o m e r i c spec i e s , L C o ( D H ) 2 ( I I ) ( i l ) . H o w e v e r , L 2 C o ( D H ) 2 l o w -
s p i n c o m p o u n d s c a n b e i s o l a t ed (11 ). T h e s e la t ter ma te r i a l s are k n o w n 
to b e five c oo rd ina t e i n s o l u t i o n a n d have Ε P R a n d v i s i b l e spec t r a a n d 
m a g n e t i c m o m e n t s (~2 B M ) i d e n t i c a l to those o f L C o ( D H ) 2 (12) . T h e 
X - r a y s t ruc ture o f n e i t h e r t y p e o f s o l i d is k n o w n w h e n L = P -donor 
l i g a n d b u t the b i s ( p y r i d i n e ) c o m p o u n d has b e e n c h a r a c t e r i z e d s t ruc
t u r a l l y (13) a n d e x h i b i t s l o n g C o - N ( p y r i d i n e ) b o n d s o f 2.25 Â . 

T h e Co ( I I ) c o m p o u n d s reac t w i t h a l k y l h a l i d e s a c c o r d i n g to E q u a 
t i o n 1. T h e i n i t i a l a n d r a t e - d e t e r m i n i n g s tep is h a l o g e n abs t rac t i on 
(14). F o r L = p h o s p h i n e s 
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2 L C o ( D H ) 2 + R X ^ L C o ( D H ) 2 X + L C o ( D H ) 2 R ( D 

a n d R X = b e n z y l b r o m i d e , l o g k l i n e a r l y decreases w i t h i n c r e a s i n g 
T o l m a n ( J 5 , 16) c one ang l es w i t h the B u 3 P c o m p l e x c a . 1000 t imes 
mo r e r ea c t i v e t h a n the C y 3 P c o m p l e x (14). It w a s sugges t ed that t w o 
factors c o u l d b e i m p o r t a n t i n d e t e r m i n i n g th is t r e n d . F i r s t , the C o - P 
b o n d l e n g t h p r o b a b l y w o u l d b e l onge r for b u l k y p h o s p h i n e s , dec reas 
i n g the i r e f fect ive e l e c t r o n dens i t y d o n a t i o n to the coba l t . S e c o n d , 
b u l k y p h o s p h i n e s m i g h t b e less r e a d i l y a c c o m m o d a t e d i n the o c t ahed 
r a l Co ( I I I ) c o m p l e x e s t h a n i n the five-coordinate Co ( I I ) c o m p o u n d s . 
T h e ( C H 3 0 ) 3 P c o m p l e x is a p p r o x i m a t e l y 5 0 t imes less r eac t i v e t h a n 
the ( C H 3 ) 3 P c o m p l e x , i l l u s t r a t i n g that e l e c t r o n i c effects are a lso i m p o r 
tant. F o r ( X C e H 4 ) 3 P c o m p l e x e s , a g o o d H a m m e t t p l o t w a s o b t a i n e d 
i l l u s t r a t i n g the greater r e a c t i v i t y o f the mo r e bas i c l i g a n d o f s i m i l a r 
s ter ic s i ze . 

Cobalt (IV) 

A l k y l c o b a l o x i m e s , L C o ( D H ) 2 R + , are g ene ra t ed b y the r eac t i on o f 
L C o ( D H ) 2 R w i t h s t rong o x i d i z i n g agents s u c h as C e ( N 0 3 ) 4 , K 2 I r C l e , 
a n d B r 2 (17,18) o r b y e l e c t r o o x i d a t i o n (17). T h e c o m p o u n d s are uns ta 
b l e at 25°C a n d w h e n L = <fc,P, Ε P R s tud ies s h o w no H F S w i t h Ρ a n d 
suggest that the C o is f o r m a l l y i n o x i d a t i o n state I V (18). 

Cobalt (III) 

V a r i a t i o n o f X L i g a n d . M o s t o f the rate , sp e c t r o s cop i c , a n d s t ruc 
t u r a l i n f o r m a t i o n a v a i l a b l e o n Co ( I I I ) c o m p o u n d s has b e e n o b t a i n e d 
for n e u t r a l L C o ( D H ) 2 X c o m p o u n d s . I n r e v i e w i n g th i s c h e m i s t r y , w e 
w i l l c ons i d e r first var ia t ions i n t h e X l i g a n d a n d t h e n var ia t i ons i n the L 
l i g a n d . 

I n f luence o f X V a r i a t i o n o n R e a c t i o n Ra tes . T h e r eac t i on that has 
b e e n s t u d i e d mos t e x t ens i v e l y is the l i g a n d e x c h a n g e r eac t i on ( E q u a 
t i o n 2), m o s t f r e q u e n t l y w i t h the l e a v i n g l i g a n d L = ( C H 3 0 ) 3 P . U s i n g 
N M R 

t e c h n i q u e s a n d n o n c o o r d i n a t i n g so lvents , B r o w n s h o w e d that th is 
r eac t i on was first o rde r i n [Co ] a n d i n d e p e n d e n t o f e n t e r i n g l i g a n d 
concen t ra t i on (19). S u b s e q u e n t s tud i e s u s i n g more t r a d i t i o n a l spec 
t r o s cop i c t e c h n i q u e s e s t a b l i s h e d that the five-coordinate spec i es 
f o r m e d i n the r a t e - d e t e r m i n i n g d i s soc i a t i v e s tep is e q u a l l y r eac t i v e 
t owards a n u m b e r o f c o m p e t i n g , e n t e r i n g P -donor l i g a n d s ( ( C H 3 ) 3 P , 
( C H 3 0 ) 3 P , φ 3 Ρ ) a n d N - d o n o r l i g a n d s ( p y r i d i n e , 1 -me thy l im idazo l e ) 
(20, 21). L i g a n d s w i t h v e r y l o n g a l k y l c h a i n s ( B u 3 P , n - O c t 3 P ) are three 

L C o ( D H ) 2 X + L ' —> L ' C o ( D H ) 2 X + L (2) 
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to e i gh t t imes less r eac t i v e p r e s u m a b l y b e cause the a l k y l c h a i n m a y 
b e n d a r o u n d a n d m a k e the Ρ l o n e p a i r less a v a i l a b l e for r e a c t i n g w i t h 
the " h o t " five-coordinate spec i es p r o d u c e d i n the d i s soc i a t i v e s tep. 
T h e va r i a t i on i n e x c h a n g e rate for a n u m b e r o f X l i g a n d s i n ( C H 3 0 ) 3 

P C o ( D H 2 X is p l o t t e d aga ins t σ* i n F i g u r e 2. T h e e x c h a n g e r eac t i on is 
u n e x p e c t e d l y r a p i d w h e n X = s e condary a l k y l . S i m i l a r b e h a v i o r is 
o b s e r v e d for b u l k i e r p h o s p h i n e l i g a n d s (φ^Ρ a n d ( ^E tP ) as w e l l as 
N - d o n o r l i g a n d s . The re f o r e , there is no u n u s u a l feature o f the rate 
pro f i l e w h i c h is p e c u l i a r to P -dono r l i g a n d s s u g g e s t i n g l i t t l e or no r o l e 
for π b o n d i n g i n these sys t ems . 

T h e r eac t i on o f c o o r d i n a t e d ( C H 3 0 ) 3 P (22) s h o w n i n E q u a t i o n I I I 
has b e e n s t u d i e d a lso as 

( C H 3 0 ) 3 P C o ( D H ) 2 X + B r " — ( C H 3 0 ) 2 P ( 0 ) C o ( D H ) 2 X " + C H 3 B r (3) 

a f unc t i on o f X l i g a n d (23) . I n th is case a p l o t o f l o g k vs . σ* does not 
e x h i b i t a p r o n o u n c e d d i f f e rence for s e condary a n d p r i m a r y a l k y l 
l i g a n d s . W e w i l l r e t u r n to a d i s c u s s i o n o f th is r eac t i on la ter i n th is 
chapte r . 
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Figure 2. Plot of log kob8 vs. σ* (Taft's polar substituent constant) 
for the ligand exchange reaction (CH30)3PCo(DH)2X + 1-methylimida-
zole (l-methylimidazole)Co(DH)2X + (CH30)3P (CH2Cl2, 25°C). 
Letters correspond to ligands as follows: A, iso-C3H7; B, C2H5; C, 
n - Q H 7 ; D , iscyC4H9; E, CH3; F, CH2Si(CH3)3; G , (CH2)3CN; H, CH2C6H5; 
Z, C6H5; J, CH2Br; K, CH2Cl; L, CH2CN; M, P(0)(OCH3)2; N, CHCl2; 
P, CHBr2; R, S02C6H4CH3; S, N02; T, CN; 17, /, V, Br; W} Cl; Y, N03. 
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Β Α 

95 105 115 125 

P - 3 1 S H I F T , T R I M E T H Y L P H O S P H I T E ( P P M ) 
135 

Figure 3. The C-13 shift of the ester carbon of(CH30)3PCo(DH)2X vs. 
the P-31 shift of (CH30)3PCo(DH)2X (CDCl3). Letters correspond to 

ligands as given in the caption for Figure 2. 

In f luence o f X Va r i a t i on on N M R Spec t r a . T h e H - l (24,25), C - 1 3 
(26), a n d P-31 (27) N M R spec t ra o f a w i d e range o f c o b a l o x i m e s w i t h 
d i f ferent X g roups a n d L = ( C H 3 0 ) 3 P a n d B u 3 P , a n d less ex t ens i ve da ta 
w i t h o ther P -donor l i g a n d s are a v a i l a b l e . Fo r the L = ( C H 3 0 ) 3 P series, 
the shi f ts o f C - 1 3 a n d P-31 i n the c oo rd ina t e p h o s p h i t e are r e l a t e d 
l i n e a r l y (see F i g u r e 3). I n t u r n , the C - 1 3 shi f ts are c o r r e l a t ed l i n e a r l y 
w i t h l o g k for R e a c t i o n 3 (23 ). S i n c e R e a c t i o n 3 i n v o l v e s a n S N 2 attack 
o f the B r " o n the e l e c t r on -de f i c i en t p h o s p h i t e c a r b o n , these r e l a t i on 
sh ips suggest that these paramete rs a l l ref lect the degree to w h i c h the 
C o ( D H ) 2 X in f luences e l e c t r o n dona t i on b y the ( C H 3 0 ) 3 P l i g a n d . S u c h 
shi fts a lso cor re la te w i t h C - 1 3 shi f ts o f c o o r d i n a t e d p y r i d i n e l i g a n d s , 
a ga in sugges t ing that π b o n d i n g is p r o b a b l y not h a v i n g m u c h in f luence 
o n the proper t i es o f the c o m p l e x e s . 

T h e P-31 n u c l e u s is c o u p l e d to the Ή o f the o x i m e m e t h y l g r oups . 
T h i s s p l i t t i n g var ies as X is v a r i e d (24, 25 ) . T h i s v a r i a t i o n corre la tes 
l i n e a r l y w i t h changes i n H - l N M R c h e m i c a l shi f ts i n the series 
f - B u p y C o ( D H ) 2 X (24) a n d i t is b e l i e v e d that the o r d e r i n g o f X g roups 
ref lects changes i n h y b r i d i z a t i o n at the coba l t . A l t h o u g h th i s ser ies 
c l o s e l y pa ra l l e l s o ther effects o f X , the 3 1 Ρ - Ή c o u p l i n g constants a n d 
o ther Ή da ta do not va ry s i gn i f i c an t l y for s e condary a n d p r i m a r y a l k y l 
l i g a n d s c o n t a i n i n g C a n d Η o n l y . I n contrast 3 1 P - 1 3 C ( O C H 3 ) c o u p l i n g 
constants cor re la te l i n e a r l y w i t h var ia t i ons i n C - 1 3 N M R shi f ts a n d 
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5 10 15 20 2 5 30 35 

P - 3 1 S H I F T . T R I B U T Y L P H O S P H I N E ( P P M ) 

Figure 4. The P-31 shift of (CH30)3PCo(DH)2X vs. the P-31 shift 
of Bu3PCo(DH)2X(CDCl3). Letters correspond to ligands as given in the 

caption for Figure 2. 

l o g k o f R e a c t i o n 3. S i m i l a r l y , the 3 1 P shi f ts o f the ( C H 3 0 ) 3 P C o ( D H ) 2 X 
c o m p l e x e s cor re la te w i t h the 1 3 C shi f ts o f the p h o s p h i t e l i g a n d as 
n o t e d e a r l i e r (see F i g u r e 3). The re f o r e these shi f ts c a n b e v i e w e d as 
b e i n g a f unc t i on o f the a m o u n t o f the e l e c t r o n dona t i on o f the phos 
p h i t e l i g a n d to the c oba l t center . I n th is r e ga rd , i t is q u i t e i n t e r e s t i n g 
that the 3 1 P shi f ts o f the B u 3 P C o ( D H ) 2 X a n d ( C H 3 0 ) 3 P C o ( D H ) 2 X 
series are c o r r e l a t e d l i n e a r l y b u t the p l o t has a nega t i v e s l ope (see 
F i g u r e 4). T h i s finding suggests that the d i r e c t i o n o f the P-31 N M R 
shi f ts i n m e t a l c o m p l e x e s is not a g o o d g u i d e to the degree o f e l e c t r o n 
d o n a t i o n s ince i t is u n l i k e l y that the r e l a t i v e e l e c t r o n dona t i on across 
the X series dif fers for B u 3 P a n d ( C H 3 0 ) 3 P . 

In f luence o f X V a r i a t i o n o n S t ruc tu r e . K n o w n C o - P b o n d l eng ths 
are r epo r t ed i n T a b l e I. F o r the same l i g a n d , the l eng ths increase w i t h 
the i n c r e a s i n g σ-donor p o w e r o f the trans l i g a n d X . F u r t h e r m o r e , the 
l e n g t h e n i n g o f the C o - P b o n d d u e to the same X l i g a n d is n e a r l y e q u a l 
i n a l l o f the ser ies (see F i g u r e 5). A s i m i l a r , b u t less r egu la r , increase o f 
the d i s p l a c e m e n t , d, o f the c o b a l t a t o m out o f the N - d o n o r p l a n e to
w a r d s the Ρ l i g a n d m a y b e o b s e r v e d . 

C o m p a r i s o n o f s u c h d i s p l a c e m e n t s i n the C l a n d C H 3 d e r i v a t i v e s 
o f the C y 3 P , c^P, a n d ( C H 3 0 ) 3 P l i g a n d s shows that they are s i gn i f i 
c a n t l y l a rge r i n the m e t h y l c o m p l e x e s . T h i s obse r va t i on is c on t ra ry to 
the hypo thes i s (37) that the C o - C b o n d c o v a l e n t charac te r , greater t h a n 
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T a b l e I. C o - P B o n d L e n g t h s (À ) a n d 
D i s p l a c e m e n t o f C o A b o v e the C o o r d i n a t i o n P l a n e 

T o w a r d s the P h o s p h i n e (d (À ) ) i n 
R 3 P C o ( D H ) 2 X C o m p o u n d s 

R3P/X Co-P d Ref. 

C y 3 P / C l 2 . 3 6 9 ( 5 ) 0 . 1 0 28 
C H 3 2 . 4 6 3 ( 1 ) 0 . 1 2 29 

4> 3P/CI 2 . 3 2 7 ( 2 ) 0 . 0 5 30 
B r 2 . 3 3 1 ( 4 ) 0 . 0 7 31 
N 0 2 2 . 3 9 2 ( 3 ) 0 . 0 4 32 
C H 3 2 . 4 1 8 ( 1 ) 0 . 1 1 28 
i s o - C 3 H 7 2 . 4 1 2 ( 4 ) 0 . 1 7 29 

B u 3 P / C l 2 . 2 6 5 ( 2 ) 0 . 0 4 33 
H y p o x a n t h i n a t o 2 . 2 8 5 ( 2 ) 0 . 0 2 34 
- C E H 4 N 2 . 3 4 2 ( 1 ) 0 . 0 3 35 

( C H 3 0 ) 3 P / C 1 2 . 1 8 8 ( 4 ) 0 . 0 2 33 
C H 3 2 . 2 5 6 ( 4 ) 0 . 1 0 36 

2 . 5 0 

to Ο 

L U 2 . 4 0 
—I 

a. 
ο 
ο 

L U 
C J 
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JE 2 . 3 0 

CO 
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CL 

Ο 
ο 

2.20-1 1 . . 1 
2 . 1 4 2 . 2 1 2 . 2 8 2 . 3 5 2 . 4 2 

C O - P D I S T A N C E . CL COMPLEX (f lNOS) 

Figure 5. Comparison of the bond lengths in LCo(DH)2Cl and 
LCo(DH)2CH3. Numbers correspond to ligands as follows: 1, Cy3P; 
2,(iso-Pr)3P;3, <$>3P;4,Bu φ2Ρ;5,Είφ2Ρ;6,CH3 φ2Ρ; 7,Βζ3Ρ;8,(ΟΗ30)φ2Ρ; 
9, (2-(CN)C2H4)3P; 10, ( o-CH3C6H40)3P; 12, Bu3P; 13, (0Η3)2φΡ; 14, 
(CHsO)2 φΡ; 15, ( iso-PrO)3P; 16, ( φΟ)3Ρ; 17, (CH3)3P; 18, C2H5C(CH20)3P; 

19, (CH3Q)3P; 20, (EtO)3P; 21, (CIC2H4Q)3P; 23, CH3C(CH20)3P 
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w o u l d b e e x p e c t e d for a Co ( I I I ) c o m p l e x , s h o u l d p r o v o k e a d i s p l a c e 
m e n t o f the m e t a l ou t o f the ( D H ) 2 p l a n e t owa rds the a l k y l l i g a n d . 
W i t h o u t a r g u i n g a b o u t the c o v a l e n c y o f the C o - C b o n d , the above 
di f ferences i n d i s p l a c e m e n t s b e t w e e n C H 3 a n d C l c o u p l e s have b e e n 
a t t r i b u t e d m a i n l y to the d i f f e rence i n the b u l k i n e s s o f these l i g a n d s . I n 
fact, the m o r e c o m p a c t b u l k o f the C l a t om mor e e f f i c i ent ly opposes the 
b e n d i n g a n d , c o n s e q u e n t l y , the d i s p l a c e m e n t o f the c oba l t i n d u c e d b y 
the p h o s p h i n e l i g a n d (28) . F i n a l l y , i t is w o r t h w h i l e to note that i n the 
m o r e c o m p l e t e 0 3 P C o ( D H ) 2 X series, the l e n g t h e n i n g o f C o - P b o n d 
co r r e sponds to the decrease o f the 3 1 P c h e m i c a l shi f ts r e p o r t e d r e c e n t l y 
for the ana l o gous B u 3 P de r i va t i v e s (27) . T h e N 0 2 c o m p o u n d m a y b e 
a n e x c e p t i o n . 

V a r i a t i o n i n the P - D o n o r L i g a n d . I N F L U E N C E O F L V A R I A T I O N 
O N R E A C T I O N R A T E S A N D E Q U I L I B R I A . T h e s o l v o l y t i c E q u a t i o n 4 i n 
m e t h a n o l (30%) w a t e r is first o rde r (38) . T h e 

R 3 P C o ( D H ) 2 C l + H 2 0 — R 3 P C o ( D H ) 2 H 2 0 + + C l " (4) 

rate increases t e n f o l d i n the series φ 3 Ρ < <£2EtP < E t 3 P < B u 3 P a n d the 
rate for the C y 3 P c o m p l e x was too r a p i d to m e a s u r e w i t h the t e c h 
n i q u e s u s e d . T h e r eac t i on is o n l y abou t one o rde r o f m a g n i t u d e faster 
for P -donor l i g a n d s ove r N - d o n o r l i g a n d s a n d i t is l i k e l y that the b u l k y 
C y 3 P is s t e r i c a l l y a c c e l e r a t i n g the rate. 

F o r the t w o ser ies ( R O ) 3 P C o ( D H ) 2 N C S / S C N a n d R 3 P C o ( D H ) 2 N C S / 
S C N , the deg ree o f S b o n d i n g is p r o m o t e d w h e n R is e l e c t r o n w i t h 
d r a w i n g w i t h i n e a c h ser ies b u t S b o n d i n g is m o r e p r e v a l e n t i n the 
R 3 P series t h a n the l e s s - e l e c t r on -dona t ing ( R O ) 3 P series, s u g g e s t i n g 
that cor re la t i ons b e t w e e n the series are not p o s s i b l e (39) . T h i s was 
the first g r o u p o f c o m p o u n d s i n w h i c h th i o c yana t e a m b i d e n t a t e e q u i 
l i b r i a c o u l d b e e v a l u a t e d as a func t i on o f the trans l i g a n d s . T h e resu l t s 
w e r e c o n f i r m e d la te r i n a m o r e ex t ens i ve s t u d y (40). T h e S/N d i s t r i 
b u t i o n does no t d i f fer g r ea t l y f r om that f o u n d for N - d o n o r trans l i g a n d s 
(39) . T a k e n together , these resu l ts suggest that n e u t r a l P -dono r l i 
gands do not h a v e a l a rge trans effect. 

T h e rate at w h i c h l i g a n d s are e x c h a n g e d b y B u 3 P i n the series 
L C o ( D H ) 2 C H 3 a n d to a lesser extent i n the series L C o ( D H ) 2 i C 3 H 7 has 
b e e n e v a l u a t e d p r e l i m i n a r i l y for a l a rge n u m b e r o f P -donor l i g ands . 
T h e ease o f d i s p l a c e m e n t has b e e n assessed as a func t i on o f e l e c t r o n -
donor a b i l i t y Σ Χ (39) a n d the T o l m a n c o n e ang l e (15 ,16) o f the l i g a n d 
(see F i g u r e s 6 a n d 7). A g a i n , the ser ies ( R O ) 3 P a n d R 3 P are no t co r r e 
l a t e d r e a d i l y . I n the p h o s p h i t e ser ies, the rate appea r s to b e i n f l u e n c e d 
b y s ter ic b u l k b u t increases as Σ Χ increases , w h i c h is cons is tent w i t h 
the e x p e c t e d l o w e r e l e c t r o n - d o n a t i n g a b i l i t y o f l i g a n d s w i t h l a rge r ΣΧ. 
F o r p h o s p h i n e s , s ter ic b u l k appears to b e impor t an t , b u t w e canno t 
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- 5 0 5 10 15 20 2 5 30 35 

TOLMAN E L E C CONSTANT 

Figure 6. Plot of log k0b8 vs. Σ X for the ligand exchange reaction 
LCo(DH)2CH3 +Bu3P->Bu3PCo(DH)2CH3 + L (CH2Ck, 25°C). Num

bers correspond to ligands as given in the caption for Figure 5. 

120 130 140 150 160 

TOLMAN CONE ANGLE 

190 

Figure 7. Plot of log k o 6 e vs. TCA for the ligand exchange reaction 
LCo(DH)2CH3 + Bu3P Bu3PCo(DH)2CH3 + L (CH2Cl2, 25°C). Num

bers correspond to ligands as given in the caption for Figure 5. 
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s t u d y p h o s p h i n e l i g a n d s that are b o t h e l e c t r o n d o n a t i n g a n d s m a l l 
s ince w e have not y e t f o u n d l i g a n d s that w i l l d i s p l a c e s u c h phos 
p h i n e s . It is r easonab l e , h o w e v e r , to c o n c l u d e that b o t h s ter ic a n d 
e l e c t r o n i c effects are i m p o r t a n t for p h o s p h i n e s . W h e n c o m p l e x e s w i t h 
su f f i c i ent l y large p h o s p h i t e l i g a n d s are s t u d i e d , s te r i c a c c e l e r a t i on o f 
the d i s p l a c e m e n t o f s u c h p h o s p h i t e l i g a n d s s h o u l d b e f o u n d . 

I n k e e p i n g w i t h the rate s tud ies , Kf v a lues for R e a c t i o n 5 i n 
D M S O - d e at 

L + D M S O C o ( D H ) 2 C H 3 ^ L C o ( D H ) 2 C H 3 + D M S O (5) 

32°C g i v e the f o l l o w i n g o rde r for P -donor l i g a n d : { ( C H 3 ) 3 P , B u 3 P , 
( C H 3 O ) 2 0 P , ( C N C H 2 C H 2 ) 3 P (a l l too l a rge to measure ) } > ( Ο Η 3 0 ) φ 2 Ρ > 
( « o - P r O ) 3 P ~ ( C H 3 0 ) 3 P > C H 3 C ( C H 2 0 ) 3 P > (M> > {(φΟ)3Ρ, ( iP r ) 3 P, 
C y 3 P (a l l too s m a l l to measure ) } . 

M e a s u r e m e n t s o f the e n t h a l p y c h a n g e for a d d u c t f o rmat ion o f 
( C H 3 0 ) 3 P a n d C H 3 C H 2 C ( C H 2 0 ) 3 P m e t h y l c o b a l o x i m e adduc t s l e d to 
s i m i l a r r esu l t s that w e r e mo r e e x o t h e r m i c (once c o r r e c t ed for s o l va t i on 
effects) t h a n p r e d i c t e d b y D r a g o s E / C e q u a t i o n (37) . T h i s l e d to the 
sugges t i on that the a d d i t i o n a l s t a b i l i z a t i o n c o u l d b e the r e s u l t o f π 
b o n d i n g (37) . N o n e o f the o ther s tud i es r e p o r t e d here g i v e a n y c l e a r 
i n d i c a t i o n o f π b o n d i n g . 

• 1 

• 2 

-7.4 · 3 

• 7 

-7.2 • 14 

• 15 

10 
_J 

I X 
30 
j 

Figure 8. Plot of the chemical shift of the coordinated methanol's 
methyl resonance in [LCo(DH)2CH3OH]+ vs. Tolmans ΣΧ(Μ~λ). Num

bers correspond to ligands as given in the caption for Figure 5. 
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Σ Χ 

10 20 30 
1 I 1 — 

Figure 9. Plot of the P-H coupling (in hertz) of the coordinated 
methanol's methyl resonance in [LCo(DH)2CH3OH]+ vs. Tolman's Σ Χ 
(centimeters'1). Numbers correspond to ligands as given in the caption 

for Figure 5. 

I N F L U E N C E O F L O N N M R S P E C T R A . T h e mos t ex t ens i ve i n v e s 
t i ga t i on o f the va r i a t i on o f L o n N M R spec t ra was r e p o r t e d for the H - l 
N M R spec t r a o f L C o ( D H ) 2 ( C H 3 O H ) + c o m p l e x e s ( i n me thano l ) (42, 
43). Sh i f t a n d c o u p l i n g cons tant da ta are p l o t t e d aga ins t Σ Χ i n F i g u r e s 
8 a n d 9. T h e c o u p l i n g constants are c l e a r l y r e l a t e d to ΣΧ s u g g e s t i n g a 
c lose r e l a t i v e s i m i l a r i t y for the i n t e rac t i on o f L i n these po s i t i ona l 
c h a n g e d C o ( I I I ) c o m p o u n d s a n d i n the n e u t r a l L N i ( C O ) 3 c o m p o u n d s . 
T h e shi f t da ta d o not cor re la te w i t h ΣΧ b u t d o cor re la te q u i t e n i c e l y 
w i t h the T o l m a n c one ang l e . T h i s was the first e v i d e n c e that po s s i b l e 
s t ruc tu ra l d is tor t ions , ( w h i c h n o w have b e e n c o n f i r m e d , see la ter d i s 
cuss ion) i n the c o b a l o x i m e sys t ems c o u l d l e a d to changes i n H - l N M R 
shi f ts . Var ia t i ons i n the b u l k o f L a lso c a n i n d u c e changes i n the H - l 
N M R spec t ra o f a l k y l c o b a l o x i m e s (29) . T h e changes i n the H - l N M R 
spec t ra o f c o b a l o x i m e s re f lect changes i n the m a g n e t i c an i so t r opy o f 
c o b a l t (24) . T h e m o s t i m p o r t a n t p rope r t y o f the a x i a l l i g a n d s that i n f l u 
ences th is shi f t is the na ture o f the l i g a t i n g a t om . O n l y i n the case o f Ρ 
donors h a v e w e f o u n d large var ia t ions i n H - l N M R shi f ts . T h e s t ruc 
t u r a l bas is for these shi f ts w i l l b e d i s c u s s e d later . 

T h e effect o f v a r y i n g P -donor l i g a n d s on the C - 1 3 N M R spec t ra o f 
c o b a l o x i m e s has not b e e n s t u d i e d i n d e t a i l as yet . L i m i t e d da ta are 
a v a i l a b l e for C - 5 9 N M R o f c h l o r o a n d m e t h y l c o b a l o x i m e s w h e r e the 
o rder o f shi f ts ( φ 3 Ρ < B u 3 P < ( C H 3 0 ) 3 P ) is c l e a r l y not re f l ec t i ve o f the 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
19

6.
ch

00
5

In Catalytic Aspects of Metal Phosphine Complexes; Alyea, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1982. 



96 M E T A L P H O S P H I N E C O M P L E X E S 

e l e c t r o n d o n a t i n g a b i l i t y o f the P -donor l i g a n d (44). T h e N Q R spec 
t r u m o f the 1 4 N i n some o f these c o m p o u n d s has b e e n a n a l y z e d a lso 
(44). 

I n m u c h the same w a y that d i s p l a c e m e n t rates o f p h o s p h i n e 
l i g a n d s are i n f l u e n c e d s t r ong l y b y s ter ic b u l k , the P-31 N M R c o o r d i n a 
t i on shi f ts o f p h o s p h i n e s ( Δ = c o m p l e x shi f t - free-ligand shift ) corre 
late w i t h cone ang l e , i n c r e a s i n g as c one ang les dec rease (27) . P h o s 
p h i t e A 's are nega t i v e a n d b e c o m e less nega t i v e as ΣΧ increases . 
A l t h o u g h the C o - P b o n d l e n g t h is l o n g e r f o r X = C H 3 t h a n X = C l , the 
r e l a t i v e shi f ts o f c o o r d i n a t e d p h o s p h i n e s a n d p h o s p h i t e s are the same. 
It was c o n c l u d e d (27) that s ince so m a n y factors a p p e a r to in f luence 
P-31 shi f ts i n c o b a l o x i m e s a d e t a i l e d e v a l u a t i o n o f b o n d i n g was not 
poss ib l e . 

I N F L U E N C E O F L V A R I A T I O N O N S T R U C T U R E . T h e C o - P b o n d 
l eng ths (see T a b l e I a n d F i g u r e 10) i n the series L C o ( D H ) 2 C l a n d 
L C O ( D H ) 2 C H 3 re f lect the b u l k o f the L l i g a n d ra ther t h a n a n y m e a s u r e 
o f P - l i g a n d e l e c t r on -dono r a b i l i t y (33). F o r p h o s p h i n e s , these l eng ths 
cor re la te bes t w i t h 3 1 Ρ Δ rather t h a n the shi f ts o f e i the r the free or 
c o m p l e x e d l i g a n d . F r o m the l i m i t e d p h o s p h i t e data , a ga in i t appears 
that p h o s p h i t e s a n d p h o s p h i n e s are no t r e a d i l y c o r r e l a t ed . H o w e v e r , 
as seen i n F i g u r e 5, the C o - P b o n d l eng ths i n the ( C H 3 0 ) 3 P c o m p l e x e s 
f a l l o n the l i n e e s t a b l i s h e d b y p h o s p h i n e c o m p l e x e s . T h e s i gn i f i cance 
o f th is c o r r e l a t i on m u s t a w a i t fur ther s tudy . H o w e v e r , th i s t r e n d i n d i 
cates that the l e n g t h e n i n g d u e to the greater trans i n f l u e n c i n g p o w e r o f 
C H 3 is not i n f l u e n c e d b y the b u l k o f the Ρ l i g a n d (33). T h e l i n e a r 
r e l a t i o n s h i p i n F i g u r e 5 co r r e sponds to that f o u n d b e t w e e n the A ' s o f 
the C H 3 a n d C l ser ies (27) , a l t h o u g h i n the b o n d l e n g t h c o r r e l a t i on the 
C y 3 P de r i va t i v es do not r ep resen t a n y e x c e p t i o n as was f o u n d for c o m 
p l exes o f th is l i g a n d i n the P-31 N M R s t u d y (27) . 

T h e C o - C l a n d C o - C H 3 d i s tances i n T a b l e I I do not va r y g rea t l y 
as the L - d o n o r l i g a n d is c h a n g e d . T h e fo rmer va r y from 2.277(2)(φ 3Ρ) 
to 2 .294 (2 ) (Cy 3 P, B u 3 P ) a n d the lat ter f r om 2 .014 (14 ) ( (CH 3 O) 3 P ) to 
2.026(6)(φ 3Ρ). T h e s e va lues , h o w e v e r , appea r s l i g h t l y b u t s i gn i f i c an t l y 
l a rger t h a n those r e p o r t e d for R N H 2 C o ( D H ) 2 C l (R = C l C e H 4 (45), 
H 2 N S 0 2 C e H 4 (45) , C e H 5 (46) , a n d Η (30)) o f2 .235 (3 ) to 2.261(4) a n d for 
L C o ( D H ) 2 C H 3 ( L = p y (47) , 1 - m e t h y l i m i d a z o l e (47) , a n d H 2 0 (48)) o f 
1.990(5) to 2.009(6). T h e b o n d l e n g t h e n i n g i n the Ρ dono r r e l a t i v e to 
the Ν a n d Ο donor series m a y b e d u e to a s l i g h t l y greater trans i n 
fluencing a b i l i t y o f the Ρ donors . H o w e v e r , there is no co r r e l a t i on 
b e t w e e n the rates for R e a c t i o n 4 a n d the C o - C l b o n d l eng ths . 

C o m p l e x e s C o n t a i n i n g R 2 ( 0 ) P " L i g a n d s . I n contrast to the r e l a 
t i v e l y m i n o r trans effect a n d trans in f luence o f the w i d e range o f n e u 
t r a l P -donor l i g a n d s d i s c u s s e d above , n ega t i v e l i g a n d s b a s e d o n 
( M C H g O ^ O P - (x = 0 - > 2), y = 0 - » 2) e x h i b i t a n a p p r e c i a b l e trans 
in f luence as e s t a b l i s h e d i n the X - r a y s t ruc tu re o f ( 3 - b e n z y l a d e n i n e ) C o -

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
19

6.
ch

00
5

In Catalytic Aspects of Metal Phosphine Complexes; Alyea, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1982. 



5. M A R Z I L L I E T A L . Cobaloximes 97 

Figure 10. ORTEP drawings of chlorocobaloximes containing phos
phorus ligands viewed parallel to the equatorial plane defined by the 
two oxime ligands. (Anisotropic thermal motion has been ignored.) 
Upper left, (CH30)3PCo(DH)2Cl; upper right, Bu3PCo(DH)2Cl; lower 

left, <l>3PCo(DH)2Cl; and lower right, Cy3PCo(DH)2Cl. 

( D H ) 2 P ( 0 ) ( O C H 3 ) 2 w h e r e the C o - N ( 7 ) d i s t ance is 2 .101 Â a n d the 
C o - P d i s tance is q u i t e short (2.229) (49) . W i t h 4 - c y a n o p y r i d i n e as the 
l e a v i n g l i g a n d , φ 2 ( 0 ) Ρ " a n d < M C H 3 0 ) ( 0 ) P ~ h a v e t h r e e f o l d greater trans 
effect t h a n C H 3 a n d ( C H 3 0 ) 2 ( 0 ) P " has a f o u r f o l d s m a l l e r t rans effect 
t h a n C H 3 (20) . T h u s , these nega t i v e p h o s p h o r u s donors are q u i t e h i g h 
i n the trans effect ser ies. 

C o m p a r i s o n s w i t h O t h e r M e t a l Sys t ems . A l t h o u g h as c o m p l e t e a 
series as that r e p o r t e d here is not a v a i l a b l e for o ther m e t a l sys t ems , the 
l i m i t e d da ta r e v i e w e d i n the l i t e ra ture (15, 16, 50) sugges t that b o t h 
s ter ic b u l k a n d e l e c t r o n i c effects w i l l i n f luence the M - P b o n d l e n g t h . 
A s the b u l k o f L is c h a n g e d , the pe rcen tage s charac te r i n the M - P 
b o n d also changes (52, 52 ) . T h e spe c t r o s cop i c t r ends w h e n X is v a r i e d 
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T a b l e I I . C o - X B o n d L e n g t h s i n the 
L C o ( D H ) 2 X s e r i e s 0 ( X = C l , C H 3 ) 

L Co-Cl(Â) Co-CH^Â) 

( C H 3 0 ) 3 P 2.280(2) 2.014(14) 
B u 3 P 2.294(2) 
φ 3 Ρ 2.277(2) 2.026(6) 
C y 3 P 2.294(2) 2.016(5) 

a References as in Table I. 

as d i s c u s s e d abov e co r re la t e w i t h t r ends i n o ther m e t a l s ys t ems (25, 
53 ) sugge s t i ng that o u r findings are not u n i q u e to c o b a l o x i m e s . S i m i 
l a r l y , the var ia t ions i n c o o r d i n a t i o n c h e m i c a l shi f ts o f P -donor l i g a n d s 
w i t h c h a n g i n g L have b e e n e v a l u a t e d for o ther me ta l s (27) a n d are 
ana l ogous to the c o b a l o x i m e s . T h e changes i n P-31 N M R spec t ra w i t h 
trans X for b o t h a p h o s p h i t e a n d a p h o s p h i n e series s h o w i n g a l i n e a r 
co r r e l a t i on w i t h a nega t i v e s l ope has b e e n o b s e r v e d o n l y for the 
c o b a l o x i m e s y s t em . C o b a l o x i m e c o m p l e x e s c a n a c c o m m o d a t e a w i d e 
range o f X l i g a n d s a c c o u n t i n g for the w i d e range o f rates that have 
b e e n m e a s u r e d . T h e e n v i r o n m e n t for the P -donor l i g a n d is q u i t e 
c r o w d e d a n d represents a u s e f u l contras t to s tud i e s w i t h o the r m e t a l 
sys tems w i t h l o w e r c o o r d i n a t i o n n u m b e r . 
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6 
Stereopopulation Control on 
Cyclometallation Reactions and the 
Stability of Very Large Chelate Rings 

B. L . S H A W 

School of Chemistry, The University, Leeds LS2 9JT, Eng land 

The effects of nonbonded interactions in tertiary 
phosphine-transition-metal complexes on (a) cyc
lometallation and C-H activation and (b) the stability 
and conformations of large chelate rings are discussed. 
The effects of a bulky substituent such as a t-butyl on a 
tertiary phosphine ligand are attributed to (a) favorable 
conformations around Ρ-metal, P-C, and metal-halogen 
and bonds caused by nonbonded interactions with 
t-butyl or similar groups (stereopopulation control) and 
to (b) a decrease in the loss of internal rotational entropy 
which occurs on cyclization. Several sterically demand
ing, suitably positioned substituents will be necessary to 
stabilize large rings. The effects are illustrated with 
the 20- and 16-atom ring chelates [Pd2Cl4{But2P(CH2)7-

PBut2}2], [Rh2H2Cl4{But2P(CH2)5PBut2}2 ] , the hydrides 

= H(flux
ional) = CH3(not fluxional), olefinic and carbene com
plexes, and some new hydrides of iridium. 

T his chap t e r is c o n c e r n e d w i t h the effects o f n o n b o n d e d in t e rac 
t ions i n t e r t ia ry p h o s p h i n e - t r a n s i t i o n - m e t a l c o m p l e x e s o n (a) 

c y c l o m e t a l l a t i o n a n d C - H ac t i va t i on a n d (b) the s t a b i l i t y a n d confor
mat ions o f l a rge che l a t e r ings . It a lso dea l s w i t h h o w n o n b o n d e d i n 
teract ions m i g h t b e u s e d i n o ther areas o f c h e m i s t r y . 

I n 1970 w e s h o w e d that the t e n d e n c y for c y c l o m e t a l l a t i o n o f a 
te r t iary p h o s p h i n e l i g a n d c o u l d b e i n c r e a s e d e n o r m o u s l y b y the pres 
ence o f b u l k y subs t i tuen ts o n the ter t iary p h o s p h i n e ( i ) . T h u s w i t h 
S t r u c t u r e I, c y c l o m e t a l l a t i o n u s u a l l y o ccurs a n d o ccurs r a p i d l y to g i v e 
S t ruc tu r e I I i f R = f - b u t y l ( B u ' ) ; i f R = P h , i t e i ther o c curs less r a p i d l y 

0065-2393/82/0196-0101$05.00/0 
© 1982 American Chemical Society 
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R 2 P V R 2 P V 
\ / / \ / 

» ^ M + H X 

C X c 
/ 

H 

I I I 

t h a n w i t h R = f - b u t y l o r no t at a l l , a n d i f R = m e t h y l ( M e ) i t a l m o s t 
i n v a r i a b l y does not o c c u r . W e have u s e d the effect to c y c l o m e t a l l a t e 
va r i ous t ypes o f c a r b o n — a r o m a t i c , b e n z y l i c , s e condary a n d ter t iary 
carbons , p u r e l y a l i p h a t i c , a l k y l e thers , e tc (2-13) a n d a lso to p r o m o t e 
O - m e t a l l a t i o n ( d eme thy l a t i on ) i.e., C o m p l e x I I I - * C o m p l e x I V (5-10). 

C l 

M \ C l - P t - C l * 

I I I I V 
I f i n C o m p l e x I I I R = f - b u t y l , O - m e t a l l a t i o n o c curs r e a d i l y ; i f 
R = p h e n y l (Ph) i t o c cu rs less r e a d i l y a n d i f R = C H 3 t h e n i t doesn ' t 
o c c u r at a l l . W e e x p l a i n e d the effect o f f - b u t y l g r oups i n t e rms o f (a) 
f avorab le con format ions a r o u n d P - m e t a l , P - C , a n d P t - C l b o n d s 
c a u s e d b y n o n b o n d e d in te rac t ions w i t h f - b u t y l g r oups a n d (b) a de 
crease i n the loss o f i n t e r n a l ro ta t i ona l en t r opy w h i c h occurs o n c y c l i -
za t i on . V a r i a b l e - t e m p e r a t u r e N M R s tud ies s h o w that P B u 2 m o i e t i e s 
cause r e s t r i c t ed ro ta t ion a r o u n d m e t a l - P b o n d s (14). T h e r e is a c l ose 
a n a l o g y b e t w e e n the effect o f s t e r i c a l l y d e m a n d i n g subs t i tuen ts s u c h 
as f - b u t y l s o n p h o s p h o r u s a n d the T h o r p e - I n g o l d or g e r a - d i a l k y l effect 
i n c a r b o c y c l i c a n d r e l a t e d c h e m i s t r y (15). A l t h o u g h the na tu r e a n d 
causes o f the effect n o w are w e l l u n d e r s t o o d , t h ey are not f a m i l i a r to 
m a n y chemis t s a n d there fore i t is necessary to g i v e a b r i e f r e s u m e o f 
the effect be fore d i s c u s s i n g h o w i t re lates to o u r w o r k . 

The Thorpe-Ingold or gem-Dialkyl Effect—Stereopopulation Control or 
Orbital Steering 

T h o r p e a n d I n g o l d w e r e i n t e r e s t ed i n the synthes is o f s m a l l (3-
a n d 6 -membe r ed ) a n d a l i p h a t i c r i ngs a n d f o u n d that the r e p l a c e m e n t 
o f a C H 2 g r o u p b y a C M e 2 g r o u p i n v a r i a b l y i n c r e a s e d (i) the rate o f 
c y c l i z a t i o n a n d (ii) the y i e l d o f c y c l i z e d p r o d u c t a n d its s t a b i l i t y r e l a -
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t i v e to a n o p e n - c h a i n p r e c u r s o r or p o s s i b l e a l t e rna t i v e p r o d u c t (16,17, 
18, 19). S i n c e t h e n m a n y o ther e x a m p l e s have b e e n f o u n d a n d there 
are a p p a r e n t l y no excep t i ons (18,19, 20). I n h i g h l y s t e r i c a l l y h i n d e r e d 
s i tuat ions the effect c a n b e v e r y la rge i n d e e d , e.g. b y c o n v e r t i n g a 

V V I 

p h e n o l i c a c i d o f T y p e V to the l a c t one ( C o m p l e x V I ) the rate o f l a c t o n i -
za t i on w i t h R = M e is faster t h a n w i t h R = H b y a factor o f 2 x 1 0 1 0 

(21,22)\ T h e e q u i l i b r i u m p o s i t i o n l ac tone ^ o p e n - c h a i n p h e n o l a lso is 
i n f l u e n c e d h i g h l y b y the gem - d i m e t h y l g r o u p i n favor o f the c y c l i c 
p r o d u c t . It n o w is g e n e r a l l y c o n s i d e r e d that b o t h en t r opy a n d e n t h a l p y 
factors c o n t r i b u t e t owards the T h o r p e - I n g o l d effect, a lso c a l l e d 
s t e r eopopu la t i on c o n t r o l (21, 22), o r b i t a l s t e e r i ng (23) , or r o t amer d i s 
t r i b u t i o n (24) o f w h i c h I t h i n k s t e r e opopu l a t i on c o n t r o l is the bes t t e r m 
to use . T h u s , as was first p o i n t e d ou t b y H a m m o n d (25) , a g e r a - d i a l k y l 
g r o u p restr ic ts the ro ta t i on a r o u n d ad jacent b o n d s i n a n o p e n - c h a i n 
p r e cu r so r a n d there fore the loss o f i n t e r n a l r o ta t i ona l en t r opy that oc 
cu r s o n c y c l i z a t i o n is r e d u c e d (a T A S effect). L a t e r , A l l i n g e r a n d Z a l -
k o w (26) p o i n t e d ou t that a g e m - d i m e t h y l g r o u p w o u l d dec r ease the 
ex t ra gauche in te rac t ions w h i c h o c c u r o n c y c l i z a t i o n (a Δ Η effect). 
W h a t does not s e e m to have b e e n g e n e r a l l y a p p r e c i a t e d is that b e c a u s e 
these T A S a n d Δ Η effects are d u e to n o n b o n d i n g in te rac t ions , i t 
s h o u l d b e poss i b l e to a p p l y t h e m w i d e l y i n c h e m i s t r y . T h u s they are a 
func t i on o f b o n d l eng ths , b o n d ang l es , to rs ion ang les , a n d a t o m i c s i zes . 
W h e r e a s m e t h y l o r gem - d i m e t h y l subs t i tuen t s h a v e a p r o n o u n c e d ef
fect i n c a r b o n c h e m i s t r y , w i t h l a rge r t e t r ahed ra l a toms s u c h as phos 
phorus , s i l i c o n , or me ta l s , l a rge r g r oups s u c h as ί-butyl w o u l d be n e c 
essary (12,15). T h e effect s h o u l d a p p l y a lso to o ther g eome t r i e s s u c h 
as square p l a n a r o r square p y r a m i d a l . F o r a m o r e c o m p r e h e n s i v e d i s 
cuss i on o f the effect a n d its e x p l a n a t i o n the r e ade r is a s k e d to c o n s u l t 
Re f s . 12, 18-22. 

A l t h o u g h the T h o r p e - I n g o l d effect has b e e n w i d e l y u s e d a n d 
s t u d i e d w i t h s m a l l r i ngs , there have b e e n v e r y f ew a t tempts to use i t to 
s t a b i l i z e la rge r ings . O n e w o u l d i m a g i n e that for l a rge r ings seve ra l 
s t e r i c a l l y d e m a n d i n g subs t i tuen t s , s u i t a b l y p o s i t i o n e d , w o u l d b e nec -
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essary to h a v e a p r o n o u n c e d effect a n d that w i t h s u c h subs t i tuen t s the 
T A S a n d Δ Η c o n t r i b u t i o n s w o u l d b e c u m u l a t i v e . T h e r e are e x a m p l e s 
i n na tu r e w h e r e s t e r i c a l l y d e m a n d i n g subs t i tuen t s p r o b a b l y con fe r 
s t a b i l i t y o n la rge r ings s u c h as the m a c r o l i d e s (27) a n d c y c l i c 
p e p t i d e / d e p s i p e p t i d e a n t i b i o t i c s . T h u s the 18-atom r i n g o f e n n i a t i n 
carr ies s ix i s o p r o p y l subs t i tuen t s p o s i t i o n e d i n a n e q u a t o r i a l f a sh ion 
a r o u n d the r i n g (28)—the presence o f a l t e r n a t i n g R- a n d S- centers 
a l l o w s th is . H - l N M R s tud ies suggest that the con f o rma t i on o f free 
e n n i a t i n is s i m i l a r to that o f its c o m p l e x w i t h po t a s s ium i o n . 

The Stabilization of Large Chelate Rings 

I n a d d i t i o n to o u r o w n w o r k , a v a r i e t y o f l a r g e - r i n g che l a t e c o m 
p l e x e s u s i n g flexible b i d e n t a t e l i g a n d s has b e e n d e s c r i b e d . T h e r e are 
a lso m a n y e x a m p l e s w h e r e l o n g - c h a i n , flexible b i d e n t a t e l i g a n d s pref
e r e n t i a l l y g i v e o p e n - c h a i n ( po l ynuc l ea r ) rather t h a n l a r g e - r i n g che l a t e 
c o m p l e x e s . The r e f o r e i t w o u l d a p p e a r that s ome t imes a la rge che l a t e 
r i n g is f a vo r ed a n d s o m e t i m e s o p e n - c h a i n p o l y m e r s are p r e f e r r e d a n d 
that the f ree-energy d i f f erence b e t w e e n the t w o p o s s i b i l i t i e s is not 
l a rge . S o m e la rge che la t e r i n g c o m p l e x e s d issoc ia te i n s o l u t i o n (29,30) 
a n d for others there is l i t t l e or no i n f o rma t i on as to w h a t is p resent i n 
t h e i r s o lu t i on . W e h a v e s h o w n , h o w e v e r , that l o n g - c h a i n d i p h o s p h i n e s 
c a r r y i n g s t e r i c a l l y d e m a n d i n g P B u 2 end - g roups , e.g., o f t ypes 
B u ^ P ( C H 2 ) n P B u 2 ( n = 5 - 1 0 or 12), B u 2 P C = C ( C H 2 ) n C = C P B u 2 ( n = 4 
or 5), B u 2 P ( C H 2 ) 4 C s C ( C H 2 ) 4 P R u L e tc . f o rm la rge r i n g che la tes (12-
to 7 2 - m e m b e r e d ) w i t h p l a t i n u m g r o u p m e t a l h a l i d e s , c a r b o n y l 
h a l i d e s , etc. , w h i c h are p a r t i c u l a r l y s tab le w i t h r espec t to o p e n -
c h a i n p o l y m e r f o rmat i on (12). W e h a v e s t u d i e d m a n y o f these 
l a r g e - r i n g che la tes b y P -31 N M R spec t r o s copy a n d s h o w n 
that t h ey do not r i n g - o p e n or d e c o m p o s e i n s o l u t i o n (12, 31 ). 
T o d i scuss the reasons w h y I t h i n k these la rge r i ngs are so 
s tab l e I w i l l use as e x a m p l e s the la rge che la t e r i ngs f o r m e d f r om p a l 
l a d i u m ^ ) c h l o r i d e a n d d i p h o s p h i n e s o f the t ype B u 2 P ( C H 2 ) n P B u 2 

(n = 5 - 1 0 or 12). T h e b u l k y P B u 2 g r oups g e n e r a l l y w i l l no t c oo rd ina t e 
i n m u t u a l l y c is pos i t i ons , o n l y i n m u t u a l l y trans pos i t i ons . W i t h η = 9, 
10, or 12, m o n o n u c l e a r c o m p l e x e s trans-[PdCl2{Bu2P(CH2)wPBu2}] 
are f o r m e d b u t shorter m e t h y l e n e cha ins are not su f f i c i ent ly l o n g to 
s p a n trans pos i t i ons . T h u s w i t h B u 2 P ( C H 2 ) 7 P B u 2 the 20 -a tom r i n g 
c o m p l e x f r a n s - [ P d 2 C l 4 { B u 2 P ( C H 2 ) 7 P B u £ } 2 ] forms i n g o o d y i e l d a n d 
appears to b e s tab le i n d e f i n i t e l y i n s o l u t i o n (12). T h e c r ys ta l s t ruc ture 
is s h o w n i n F i g u r e 1. T h e - ( C H 2 ) 7 - c h a i n s are i n the e x t e n d e d (pre
ferred) c on f o rma t i on a n d the P B u 2 g r oups o c c u p y " c o r n e r " pos i t i ons 
w i t h P d - P - C - C tors ion ang les v e r y c l o se to 60° as i n the N e w m a n 
p ro j e c t i on ( C o m p l e x V I I ) . I t is sugges t ed that C l - P d - C l is less s te r i -
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V I I V I I I 

c a l l y d e m a n d i n g t h a n t- b u t y l a n d that C o m p l e x V I I is the p r e f e r r ed 
con fo rmat i on . I f the R g roups o n p h o s p h o r u s are less s t e r i c a l l y de 
m a n d i n g t h a n P d C l 2 (e.g., i f R = e thy l ) t h e n the p r e f e r r e d con f o rma
t i o n w o u l d b e (S t ruc ture V I I I ) . T h u s I w o u l d suggest that the effect o f 
the e i gh t t-butyl g roups is to e l i m i n a t e t o rs i ona l s t r a in i n the ring b u t 
that w i t h a less s t e r i c a l l y d e m a n d i n g g r o u p s u c h as m e t h y l there 
w o u l d b e to rs i ona l s t ra in at the f our co rne r pos i t i ons o f the r i n g . W e 
have s h o w n f r om N M R s tud ies that there is a l a rge ene rgy b a r r i e r to 
ro ta t ion a r o u n d a m e t a l - P b o n d i n a n M C l 2 - P B u 2 R m o i e t y b e cause o f 
s t rong n o n b o n d i n g i n t e r a c t i on b e t w e e n the c h l o r i n e s a n d the t- b u t y l 
g roups (14). T h u s i n the s t ruc ture s h o w n i n F i g u r e 1 one c h l o r i n e is 
gauche w i t h r espec t to t w o sets o f - P B u 2 g r oups , w h i c h are e c l i p s e d 
a n d the o ther c h l o r i n e l i es abov e the t w o i n w a r d - p o i n t i n g 
p s e u d o e q u a t o r i a l h yd rog ens o f the /3-methylene g roups . I suggest that 
th is a r r a n ge m e n t o f the C l - P d - C l g r o u p i n g is a p r e f e r r e d one . It is a n 
a r r a n ge m e n t that has b e e n o b s e r v e d i n m a n y c r y s t a l s t ructures o n 
s i m i l a r c o m p o u n d s . 

Figure 1. ORTEP drawing of the structure of the 20-atom ring com
plex [PdzCUlBu^PiCHz^PBuDzJ. A small packing effect causes one 

P-Pd-P to he inclined 9° to the other. 
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O f t e n i n c y c l i z a t i o n react ions the f o rmat i on o f a ring i n t r o d u c e s 
some r i n g s t ra in or t o rs i ona l s t ra in w h i c h is not present i n a n o p e n -
c h a i n p r e cu r so r or a n a l t e rna t i v e p r o d u c t , i .e., a n o p e n - c h a i n p o l y m e r . 
I n o u r c o m p o u n d s the effect o f the P B u 2 is to e l i m i n a t e the r i n g s t ra in 
a n d is thus ana l ogous to one o f the factors (i.e., the Δ H term) that 
p r omo t e s the gem - d i m e t h y l effect i n o r gan i c c o m p o u n d s (see 
ea r l i e r d i scuss ion ) . A d d i t i o n a l l y there w i l l b e a n i n t e r n a l 
en t r opy effect. O n c y c l i z a t i o n o f a n o p e n - c h a i n p r ecurso r , i n t e r n a l 
r o ta t i ona l en t r opy is lost . H o w e v e r , i n a n o p e n - c h a i n p r e cu r so r 
j u s t p r i o r to the f o rmat i on o f the 20 -a tom r i n g s h o w n i n F i g u r e 1, v i z . 
B u 2 P ( C H 2 ) 7 P B u 2 P d C l 2 B u 2 P ( C H 2 ) 7 P B u 2 P d C l 2 (or a c l o s e l y r e l a t e d 
c o m p l e x ) , there w o u l d b e r e s t r i c t ed ro ta t ion a r o u n d seve ra l o f the 
b o n d s a n d the loss o f i n t e r n a l r o ta t i ona l en t r opy o n r i n g f o rmat i on 
w o u l d b e less t h a n i f the p h o s p h o r u s atoms c a r r i e d less s t e r i c a l l y 
d e m a n d i n g subs t i tuen t s , e.g., m e t h y l s . 

B e c a u s e o f s ter ic i n t e r a c t i on b e t w e e n the P d - C l a n d P B u 2 g r oups , 
w h i c h are e c l i p s e d , the 20 -a tom r i n g adopts a barge con f o rmat i on 
ana l ogous to the boa t con fo rmat i on o f c y c l o h e x a n e . S i m i l a r l y the 
s u l f u r - c o n t a i n i n g , 16-atom r i n g che l a t e [ P d 2 C l 4 { B u ' S ( C H 2 ) 5 S B u ' } 2 ] 

adopts a ba rge con f o rma t i on (32). I n contrast , the 16- a n d 20 -a tom r i n g 

Figure 2. ORTEP drawing of the structure of the 26-atom ring complex 
[PdzC^iBulPiCHzïjoPBu^z). For clarity neither the t-butyl methyls 

nor the hydrogens are shown. 
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che la tes c o n t a i n i n g a N , N , N , N - t e t r a m e t h y l p o l y m e t h y l e n e d i a m i n e , o f 
t ype f ran«- [Pd 2 Cl4 {Me 2 N(CH 2 ) n -NMe2}2] ( n = 5 or 7) adop t a sofa c o n 
f o rmat i on (33) ana l ogous to the c h a i r c on f o rmat i on o f c y c l o h e x a n e . I n 
these c o m p l e x e s the N M e 2 g r oups o c c u p y c o rne r pos i t i ons : w i t h sp3-
n i t r o g e n , w h i c h is e v e n s m a l l e r t h a n c a r b o n , gem - d i m e t h y l g r oups 
are su f f i c i ent ly s t e r i c a l l y d e m a n d i n g to have the d e s i r e d s t a b i l i z i n g 
effect (33 ) . 

W i t h a p o l y m e t h y l e n e d i p h o s p h i n e , B u 2 P ( C H 2 ) n P B u 2 , w i t h a n 
e v e n n u m b e r o f m e t h y l e n e g roups , a che la t e w i t h a stra in- free confor
m a t i o n canno t fo rm. T h e c rys ta l s t ruc ture o f the 26 -a tom r i n g che l a t e 
[Pd 2Cl 4{Bu2P(CH2)ioPBu2}2] is s h o w n i n F i g u r e 2. T h e r e is a t w i s t 
i n the m i d d l e o f the p o l y m e t h y l e n e c h a i n a l t h o u g h at e i the r e n d 
the a r r angemen t o f a toms is v e ry s i m i l a r to that f o u n d i n the 
h e p t a m e t h y l e n e c o m p l e x (see F i g u r e 1). A s i m i l a r e x p l a n a t i o n c a n 
be g i v e n for the s t a b i l i z i n g effect o f the b u l k y end - g r oups i n o ther 
large che l a t e r ings w h i c h w e have s y n t h e s i z e d . 

Cyclometallation Reactions 

I n some o f o u r sys tems large che la t e r i n g f o rmat ion a n d c y c 
l o m e t a l l a t i o n o c c u r toge ther s ince large n o n b o n d i n g in te rac t ions i n f l u 
ence b o t h o f t h e m (see e.g., s ome p a l l a d i u m ( I I ) a n d p l a t i num( I I ) sys
t ems (12, 13)). W h a t is r e m a r k a b l e is that u n d e r m i l d c o n d i t i o n s the 
c en t r a l c a r b o n o f a p e n t a m e t h y l e n e c h a i n is m e t a l l a t e d , a r eac t i on that 
is p o s s i b l y u n i q u e i n chem i s t r y . T r e a t m e n t o f r h o d i u m t r i c h l o r i d e w i t h 
the p e n t a m e t h y l e n e d i p h o s p h i n e B u 2 P ( C H 2 ) 5PBu 2 g i ves a b i n u c l e a r 
square p y r a m i d a l rhod ium( I I I ) h y d r i d e [ R l ^ H z C U B u z P i C H a J s P B u z l z ] 
w i t h a 16-atom r i n g , a c y c l o m e t a l l a t e d r h o d i u m ( I I I ) h y d r i d e , 

[ R h H C H B u ^ C H a C H z Ô H C H a C H a Î B u ^ } ] , a n d a s m a l l a m o u n t o f a n 
o l e f i n i c d i p h o s p h i n e - r h o d i u m ( I ) c o m p l e x ( v ide infra) . T h e 16-atom 
che la t e exists i n s o lu t i on as p r e d o m i n a n t l y one ro tamer , w i t h abou t 
1 0 % o f a s e c o n d r o t amer (P-31 a n d H - l N M R ev idence ) (34). T h e 
p r o b a b l e s t ructures o f these t w o ro tamers are C o m p l e x e s I X a n d X or 
v i c e versa . T h e c y c l o m e t a l l a t e d h y d r i d e c o m p l e x [ K h H C H B u l P C H r 

1 1 
C H 2 C H C H 2 C h 2 P B u 2 } ] has the con f i gura t i on o f S t ruc tu r e X I b y X - r a y 

c r y s t a l l o g r a p h y , i .e., w i t h a t r anso i d H - ^ ^ n a r r angement . T h i s 
is the a r r a ngemen t that one w o u l d expec t to get b y the c o n c e r t e d 
o x i d a t i v e a d d i t i o n o f a C H 2 g r o u p to r h o d i u m ( I ) . 

W e find that o n t r e a t i ng the 16-atom r i n g b i n u c l e a r d i h y d r i d e 
t e t r a c h l o r i d e c o m p l e x w i t h a base s u c h as 2 - m e t h y l p y r i d i n e to r e m o v e 
the e l e m e n t s o f h y d r o g e n c h l o r i d e f r om the r h o d i u m , s m o o t h conve r 
s ion to the c y c l o m e t a l l a t e d h y d r i d e c o m p l e x o c c u r s . A poss i b l e se
q u e n c e o f react ions l e a d i n g to th is o v e r a l l c o n v e r s i o n is s h o w n i n 
S c h e m e I. 
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B u 2 

Ρ > 1 ^ Ρ 
\ χ c l \ 

B u i 

B u 2
F 

X 

^ C l 

B u 2 

T h e H - l N M R s p e c t r u m o f the c y c l o m e t a l l a t e d h y d r i d e (S t ruc ture 
X I ) shows no h y d r i d e resonance at r o o m t empe ra tu r e , b u t o n c o o l i n g a 
b r o a d resonance starts to appea r , a n d at - 6 2 ° C i t shows r e s o l v e d c o u 
p l i n g to 3 1 P (19 H z ) a n d 1 0 3 R h (55 H z ) . W e a s c r i b e th is t e m p e r a t u r e -
d e p e n d e n t b e h a v i o r to the o c c u r r e n c e o f a r a p i d , r e v e r s i b l e 
C - H / R h - H fission s u c h as s h o w n i n S c h e m e I I . A l t e r n a t i v e l y there 
m a y b e r a p i d , r e v e r s i b l e o x i d a t i v e add i t i ons , S t r u c t u r e X I I ^ S t ruc 
tu r e X I , as i n S c h e m e I. 

I n suppo r t o f th is i n t e rp r e t a t i on the 1 0 3 R h resonances o b t a i n e d b y 
Ή - { 3 1 Ρ , 1 0 3 R h } I N D O R e x p e r i m e n t s at r o o m t e m p e r a t u r e s h o w a n 
e q u a l c o u p l i n g to t w o protons w i t h a n a v e raged c o u p l i n g cons tant o f 
24 H z (34). S i n c e ! / (RhH ) is 5 5 H z a n d p o s i t i v e a n d 2 / ( R h C H ) is 
k n o w n to b e a f ew H e r t z a n d nega t i v e (35), t h e n the o b s e r v e d v a l u e o f 
the c o u p l i n g constant is as w o u l d b e e x p e c t e d . A s m e n t i o n e d above a 
v h i r d c o m p l e x was f o r m e d i n the r eac t i on b e t w e e n R h C l 3 a n d 
B u 2 P ( C H 2 ) 5 P B u 2 . T h i s was no t o b t a i n e d i n the p u r e state b u t was 
c h a r a c t e r i z e d b y a n A M X P-31 N M R pa t t e rn w i t h a n e x t r e m e l y large 

X I I 
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6. S H A W Cyclometallation Reactions 109 

Scheme I. Showing a possible sequence of reactions leading to the 
fluxional hydride (Structure XI) 

B u 2 

Ρ Η 

c l Ν / 
R h 

R h — C l 

X I I 

(115 p p m ) d i f f e rence i n c h e m i c a l shi f t b e t w e e n the t w o p h o s p h o r u s 
n u c l e i . T h e resonance at l o w e r frequency (δ = - 3 5 . 9 p p m ) is cha rac 
te r i s t i c o f a s t r a i n e d , 4 - m e m b e r e d r i n g (shifts to h i g h f r e q u e n c y are 
pos i t i v e ) . 

I n the H - l N M R s p e c t r u m a b r o a d resonance (at δ = 4.2 p p m ) 
a s s i gned to o l e f i n i c pro tons is obs e r v ed . T h e c o m p l e x is v o l a t i l e a n d 
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Scheme II. Possible processes to explain the fluxionality of the hydride 
(Structure XI): (A) concerted hydrogen shift mechanism; (B) stepwise 

process involving a carbene intermediate. 

c o s u b l i m e s w i t h the r h o d i u m ( I I I ) h y d r i d e c o m p l e x [ É h H C l { B u 2 Î > C H 2 -

C H ^ S H C H Z C H ^ B U Z } (see S t ruc tu r e X I ) . T h i s a n d o ther e v i d e n c e 
l eads us to f o rmu la t e the c o m p l e x as a n o l e f i n i c - d i p h o s p h i n e c o m p l e x 

[ R h C l { B u 2 P C H 2 C H 2 C H = ^ C H C H 2 P B u 2 } ] . W e a lso have s y n t h e s i z e d 
the t w o n e w o l e f i n i c d i p h o s p h i n e s B u 2 P C H 2 C H = C H C H 2 P B u 2 a n d 
B u J P C H z C H i i C H ^ H C H z C H z P B u z ; these w i t h r h o d i u m 
t r i c h l o r i d e b o t h g i v e c o m p l e x e s o f the t y p e [ l l h C l i B u i t -

( C H ^ C H ^ C H i C H ^ Ê B u a } ] (x = 1 or 2). B o t h c o m p l e x e s have h a d 
t h e i r s t ruc tures d e t e r m i n e d b y s i ng l e - c r y s t a l X - r a y ana lys i s a n d h a v e a 
trans-Q=C b o n d c o o r d i n a t e d to r h o d i u m (34,36). T h e 3 1 P shifts for the 
χ = 1 c o m p o u n d are to v e r y l o w f r e q u e n c y ( - 4 2 . 5 p p m ) c o n s e q u e n t o n 
the s t r a i n e d e n v i r o n m e n t a r o u n d the p h o s p h o r u s n u c l e i . I n contrast w e 

find tha t th e R h - 1 0 3 N M R s_hift for [ R h C l { B u 2 P C H 2 C H = k : H C H 2 P B u 2 } ] 
( + 9 8 3 p p m r e l a t i v e to H ( 1 0 3 Rh) = 3.16 M H z ) is at a m u c h h i g h e r 

f r e q u e n c y t h a n for [ R h C l { B u 2 P C H 2 C H 2 C H = k : H C H 2 C H 2 P B u 2 } ] 
(243 p p m ) . 

W e a lso have s t u d i e d the a c t i on o f B u 2 P C H 2 C H 2 C H M e C H 2 -
C H J B u l o n R h C l 3 i n r e f l ux ing 2 -p r opano l . T h i s g i ves the 16-a tom 
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6. SHAW Cyclometallation Reactions 111 

r i n g , b i n u c l e a r che la t e [ R h 2 H 2 C l 4 { B u 2 P C H 2 C H 2 C H M e C H 2 C H 2 -
P B u 2 } 2 ] w h i c h P -31 a n d H - l N M R spec t roscop i es s h o w to b e a 
m i x t u r e o f s ix v e ry s i m i l a r spec i es ( isomers or rotamers ) i n s o lu t i on . 
T h e y are p r o b a b l y ana l ogues o f S t ruc tures I X a n d X w i t h the 
presence o f the m e t h y l g r o u p i n the cente r o f e a c h c h a i n i n c r e a s i n g 
the n u m b e r o f i somers (rotamers) . T h i s s i x - c o m p o n e n t m i x t u r e w h e n 
h e a t e d w i t h 2 - m e t h y l p y r i d i n e gave a s ing l e , c y c l o m e t a l l a t e d h y d r i d o 

c o m p l e x [ E h H C H B u ^ C H ^ H ^ M e C H ^ H ^ B u , } ] i n 7 5 % y i e l d . 
T h e s t ruc ture o f th is c o m p l e x has b e e n d e t e r m i n e d b y s ing l e - c r y s t a l 
X - r a y ana l ys i s a n d , as e x p e c t e d , has the t r a n s o i d a r r a n g e m e n t o f 
M e - C - R h - H as i n P ro j e c t i on X I I I . 

T h i s h y d r i d e is non f lux i ona l a n d g ives the e x p e c t e d H - l , C - 1 3 , 
a n d P -31 N M spec t r a (34). H o w e v e r , o n h e a t i n g i ts s o lu t i on i n 
2 -p ropano l , e s p e c i a l l y i n the p resence o f a f ew pe r c en t o f wate r , i t 
d ehyd rogena t e s i r r e v e r s i b l y to g i v e the o l e f i n - r h o d i u m ( I ) c o m p l e x 

[ E h C H B u ^ C H z C H ^ i ^ H ^ C H z C H z P B u z } ] (see S t r u c t u r e X I V ) 
(c rys ta l s t ructure ) . W e a lso have f o u n d that the h e x a m e t h y l e n e 
d i p h o s p h i n e B u 2 P ( C H 2 ) 6 P B u 2 d ehyd rogena t e s w h e n t r ea t ed w i t h 
r h o d i u m t r i c h l o r i d e to g i v e the o l e f in d i p h o s p h i n e - r h o d i u m ( I ) c o m 
p l e x [ R h C l { B u 2 P C H 2 C H 2 C H = C H C H 2 C H 2 P B u 2 } ] r e p o r t e d above . 

Some Iridium-Diphosphine Chemistry 

T r e a t m e n t o f i r i d i u m t r i c h l o r i d e w i t h B u 2 P ( C H 2 ) s P B u 2 g i ves a 
m i x t u r e o f b i n u c l e a r five-coordinate i r i d i u m ( I I I ) h y d r i d e s , [ I r 2 H 2 C l 4 -
{Bu 2 P(CH 2 )5PBu 2 } 2 ] w i t h 16-atom r ings a n d a r e d , v o l a t i l e , 

five-coordinate h y d r i d e [ I r H C H B u i P C H j j C H ^ H C H . C H j j f B u i } ] 
w h i c h is not fluxional (this is i n contrast to the r h o d i u m spec i es 
d i s c u s s e d ear l ier ) (37, 38). It shows the e x p e c t e d H - l , C - 1 3 , a n d P -31 
N M R patterns, etc. C r y s t a l s s u i t a b l e for X - r a y ana lys i s have not b e e n 
o b t a i n e d yet . O n e w o u l d expec t b y ana l ogy w i t h r h o d i u m that the 
s t e r eochemis t r y o f th is h y d r i d e w o u l d be S t ruc tu r e X I . H o w e v e r , i t 
loses d i h y d r o g e n r e v e r s i b l y o n h e a t i n g to g i v e the v e r y u n u s u a l 

X I I I X I V 
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P B u 2 

ca rbene o r y l i d e C o m p l e x X V , the s t ruc ture that was e s t a b l i s h e d v e r y 

a c c u r a t e l y b y X - r a y d i f f rac t ion (37). T h i s c a rbene r a p i d l y takes u p 

d i h y d r o g e n at r o o m t empe ra tu r e a n d 1 a tm to g i v e b a c k [ I rHC l ( B u 2 -

£ C H 2 C H 2 C H C H 2 - C H 2 P B u £ ] . D i h y d r o g e n u s u a l l y a d d s to d o u b l e 

b o n d s or m e t a l a toms i n a c is f a sh i on a n d th is suggests that the 

s t e r eochemis t r y m i g h t b e that o f S t r u c t u r e X V I . T h e s t e r eochemis t r y o f 

pjJ3u 2p 
H 

P B u 2 

X V I 

th is i r i d i u m h y d r i d e s t i l l has to b e r e s o l v e d . A n u n u s u a l feature o f the 
c a rbene c o m p l e x (XV) is the p resence o f a q u i n t e t H - l N M R pa t t e rn 
at - 2 . 9 8 τ d u e to t w o h y d r o g e n s . T h i s co l l apses to a n a p p r o x i m a t e 
1 : 2 : 1 t r i p l e t i n a n H-1 {P-31 } e x p e r i m e n t . It seems m o s t l i k e l y that 
the t w o h y d r o g e n s w i t h the v e r y u n u s u a l c h e m i c a l shi f t are ad jacent 
to the u n i q u e ( carbene or y l i d e ) c a r b o n a t o m e i ther i n p s e u d o -
e q u a t o r i a l ( H e ) or p s e u d o a x i a l ( H a ) pos i t i ons (see S t r u c t u r e X V ) . I n a n 
a t t empt to r eso l ve th is q u e s t i o n w e have s u b s t i t u t e d a m e t h y l g r o u p i n 
the 2 -pos i t i on o f the p o l y m e t h y l e n e c h a i n v i z . B u ^ P C H ^ H M e C H r 
C H 2 C H 2 P B u 2 . T h i s together w i t h [ I ^ C l ^ C g H ^ J ( C 8 H 1 4 = c y c l o -
octene) r a p i d l y g ives a m i x t u r e o f t w o c y c l o m e t a l l a t e d h y d r i d e s 

[ I r H C l { B u 2 P C H 2 C H M e C H C H 2 C H 2 £ B u £ } ] , p r o b a b l y c o r r e s p o n d i n g 
to the s i n g l e m e t h y l g r o u p b e i n g e i ther i n a n ax ia l - X V I I or a n 
equa to r i a l - X V I I I p o s i t i on . I n s o lu t i on , c o n v e r s i o n o f the a x i a l to the 
e q u a t o r i a l i s omer s l o w l y takes p l a c e a n d is v i r t u a l l y c o m p l e t e after ca . 
15 h at r o o m t e m p e r a t u r e . T h e c r y s t a l s t ruc ture o f the e q u a t o r i a l 
i s omer (see S t r u c t u r e XVIII) has b e e n d e t e r m i n e d b y X - r a y d i f f rac t ion , 
e x c ep t that the h y d r o g e n a t tached to i r i d i u m was not l o c a t e d (38). 
H o w e v e r , w e have not b e e n ab l e to conve r t th is h y d r i d e (S t ruc ture 
XVIII) i n t o the c o r r e s p o n d i n g c a r b e n e , e.g., u n d e r c ond i t i ons i n 
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6. SHAW Cyclometallation Reactions 113 

w h i c h [ I r H C l i B u ^ C H z C H z é H C H z Î B u z } ] g i ves the c a r b e n e (S t ruc

ture X V ) its m e t h y l a n a l o g u e (S t ruc ture X V I I I ) g i ves a c o m p l e x 

m i x t u r e w h i c h w e h a v e not separa ted . W e find that [ I r H C l j B u ^ C H r 

C H ^ H C H ^ C H ^ B u i } ] u n d e r d i h y d r o g e n (1 atm) i n the p resence o f 

s o d i u m p ropan -2 - ox i d e r a p i d l y g i ves a t e t r a h y d r i d e , [ Î r H ^ B u t f C H r 

C H 2 O H C H 2 C H 2 Î > B u 2 } ] (38). P e n t a h y d r i d e s o f i r i d i u m , [ I rH 5 (PR 3 )2 ] , 
are fluxional e v e n at l o w t empera tures , s h o w i n g m a g n e t i c a l l y e q u i 

va l en t hyd rog ens (39, 40). W e h o p e d that the r i g i d i t y o f a B u Î P C H 2 -

C H 2 C H C H 2 C H 2 P B u 2 l i g a n d w o u l d r e n d e r the h y d r i d i c h y d r o g e n s 

less p r o n e to b e fluxional. H o w e v e r , w e find tha t [ I r H 4 { B u £ P C H 2 C H r 

1 1 

C H C H 2 C H 2 P B u 2 } ] is fluxional o n the N M R t i m e sca l e , e v e n at 
- 100°C w i t h a l l f our h y d r o g e n s e q u a l l y c o u p l e d to b o t h p h o s p h o r u s 
n u c l e i as e s t a b l i s h e d b y a P - 3 1 - H - 1 e x p e r i m e n t i n w h i c h o n l y the 
o r gan i c h y d r o g e n s w e r e d e c o u p l e d f r om the p h o s p h o r u s resonance . 
S i m i l a r l y the e q u a t o r i a l 2 - m e t h y l - a n a l o g u e (S t ruc ture X V I I I ) w i t h 
base a n d h y d r o g e n g ives [ I r H ^ B u ^ C H ^ H M e C H C H j î C H ^ B u i } ] . 
I n th i s m o l e c u l e the f our h y d r o g e n s a t tached to i r i d i u m m u s t b e 
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c h e m i c a l l y n o n e q u i v a l e n t . H o w e v e r , e v e n at - 100 °C the hyd rogens 
are a p p a r e n t l y m a g n e t i c a l l y e q u i v a l e n t o n the N M R t i m e sca l e , e.g., 
the P - 3 1 - H - 1 (organic hyd rog ens on ly ) s p e c t r u m is an A B X 4 pa t t e rn 
c ons i s t i n g o f four 1 : 4 : 6 : 4 : 1 q u i n t e t s . T h e s e t e t r ahyd r i d e s react 
r a p i d l y w i t h e i ther c a r b o n m o n o x i d e or i son i t r i l e s (L ) w i t h loss o f 

d i h y d r o g e n to g i v e c o m p l e x e s o f t ype [ I r H x L y { B u 2 Î ) C H 2 C H 2 a H C H 2 -

C H 2 P B u 2 } ] (x = 2 a n d y = 1 or χ = 0 a n d y = 2). H o w e v e r , w i t h 
B u ' N C one major i n t e r m e d i a t e p r o d u c t , so far o n l y d e t e c t e d i n s o l u 
t i on b y P-31- {H-1 } N M R spec t r o scopy , appears to b e a fois-iridium 
c o m p l e x w i t h four b r i d g i n g h y d r o g e n s . T h e P - 3 1 - { H - l (organic h y 
drogens only ) } pa t t e rn is v e r y c o m p l e x b u t s y m m e t r i c a l a b o u t a m i d 
p o i n t (38). T h u s the i r i d i u m c h e m i s t r y w i t h these m e d i u m - c h a i n 
d i p h o s p h i n e s is u n u s u a l b u t some aspects o f i t s t i l l n e e d c l a r i f i c a t i on . 
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7 
Preparation, Structure, and Reactions 
of Rh2H4(P(isopropyl)3)4 

DAVID L. THORN and JAMES A. IBERS 

Department of Chemistry, Northwestern University, Εvanston, IL 60201 

A new hydrido-bridged rhodium dimer, Rh2H4(P(iso-
Pr)3)4, has been prepared by reacting RhClH2(P(isoPr)3)2 
with sodium hydride in tetrahydrofuran (THF) and by 
reacting hydrogen with a THF solution of Rh(η3-C3H5)-
(P(iso-Pr)3)2. The compound crystallizes in space group 
C52h-P21/n of the monoclinic system with four formula 
units and approximately 0.6 THF molecules in a cell of 
dimensions at -150°C of a = 11.463(10) Å, b = 16.288(15) 

Å, c = 23.891(23) Å, β = 93.88(6)°. The structure has been 
refined to an R index on Fo2 of 0.153, based on 207 varia
ble parameters and 4997 Fo2 values obtained at 
-150°C. The compound consists of two nonequivalent 
RhP2 units with a Rh-Rh separation of 2.618(3) Å and an 
interplanar dihedral angle of 72.6°. Chemical means 
were used to establish that the material was a tetrahy-
dride. Possible positions for the four hydrido ligands 
have been established from residual electron-density 
peaks and from bond distances and angles around the 
rhodium and phosphorus atoms. The most probable posi
tions yield a Rh(III)-Rh(I) mixed-valence compound, 
RhHP2-RhP2, held together by three hydrido bridges. As 
such the compound may be an intermediate in the hy
drogenation of RhH(P(iso-Pr)3)2,3 and the dehydrogena-
tion of RhH3(P(iso-Pr)3)2. 

As a continuation of studies of the reactivities of rhodium com
plexes containing bulky phosphine ligands (1-6), we have been 

investigating alternative routes for synthesizing halogen-free hydrido 
rhodium complexes with these bulky phosphine ligands. In this con
text we happened to react RhClH 2 (P(iso-Pr) 3 ) 2 with solid N a H (7) and 
obtained an unexpected dim eric product, Rh 2 H 4 (P( iso-Pr) 3 )4. This 

0065-2393/82/0196-0117$05.00/0 
© 1982 American Chemical Society 
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118 M E T A L P H O S P H I N E C O M P L E X E S 

c o m p l e x c r y s t a l l i z e d as s m a l l b l a c k p o l y h e d r a that r e s e m b l e d the ear
l i e r r e p o r t e d c o m p o u n d R h H ( P ( f - B u ) 3 ) 2 (2, 4) b o t h i n appea rance a n d 
i n the I R s p e c t r u m , a n d w e i n i t i a l l y t en t a t i v e l y f o r m u l a t e d th is n e w 
c o m p o u n d as [RhH(P ( i so -P r ) 3 ) 2 ] j . (x = 1 or 2). A l o w - t e m p e r a t u r e , 
s i ng l e - c r y s t a l X - r a y s t ruc ture d e t e r m i n a t i o n r e v e a l e d the d i m e r i c n a 
tu r e o f the c o m p l e x a n d a lso s t ruc tu ra l de ta i l s that sugges t ed the pres 
ence o f a greater n u m b e r o f h y d r i d o l i g a n d s . I n th is p u b l i c a t i o n w e 
r epor t the l o w - t e m p e r a t u r e c r y s t a l s t ruc ture o f R h 2 H 4 ( P ( i s o - P r ) 3 ) 4 a n d 
its react ions w i t h d i n i t r o g e n a n d hexene . 

Experimental 

A l l manipulations were carried out under an inert atmosphere (argon or 
nitrogen). Solvents were dr i ed by refluxing over sodium/benzophenone under 
nitrogen and were degassed further by vacuum transfer or f reeze-pump-thaw 
cycles before use. IR spectra were recorded on a P e r k i n - E l m e r 283 spec
trometer; P-31 and H - l N M R spectra were recorded on a J E O L F X 9 0 Q spec
trometer. Proton chemical shifts are reported in parts per mi l l i on downf ie ld 
from tetramethylsi lane(TMS). D r y crystall ine sodium hydr ide and P(iso-Pr) 3 

were obtained from A l p h a Products and from Strem Chemica l Co. , respec
tively. Gas chromatographic (GC) analyses were performed on a Hew l e t t -
Packard 5750 chromatograph instrument equipped w i th a flame ionization 
detector and a 6-ft, i - i n . diameter co lumn packed w i th 0 .1% Supelco SP100 
on 80/100 carbopack C . 

RhClH2 (P ( i so -Pr ) 3 ) 2 , (5, 8). ( R h C l ( C 8 H 1 4 ) 2 ) 2 (9 ) (0.69 g, 1.92 mmo l rho
dium) and P(iso-Pr) 3 (0.81 g, 5.06 mmol) were added to 10 m L T H F under nitro
gen. The result ing purp l e -b rown solution was stirred overnight at room tem
perature under a hydrogen atmosphere. The solution then was dr ied i n vacuum 
and the residue was recrystal l ized from hexane to y i e l d ye l low crystals (0.435 
g, 0.94 mmol , 49%); IR (Nujol) 2140 c m " 1 . H - l N M R (THF-c/ 8 ) : δ-22.8 (d oft, 

/ H - R H 27 Η Ζ , / Η - Ρ 13 Hz) ; δ 1.26 ( </ ,/H-H + H - P 7 Hz) ; δ 2.32 m; carbon and 
hydrogen analysis. 

Rh2H 4 (P ( iso-Pr )3 )4 : Me thod A . R h C l H a i P U s o - P r ) ^ (0.21 g, 0.45 mmol) 
and sodium hydr ide (~0.1 g) were added to one chamber of a two-chambered 
flask containing a glass woo l p lug between the two chambers. About 8 m L of 
T H F were d is t i l l ed into the reaction chamber. The mixture then was put 
under 1 atm of argon and stirred at room temperature. After 2 d the result ing 
dark mixture was filtered through the glass wool into the second chamber, 
concentrated in vacuum to ca. 1 m L , and cooled to -20°C. Black crystals began 
to form after ~24 h. After 3 weeks the crystals were col lected and dr ied briefly 
in vacuum. Y i e ld : 0.04 g, 0.047 mmo l dimer, 2 1 % . 

Rh 2 H 4 ( P ( i so -P r ) 3 ) 4 : Me thod B . A method analogous to that used by Sivak 
and Muetterties (10) for making a l ly l rhodium bisphosphite complexes was 
used to prepare Rh (77 3 -C 3 H 5 ) ( P ( i so -Pr ) 3 ) 2 . H - l N M R (C e D e ) of Rh(r>3-
C 3H 5 ) (P(iso-Pr) 3 )2: δ 1.19 (d of dJH-H 7 Η Ζ , / Η - Ρ 11 Hz ) ; δ 2.05 m ; δ 3.10 
(d J H S y n - H 7 Hz) ; δ 4.75 m; carbon and hydrogen analysis. Bubb l i ng hydrogen 
gas through a T H F solution of Rh( T73-C3H5)(P(iso-Pr)3)2 for 1 h at room tem
perature resulted i n its complete conversion to Rh 2 H4 (P ( i s o -P r ) 3 ) 4 , as judged 
by N M R spectrum of the solution. 

X -Ray Data Col lection. For prel iminary room-temperature X-ray photo
graphic examination, a wel l- formed polyhedral single crystal of Rh 2 H 4 (P ( iso-
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7. T H O R N A N D IB ERS Rh2H4(P(isopropyl)3)4 119 

Pr) 3 ) 4 was sealed i n a glass capi l lary under an argon atmosphere. Weissenberg 
and precession photographs revealed monocl in ic symmetry and systematic 
absences consistent w i th the space group C 2 h - P2 i/n . The density calculated 
from the room-temperature unit-ce l l constants is 1.22 g/cm3 for 4 molecules of 
Rh 2 H 4 ( P ( i so -Pr ) 3 ) 4 i n the ce l l , wh i ch agrees w i th the density of 1.17(2) g/cm 3 

measured by flotation in aqueous Z n C l 2 . 
For data col lection this same crystal was removed from its capil lary and 

mounted directly on a computer-controlled, four-circle P icker diffractometer, 
where it was bathed continuously i n a stream of co ld (~- 150°C) dry nitrogen 
gas. (The diffractometer was run under the disk-oriented Vanderbi lt system 
(JJ) and the design of the low-temperature apparatus is that of Huffman (12).) 
At this temperature the ce l l constants, der ived from the setting angles of 15 
hand-centered reflections in the range 22.2° < 20 < 27.0°, (13), are 
a = 11.463(10), b = 16.288(15), c = 23.891(23) Α, β= 93.88(6)°, and V = 4450 
À 3 . O w i n g to the h igh mosaicity of the crystal (typical peaks were 0.8° to 1.0° 
w ide , half-height to half-height i n ω) data were col lected in an omega step 
scan mode. Each peak was scanned in 41 steps, counting for 1 s at each step, 
across a total w id th in ω of 3.0°. Background counts were col lected for 4 s at the 
low- and high-angle extremes. Weak reflections ( F 0

2 ^ 3σ(¥0
2)) were re-

scanned and background counts were col lected for a total of 14 s at the low-
and high-angle extremes. A total of 5371 data were col lected i n the range 
3.0 < 20 < 42.5°, of w h i c h the 4997 unique data were used in the refinement. 
The intensities of six standard reflections were remeasured every 100 reflec
tions, and they d i d not vary significantly dur ing the course of data col lection. 
Information about the crystal and data col lection is summarized i n Table I. 

Solut ion and Refinement of the Structure. Scattering factors for the hy
drogen (14) and nonhydrogen (15) atoms are those used previously. Anoma
lous dispersion terms (16) were inc luded in Fc for rhodium and phosphorus 
atoms. For the processing of the data and solution and refinement of the 
structure procedures and computer programs standard in this laboratory were 
used. (See, e.g., Ref. 17).) Tr ia l absorption corrections calculated for a random 
selection of reflections gave transmission factors in the range 0.71 to 0.73; 
therefore a ful l absorption correction was considered to be unnecessary. 

The locations of the rhodium atoms were obtained using direct methods, 
and a l l remaining nonhydrogen atoms (except for solvent atoms, v ide infra) 
were located unambiguously i n a subsequent Fourier map. After two cycles of 
isotropic refinement a difference Fourier map revealed locations of many of the 
a lky l hydrogen atoms and also some peaks clustered about the inversion center 
(0, i, i) wh i ch strongly suggested a disordered solvent molecule ( THF ) of 
partial occupancy. The isopropyl hydrogen atoms were p laced in ideal ized 
locations ( C - H : 0.95 À, tetrahedral angles), assigned isotropic thermal param
eters 1.0 A 2 greater than those of their respective attached carbon atoms, and 
kept fixed in a l l subsequent refinement. The peaks around (0, i , i) were 
modeled by a T H F molecule wh i ch was refined subsequently as a r ig id group 
(18) w i th a single isotropic thermal parameter and a single, refined occupancy 
number. In the final cycles the rhod ium and phosphorus atoms were refined 
anisotropically and a l l of the carbon atoms and the r ig id solvent molecule were 
refined isotropically for a total of 207 variables. F i n a l refinement was on F 2 

wi th a l l o f the unique data inc luded. The refinement converged to values of 
R and Rw on F 2 of 0.153 and 0.172 and to an error i n an observation of unit 
weight of 1.12 electrons 2. The refined occupancy number of the T H F mol
ecule is 0.60(4) molecules per unit ce l l . A final difference Fourier map re
vealed no peaks above 0.8 e/Â3 except for peaks around the R h centers, some 
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120 M E T A L P H O S P H I N E C O M P L E X E S 

T a b l e I. S u m m a r y o f C r y s t a l D a t a a n d In t ens i t y C o l l e c t i o n for 
R h 2 H 4 ( P ( i s o - P r ) 3 ) 4 

C o m p o u n d 
F o r m u l a 
T e m p e r a t u r e 
F o r m u l a w e i g h t 
Space g r o u p 
a 
b 
c 
β 
V 
Ζ 
D e n s i t y ( ca l cu la ted ) 
D e n s i t y (observed) 
C r y s t a l v o l u m e 
R a d i a t i o n 

L i n e a r abso rp t i on coe f f i c ient 
T r a n s m i s s i o n factors 
Take-o f f a n g l e 
S c a n m e t h o d 
S c a n range 
S c a n s p e e d 

B a c k g r o u n d at e a c h e n d 

20 l i m i t s 

F i n a l no . o f va r i ab l e s 
T o t a l da ta c o l l e c t e d 
U n i q u e da ta u s e d i n final 

r e f i n e m e n t 0 

U n i q u e data , F 0
2 > 3 σ ( Ρ 0

2 ) 
R (on F0) for F0

2 > 3a(F0
2) 

Rw (on F0) for F 0
2 > 3 σ ( Ρ 0

2 ) 
R (on F 0

2 ) , a l l d a t a a 

Rw (on F 0
2 ) , a l l d a t a " 

E r r o r i n obse r va t i on o f u n i t 
w e i g h t 

R h 2 H 4 ( P ( i s o - P r ) 3 ) 4 
C 3 e H 8 e P 4 R h 2 

- 1 5 0 ° C 
850 .81 a m u 

11.463(10) Â 
16.288(15) Â 
23.891(23) Â 
93.88(6)° 
4 4 5 0 À 3 

4 
1.266 g/cm 3 ( - 150 °C ) 
1.17(2) g/ cm 3 (20°C) 
0 .052 m m 3 

Μ ο Κ α ( λ (ΜοΚα , ) = 0 .709300 Â ) f r om 
m o n o c h r o m a t o r 

8.93 c m " 1 

0.71 to 0.73 
3.9° 
ω-step scan 
3.0° i n ω i n 4 1 s teps 
1 s/step (41 s to s can ref lect ion) 
4 s for F0

2 > 3a(F0
2), 

14 s for F,,* < 3 σ ( Ρ 0
2 ) 

3.0° < 2Θ < 42 .5 
2 0 7 
5371 

4 9 9 7 
2 5 0 8 
0 .070 
0 .070 
0 .153 
0 .172 

1.12 e l e c t r o n s 2 

" This includes reflections with F . 2 < 0. 

of w h i c h may be hydr ido hydrogen atoms (vide infra). Table I I contains the 
final positional and thermal parameters of the nonhydrogen atoms, exc luding 
the solvent; Table I I I contains parameters for the r ig id ly refined (18) T H F 
solvent molecule. (A table o f 10 | F01 vs. 10 | Fc | for the reflections used in 
the refinement and a table of a lky l hydrogen atom positions has been de
posited as N A P S Document No. 03802 w i th N A P S , c/o Microf iche Publ ica
tions, P.O. Box 3513, Grand Centra l Station, N e w York, N.Y. 10017.) 
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7. T H O R N A N D IBERS Rh2H4(P(isopropyl)3)4 121 

Results and Discussion 

Synthes i s a n d S p e c t r a o f R h 2 H 4 ( P ( i s o - P r ) 3 ) 4 . T h i s c o m p l e x was 
the t o t a l l y u n e x p e c t e d p r o d u c t o f the r eac t i on o f R h C l H 2 ( P ( i s o - P r ) 3 ) 2 

w i t h s o l i d s o d i u m h y d r i d e i n T H F u n d e r a n argon a tmosphe re . O n c e 
w h e n the r eac t i on was p e r f o r m e d u n d e r a h y d r o g e n a tmosphe r e a y e l 
l o w s o l i d was o b t a i n e d , b e l i e v e d to b e R h H 3 ( P ( i s o - P r ) 3 ) 2 (4 ); r e p e a t i n g 
th is r eac t i on r e s u l t e d e i ther i n the f o rmat i on o f the d i m e r 
R h 2 H 4 ( P ( i s o - P r ) 3 ) 4 or o f no t rac tab l e p r o d u c t s . T h e a l t e rna t i v e s y n 
the t i c m e t h o d , r e a c t i n g R h ( T ? 3 - C 3 H 5 ) ( P ( i s o - P r ) 3 ) 2 w i t h h y d r o g e n (10), 
g ives the d i m e r i c p r o d u c t R h 2 H 4 ( P ( i s o - P r ) 3 ) 4 i n e x c e l l e n t y i e l d a n d 
r easonab l y free f r om b y - p r o d u c t s . I n b o t h react ions w e suspec t the 
fo rmat ion o f the d i m e r R h 2 H 4 ( P ( i s o - P r ) 3 ) 4 p r o c e eds v i a the i n i t i a l 
f o rmat i on o f R h H 3 ( P ( i s o - P r ) 3 ) 2 , w i t h s u b s e q u e n t loss o f h y d r o g e n a n d 
d i m e r i z a t i o n . (Loss o f h y d r o g e n f r om a d i m e r i c i n t e r m e d i a t e is re
l a t e d c l o s e l y to the b i m o l e c u l a r loss o f h y d r o g e n p r o p o s e d b y N o r t o n 
(19).) T h e I R s p e c t r u m o f R h 2 H 4 ( P ( i s o - P r ) 3 ) 4 i n the s o l i d state ( N u j o l 
m u l l ) shows o n l y a w e a k t e r m i n a l R h - H s t r e t c h i n g b a n d at 2 0 4 0 c m " 1 . 
B r i d g i n g R h - H abso rp t i on b a n d s have not b e e n obse r v ed . 

T h e h y d r i d o - h y d r o g e n r e g i on o f the r o om- t empe ra tu r e H - l N M R 
s p e c t r u m o f R h 2 H 4 ( P ( i s o - P r ) 3 ) 4 ( i n T H F - d 8 ) shows o n l y t w o v e r y b r o a d 
a n d feature less peaks at δ —13.3 a n d δ - 1 1 . 6 p p m . N o s i gn i f i cant 
c h a n g e was o b s e r v e d i n the s p e c t r u m w h e n the s a m p l e was c o o l e d to 
- 2 0 ° C ; p r e c i p i t a t i o n o c c u r r e d at l o w e r t empera tures . T h e a l k y l -
h y d r o g e n r e g i on o f the H - l N M R s p e c t r u m is also u n i n f o r m a t i v e , c o n 
s i s t i ng o f b r o a d m u l t i p l e t s at δ 1.3 a n d δ 2.0 p p m . A t r o o m t empe ra tu r e 
the P -31 {H-1 } N M R s p e c t r u m ( T H F - d 8 ) is c o m p l i c a t e d . T h e m o s t 
p r o m i n e n t peaks are a d o u b l e t o f d o u b l e t s ; / P - R h 108.5 ΗΖ ,/Ρ -RH ' 3.2 
H z , a n d a s e c o n d d o u b l e t (/p^R h 152.6 H z ) 19.3 p p m u p f i e l d f r om the 
first, a l l o f a p p r o x i m a t e l y e q u a l in t ens i t y . T h i s pa t t e rn is cons is tent 
w i t h a s t ruc ture i n w h i c h e a c h r h o d i u m cente r is b o u n d to t w o m u t u 
a l l y e q u i v a l e n t p h o s p h i n e l i g a n d s , ye t the t w o r h o d i u m centers re
m a i n n o n e q u i v a l e n t ( v ide infra) . T h e r e are n u m e r o u s a d d i t i o n a l peaks 
i n the P -31 {H-1 } N M R s p e c t r u m that are less in t ense i n c l u d i n g one 
that is ass i gnab l e to free p h o s p h i n e ; th i s m a y r esu l t f r om p a r t i a l frag
m e n t a t i o n o f the d i m e r ( v ide infra) . F l u x i o n a l processes ana l ogous to 
those d i s c o v e r e d for R h 2 H 4 ( P ( 0 - i s o - P r ) 3 ) 4 (JO, 20 ) m a y b e o c c u r r i n g i n 
the p resen t s y s t em as w e l l . 

Reac t i ons o f R h 2 H 4 ( P ( i s o - P r ) 3 ) 4 . A s m i g h t b e e x p e c t e d f r om p r e 
v i o u s w o r k (4), th i s c o m p l e x r a p i d l y reacts w i t h n i t r o g e n . T h e I R spec 
t r u m o f a N u j o l m u l l o f the s o l i d , p r e p a r e d u n d e r a rgon , shows o n l y the 
R h - H s t r e t c h i n g b a n d at 2040 c m " 1 . A f t e r b r i e f e x p o s u r e o f the m u l l to 
n i t r o g e n a s e c o n d w e a k b a n d at 2140 c m - 1 m a y b e d i s c e r n e d w h i c h is 
ass i gnab l e to the N - N s t r e t ch o f R h H ( N 2 ) ( P ( i s o - P r ) 3 ) 2 (4) . B u b b l i n g 
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n i t r o g e n t h r o u g h a t o l u e n e s o lu t i on o f R h 2 H 4 ( P ( i s o - P r ) 3 ) 4 , f o l l o w e d b y 
e vapo ra t i on o f the t o l u e n e a n d r e c r y s t a l l i z a t i o n o f the y e l l o w - o r a n g e 
r e s i d u e f r om hexane u n d e r n i t r o g en , resu l ts i n the f o rmat i on o f 
[RhH(P ( i so -Pr ) 3 ) 2 ] 2 ( /x -N 2 ) (4). C r y s t a l s o f the la t ter p r o d u c t w e r e 
i d e n t i f i e d p o s i t i v e l y b y the i r m e a s u r e d dens i t y (1.24(1) g/cm 3 ; c o m 
p a r e d w i t h 1.260 g / c m 3 (4) ) a n d the la t t i ce constants o b t a i n e d f r om 
X - r a y film data. 

T h e o b s e r v e d r ea c t i v i t y t owa rds n i t r o g e n i n d i c a t e s a po s s i b l e d i s 
soc ia t i on o f the d i m e r i c m o l e c u l e i n t o m o n o m e r i c f ragments , w i t h one 
c o n c e i v a b l e f ragmenta t i on m o d e i n d i c a t e d i n E q u a t i o n 1. 

R h 2 H 4 ( P ( i s o - P r ) 3 ) 4 ^ R h H ( P ( i s o - P r ) 3 ) 2 + R h H 3 ( P ( i s o - P r ) 3 ) 2 (1) 

H o w e v e r , f ragmenta t i on is not o c c u r r i n g fast e n o u g h to average the 
s i gna ls i n the P-31 N M R s p e c t r u m . B o t h o f the m o n o m e r i c c o m p l e x e s 
r e s u l t i n g f r o m th is f ragmenta t i on m o d e (see E q u a t i o n 1) are k n o w n 
to react r a p i d l y w i t h n i t r o g e n to g i v e R h H ( N 2 ) ( P ( i s o - P r ) 3 ) 2 , w h i c h 
t h e n d i m e r i z e s to g i v e [RhH(P ( i so -P r ) 3 ) 2 ] 2 ( μ -Ν 2 ) (4 ) . H y d r o g e n ap
pears to react o n l y s l o w l y or not at a l l w i t h R h 2 H 4 ( P ( i s o - P r ) 3 ) 4 at r o o m 
t e m p e r a t u r e . W e h a v e not o b s e r v e d a t h e r m a l loss o f h y d r o g e n f r om 
r o o m - t e m p e r a t u r e so lut ions o f the d i m e r a n d the s o l i d appears to b e 
v e r y s tab le u n d e r a rgon at r o o m t empe ra tu r e . 

R o o m - t e m p e r a t u r e so lu t ions o f R h 2 H 4 ( P ( i s o - P r ) 3 ) 4 i n d e u t e r o b e n -
z ene u n d e r g o r a p i d H - D e x c h a n g e w i t h the so lvent , as i n d i c a t e d b y 
the H - l N M R s p e c t r u m ; the s i g n a l o f C e H n D e _ n r a p i d l y ga ins in t ens i t y 
a n d the h y d r i d o s i gna ls d i sappea r . T h e r eac t i on is c o m p l i c a t e d b y a n 
appa r en t c o n c u r r e n t H - D e x c h a n g e w i t h the m e t h y l h y d r o g e n a toms 
o f the t r i i s o p r o p y l p h o s p h i n e l i g a n d s . T h e ac t i v e spec i es for the ex
c h a n g e react ion(s ) m i g h t b e the d i m e r or m o n o m e r i c c o m p l e x e s de 
r i v e d f r o m its f ragmenta t i on . M o n o n u c l e a r b i s ( t r i i s op r opy l phos -
p h i n e ) r h o d i u m c o m p l e x e s are a c t i v e cata lys ts for H - D e x c h a n g e 
react ions (21 ). 

N o n e o f the e x p e r i m e n t s or spec t r a l da ta p r e s e n t e d above p ro 
v i d e s g o o d e v i d e n c e for o u r f o r m u l a t i o n o f the d i m e r as a t e t r a h y d r i d e . 
I n fact w e i n i t i a l l y h a d b e l i e v e d the c o m p o u n d to b e a d i h y d r i d e , 
R h 2 H 2 ( P ( i s o - P r ) 3 ) 4 , or p o s s i b l y a m o n o m e r i c m o n o h y d r i d e , 
R h H ( P ( i s o - P r ) 3 ) 2 (2, 4 ). T h e d i m e r i c na tu r e is p r o v e d b y the c r y s t a l 
s t ruc ture . W e b e g a n to suspec t the presence o f mo r e h y d r i d o l i g a n d s 
after c o m p l e t i n g the s t ruc ture a n d l e a r n i n g o f the ana l ogous t r i -
i s o p r o p y l p h o s p h i t e c o m p l e x e s s t u d i e d b y S i v a k a n d M u e t t e r t i e s 
(10, 2 0 ) . 

O u r present e v i d e n c e for the t e t r a h y d r i d e is d e r i v e d f r om a n ex
p e r i m e n t i n w h i c h a la rge excess o f t r i m e t h y l p h o s p h i t e was v a c u u m -
t rans f e r r ed in t o a degassed , f r o zen s o lu t i on o f a k n o w n a m o u n t o f the 
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d i m e r i c c o m p l e x . T h e so lu t i on w a s w a r m e d to r o o m t e m p e r a t u r e a n d 
s t i r r e d for 1 h , d u r i n g w h i c h t i m e the c o l o r c h a n g e d f r om da rk g r een to 
r e d a n d finally to y e l l o w , a n d h y d r o g e n gas was e v o l v e d . T h e s o l u 
t i on was t h e n r e f r o z en a n d the a m o u n t o f gas p resen t was m e a s u r e d 
w i t h a T o e p l e r p u m p . O n e m o l o f h y d r o g e n gas was e v o l v e d p e r m o l e 
o f d i m e r . T h e final s o lu t i on was d r i e d i n v a c u u m a n d the r e s i d u e c o n 
s i s t ed e n t i r e l y o f R h H ( P ( O M e ) 3 ) 4 ( H - l N M R ana lys i s (10)). T h i s se
q u e n c e o f react ions , s u m m a r i z e d i n S c h e m e I, is cons is tent o n l y w i t h 
a f o r m u l a t i o n o f the d i m e r as a t e t r a h y d r i d e . 

F u r t h e r e v i d e n c e for a t e t r a h y d r i d e c omes f r o m the r eac t i on o f a 
k n o w n a m o u n t o f the d i m e r w i t h an excess o f 1-hexene. A f t e r seve ra l 
hou r s the a m o u n t o f hexane p r o d u c e d was 1.4 ± 0.2 m m o l o f hexane 
p e r m i l l i m o l e o f d i m e r (gas c h r o m a t o g r a p h y ( G C ) ana lys i s ) . T h i s 
suggests a rather c o m p l i c a t e d r eac t i on b u t r e q u i r e s mo r e t h a n one 
h y d r i d o l i g a n d p e r r h o d i u m center . T h e na tu re o f the r eac t i on a n d the 
r e s u l t i n g r e s i d u a l c o m p o u n d ( s ) are s t i l l u n d e r i n ves t i ga t i on . 

D e s c r i p t i o n o f the S t r u c t u r e . T h e m o l e c u l a r s t ruc ture o f the 
presen t c o m p l e x c l o s e l y r e s emb l e s that o f the [Pt2H^(t-Bu)2P(CH2)r 
P(£-Bu) 2 ) 2 ] + c a t i on (22) . A f o rma l e l e c t r o n i c a n a l o g y c a n b e m a d e 
b e t w e e n the t w o c o m p l e x e s ; P t 2 H 3 ( P R 3 ) 4 + is i s o e l e c t r on i c w i t h a 
h y p o t h e t i c a l c o m p o u n d R t ^ H ^ P R ^ " w h i c h c a n b e p r o t o n a t e d (con
c e p t u a l l y ) to g i v e the c o m p l e x R h 2 H 4 ( P R 3 ) 4 . T h e s t ruc tu ra l re
s e m b l a n c e u n d o u b t e d l y r esu l t s f r om th is c l ose e l e c t r o n i c s i m i l a r i t y . 
A n o t h e r spec i es to w h i c h the present c o m p l e x is r e l a t ed , b o t h 
b y s t ruc tu ra l s i m i l a r i t y a n d e l e c t r o n i c ana logy , is [ I r 2 H 5 ( P P h 3 ) 4 ] + (23, 
24 ) . D e p r o t o n a t i o n o f a h y p o t h e t i c a l r h o d i u m d i m e r o f th is f o r m u l a 
t i o n , R h 2 H 5 ( P R 3 ) 4

+ , w o u l d g i v e the present c o m p l e x . 
A d r a w i n g o f the p resen t m o l e c u l e is p r e s e n t e d i n F i g u r e 1. E a c h 

r h o d i u m cen te r is c o o r d i n a t e d b y t w o t r i i s o p r o p y l p h o s p h i n e l i g a n d s , 
the o ther r h o d i u m a t om, a n d severa l h y d r i d o h y d r o g e n l i g a n d s ( v ide 
infra ) . A t o m Rh(2 ) l i es 0.46 À above the p l a n e d e f i n e d b y atoms P ( l ) , 
P(2), a n d R h ( l ) ; a t o m R h ( l ) l i e s 0.94 À above the p l a n e d e f i n e d b y 
atoms Rh (2 ) , P(3) , a n d P(4) . T h e d i h e d r a l ang l e b e t w e e n the p l anes 
d e f i n e d b y R h ( l ) , P ( l ) , P(2) , a n d Rh(2 ) , P(3), P(4) is 72.6°. ( H y d r i d o -
b r i d g e d , t r ans i t i on -me ta l d i m e r s o f the f o r m u l a M 2 H X L 4 e x h i b i t a 

R h 2 H 4 ( P ( i s o - P r ) 3 ) 4 

(dark green) 

Scheme 1. 
excess P(OMe)8 2 

% [ R h H 2 ( P ( O M e ) 3 ) * ] „ 

( r ed ; see Re f . J O ) 
excess P ( O M e ) 3 

2 R h H ( P ( O M e ) 3 ) 4 + H 2 

( y e l l ow ) 
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7. T H O R N A N D IBERS Rh2H4(P(isopropyl)3)4 127 

range o f d i h e d r a l ang l es that has b e e n p r o b e d th eo r e t i c a l l y (25).) Se
l e c t e d b o n d d is tances a n d ang les are l i s t e d i n T a b l e IV. T h e R h - R h 
separa t i on o f 2.618(3) Â is s l i g h t l y shorter t h a n the d i s t ance o f 2.650( 1) 
À i n ( R h H ( P ( 0 - i s o - P r ) 3 ) 2 ) 2 a n d c o n s i d e r a b l y shorter t h a n the R h - R h 
separat ions r e p o r t e d for ( R h H ( P ( O M e ) 3 ) 2 ) 3 (the average is 2.81 À ) (20, 
26 , 27 ) . T h e separa t i on is p e rhaps b e l o w the range e x p e c t e d for a 
f o rma l R h - R h s i ng l e b o n d , e.g., 2.88(2) À i n R h 2 ( P F 3 ) 8 (28), b u t n e e d 
not b e c o n s t r u e d as i n d i c a t i n g a f o rma l s i n g l e or m u l t i p l e b o n d i n the 
p resen t case (20, 2 3 , 2 4 , 2 9 , 3 0 , 31). 

T h e u n i t - c e l l p a c k i n g is i l l u s t r a t e d i n F i g u r e 2. P a c k i n g o f the 
d i m e r i c m o l e c u l e s appears to b e d e t e r m i n e d b y i n t e r m o l e c u l a r v a n 
de r W a a l s a n d s ter ic in te rac t i ons a m o n g the a l k y l h y d r o g e n a toms. 
T h e c loses t i n t e r m o l e c u l a r Η · · · H contac t is 2.31 Â b e t w e e n a t o m 
H(2 ) o n C (25 ) a n d a t om H ( l ) o n C (37 ) . 

T h e t w o r h o d i u m centers are d i s t i n c t l y n o n e q u i v a l e n t i n the s o l i d 
state. T h e R h ( l ) - P ( l ) a n d R h ( l ) - P ( 2 ) b o n d l eng ths (see T a b l e IV ) are 
i n s i g n i f i c a n t l y d i f f erent a n d are b o t h shorter t h a n the Rh (2 ) - P ( 3 ) a n d 
R h ( 2 ) - P ( 4 ) b o n d l e n g t h s . T h e R h ( l ) - P b o n d l e n g t h s ( a v e r a g i n g 
2.250(6) Â ) are the shortest e v e r o b s e r v e d i n a t r i i s o p r o p y l p h o s p h i n e -
r h o d i u m s t ruc ture . Va lue s f o u n d p r e v i o u s l y i n l o w - t e m p e r a t u r e s t ruc -
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128 METAL PHOSPHINE COMPLEXES 

Table IV. Se lected B o n d Distances (À) and Ang les (Degrees) 
for R h 2 H 4 ( P ( i s o - P r ) 3 ) 4

a 

Rh( l ) -Rh (2 ) 2.618(3) Rh ( l ) - P ( D - C ( l l ) 124.1(5) 
R h ( l ) - P ( l ) 2.251(5) Rh ( l ) - P ( D -C (12 ) 109.2(5) 
Rh ( l ) -P (2 ) 2.249(5) Rh ( l ) - P ( D -C(13) 112.0(5) 
Rh(2)-P(3) 2.347(4) Rh ( l ) -P(2) -C (21 ) 123.1(5) 
Rh(2)-P(4) 2.267(5) Rh ( l ) -P(2) -C (22 ) 108.9(5) 

Rh ( l ) -P(2) -C (23 ) 113.1(5) 
P ( l ) - R h ( l ) - P ( 2 ) 107.1(2) Rh(2) -P(3) -C (31 ) 115.8(5) 
P (3) -Rh(2)-P(4) 112.2(2) Rh(2) -P(3) -C (32 ) 108.8(5) 
P ( l ) - R h ( l ) - R h ( 2 ) 119.2(1) Rh(2) -P(3) -C (33 ) 120.3(5) 
P (2 ) -Rh ( l ) -Rh (2 ) 132.3(1) Rh(2) -P(4) -C (41 ) 116.0(5) 
P (3 ) -Rh (2 ) -Rh ( l ) 111.5(1) Rh(2) -P(4) -C (42 ) 116.7(6) 
P (4 ) -Rh (2 ) -Rh ( l ) 131.0(1) Rh(2) -P(4) -C(43) 111.1(6) 
P ( D - C ( 1 1 ) 1.86(2) C ( l l ) - P ( D -C(12) 106.2(7) 
P (D -C (12 ) 1.88(2) C ( l l ) - P ( D -C (13 ) 102.0(7) 
P (D -C (13 ) 1.89(2) C(12) - P ( D -C (13 ) 100.7(7) 
P(2)-C(21) 1.84(2) C(21) -P(2) -C (22 ) 107.4(7) 
P(2)-C(22) 1.87(2) C(21) -P(2) -C (23 ) 102.0(7) 
P(2)-C(23) 1.89(2) C(22) -P(2) -C (23 ) 99.7(7) 
P(3)-C(31) 1.88(2) C(31) -P(3) -C(32) 98.7(6) 
P(3)-C(32) 1.90(1) C(31) -P(3) -C (33 ) 103.9(7) 
P(3)-C(33) 1.87(1) C(32) -P(3) -C (33 ) 106.9(6) 
P(4)-C(41) 1.89(2) C(41) -P(4) -C (42 ) 101.5(7) 
P(4)-C(42) 1.82(2) C(41) -P(4) -C (43 ) 101.6(7) 
P(4)-C(43) 1.83(2) C(42) -P(4) -C(43) 108.5(8) 
C ( l l ) - C ( 1 4 ) 1.51(2) 
C ( l l ) - C ( 1 5 ) 1.52(2) 
C(12)-C(16) 1.54(2) 
C(12)-C(17) 1.54(2) 
C(13)-C(18) 1.50(2) 
C(13) -C(19) 1.52(2) 
C(21)-C(24) 1.53(2) 
C(21)-C(25) 1.53(2) 
C(22)-C(26) 1.53(2) 
C(22)-C(27) 1.51(2) 
C(23)-C(28) 1.52(2) 
C(23)-C(29) 1.51(2) 
C(31) -C(34) 1.55(2) 
C(31)-C(35) 1.50(2) 
C(32)-C(36) 1.54(2) 
C(32)-C(37) 1.52(2) 
C(33)-C(38) 1.54(2) 
C(33)-C(39) 1.51(2) 
C(41)-C(44) 1.53(2) 
C(41)-C(45) 1.49(2) 
C(42)-C(46) 1.52(2) 
C(42)-C(47) 1.57(2) 
C(43)-C(48) 1.55(2) 
C(43)-C(49) 1.53(2) 

a The numbering scheme for carbon atoms is identical with that used in Ref. 4. 
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7. THORN AND IBERS Rh2H4(P(isopropyl)3)4 129 

ture d e t e rm ina t i ons are 2.273(3) À (ave) (4), 2.348(1) À (32, 33) i n 
R h ( I ) - d i n i t r o g e n c o m p l e x e s , 2.31(1) Â (ave) i n a R h ( I I I ) - b i c a r b o n a t o 
c o m p l e x (3), a n d 2.294(3) (ave) a n d 2.330(1) À i n R h H ( P ( i s o - P r ) 3 ) 3 (6). 
T h e P ( l ) - R h - P ( 2 ) b o n d ang l e , 107.1(2)°, is the sma l l e s t s u c h ang l e 
thus far f o u n d for t r i i s o p r o p y l p h o s p h i n e l i g a n d s b o n d e d to r h o d i u m , 
s m a l l e r e v e n t h a n the ang l e 109.2(8)° f o u n d b e t w e e n c i s - p h o s p h i n e 
l i g a n d s i n R h H ( P ( i s o - P r ) 3 ) 3 (6) . A s i n R h H ( P ( i s o - P r ) 3 ) 3 the s m a l l 
P - R h - P a n g l e causes s i gn i f i cant d is tor t ions w i t h i n the t r i i s o p r o p y l 
p h o s p h i n e l i g a n d s (see T a b l e IV ) (6). T h e s m a l l ang l e a n d a c c o m p a n y 
i n g s t e r i c s t r a in p r o b a b l y w o u l d not p r e v a i l i n the present m o l e c u l e 
un l ess there w e r e other l i g a n d s ( h y d r i d o h y d r o g e n a toms, v i d e infra) 
a r o u n d the r h o d i u m centers . 

P o s s i b l e H y d r i d o H y d r o g e n A t o m L o c a t i o n s . It is po s s i b l e to 
o b t a i n r e a s o n a b l y u n a m b i g u o u s h y d r i d o h y d r o g e n a t o m pos i t i ons 
f r om l o w - or e v e n r o o m - t e m p e r a t u r e X - r a y d i f f rac t ion da ta (34), b u t i n 
the present s t ruc ture the h i g h m o s a i c i t y o f the c r y s t a l — p o s s i b l y a re
su l t o f p a r t i a l so l v en t l o s s — w i t h r e s u l t i n g d i m i n u t i o n i n the q u a l i t y 
a n d q u a n t i t y o f the d i f f rac t ion da ta has p r e v e n t e d th i s . H o w e v e r , b a s e d 
o n the ang les a n d b o n d d is tances a r o u n d the r h o d i u m a n d p h o s p h o r u s 
a toms, a n d the l oca t ions o f r e s i d u a l e l e c t r on -dens i t y peaks i n the final 
d i f f e rence F o u r i e r m a p , r easonab l e sites o f some o f the h y d r i d o h y d r o 
g e n a toms c a n b e p o s t u l a t e d . A r o u n d the Rh(2 ) cen te r the mos t l i k e l y 
s i te o f a h y d r o g e n a t o m is trans to a tom P(3) (see D i a g r a m I b e l o w ) , 
sugges t ed b y the large R h ( l ) - R h ( 2 ) - P ( 4 ) ang l e a n d the l o n g R h ( 2 ) -
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R h ( l ) Rh(2) 

131.0(1)° 

I 

P(3) b o n d d i s tance . T h e largest r e s i d u a l e l e c t r on -dens i t y p eak i n the 
final différence F o u r i e r m a p is at that p o s i t i o n a n d a h y d r o g e n a t o m 
H ( l ) c a n b e p l a c e d there w i t h some con f i dence . 

T h e p l a c e m e n t o f h y d r o g e n a toms abou t the R h ( l ) c en te r is less 
c e r t a i n . A n g l e s a n d R h ( l ) - P d i s tances (see D i a g r a m II b e l o w ) suggest 

119.2(1) 

~ 132.3(1) 

II 
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the po s s i b l e p resence o f t w o h y d r i d o h y d r o g e n a toms, H (2 ) a n d H (3 ) , i n 
or a p p r o x i m a t e l y i n the l o c a l c o o r d i n a t i o n p l a n e . A g a i n there are re
s i d u a l e l e c t r on -dens i t y peaks at abou t these l oca t ions . 

T h e s e three h y d r o g e n a toms, H ( l ) , H (2 ) , a n d H (3 ) , are p r o p e r l y 
c o n s i d e r e d to b e b r i d g i n g h y d r i d o l i g a n d s . T h e po s i t i on o f the f ou r th 
h y d r i d o h y d r o g e n a t o m is no t at a l l appa r en t f r om the s t r u c t u r a l data . 
F r o m the I R s p e c t r u m i t is r easonab l e to a s sume at l eas t one t e r m i n a l 
h y d r i d o l i g a n d , b u t w h e t h e r i t is b o n d e d to a t o m R h ( l ) or Rh(2) is 
u n c e r t a i n . O n e l i k e l y l o ca t i on is o n a tom R h ( l ) , above the R h ( l ) , P ( l ) , 
P(2) p l a n e , a p p r o x i m a t e l y trans to the b r i d g i n g a t om H ( l ) . T h e resu l t 
i n g s t ruc tu re is s k e t c h e d b e l o w i n D i a g r a m I I I . It is the s t ruc ture S i v a k 
a n d M u e t t e r t i e s (10) h a v e p o s t u l a t e d for the a n a l o g o u s c o m p l e x 
R h 2 H 4 ( P ( 0 - i s o - P r ) 3 ) 4 , b a s e d o n the i r N M R e v i d e n c e . 

A n a t t rac t i ve feature o f th i s s t ruc ture is that i f i t is d r a w n as i n 
D i a g r a m I l l b i t c a n b e e n v i s i o n e d as a Rh ( I I I ) -Rh ( I ) m i x e d - v a l e n c e 
c o m p o u n d h e l d toge ther b y h y d r i d o b r i d g e s . I n th is p i c t u r e the R h ( l ) 
c en te r is i n the + 3 o x i d a t i o n state, a n d w o u l d b e e x p e c t e d to h a v e a 
s m a l l e r c o v a l e n t r a d i u s a n d shorter R h - P b o n d l eng ths t h a n those o f 
the Rh(2 ) center , w h i c h is o s t ens i b l y i n the + 1 o x i d a t i o n state. It is 
p o s s i b l e , h o w e v e r , to e n v i s i o n a t e r m i n a l h y d r i d o h y d r o g e n l i g a n d 
b o n d e d to Rh(2 ) . T h e r e are , i n fact, s eve ra l r e s i d u a l e l e c t r on -dens i t y 
peaks a r o u n d the Rh(2) c en te r w h i c h are p r o b a b l y no ise b u t w h i c h 
m i g h t b e a s c r i b a b l e to a t e r m i n a l l y b o u n d h y d r i d o h y d r o g e n l i g a n d . 

Summary and Conclusions 

T h e present c o m p l e x , R h 2 H 4 ( P ( i s o - P r ) 3 ) 4 , is ye t ano ther m e m b e r o f 
the l a rge f a m i l y o f R h H x P y c o m p l e x e s that r e c en t l y have b e e n p r e 
p a r e d a n d s t u d i e d ( I - 6 , 10). It c a n b e v i e w e d c o n c e p t u a l l y a n d per 
haps c h e m i c a l l y as w e l l as a c o m b i n a t i o n o f R h H ( P ( i s o - P r ) 3 ) 2 w i t h 
R h H 3 ( P ( i s o - P r ) 3 ) 2 , a n d i t m a y b e a n i n t e r m e d i a t e i n the hydrogénation 
o f R h H ( P ( i s o - P r ) 3 ) 2 , 3 a n d the d e h y d r o g e n a t i o n o f R h H 3 ( P ( i s o - P r ) 3 ) 2 (4 ). 
Its c h e m i s t r y has o n l y b e g u n to b e e x p l o r e d ; h o w e v e r i t — o r the 

I l i a I l l b 
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spec i e s r e s u l t i n g f r om its f r a gmen ta t i on—is c a p a b l e o f u n d e r g o i n g 
H - D e x c h a n g e w i t h C e D e a n d m a y b e c a t a l y t i c a l l y ac t i v e i n n u m e r o u s 
o ther react ions . 
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8 
Splitting of a Water Molecule by 
Trialkylphosphine Complexes of 
Platinum and Rhodium and Its 
Chemical Applications 

T. YOSHIDA and SEI OTSUKA 
Department of Chemistry, Faculty of Engineering Science, Osaka University, 
Toyonaka, Osaka, 560 Japan 

Oxidative addition of water to PtLn ( n = 3, L = PEt3; 
n = 2, 3, L = P(iso-Pr)3) produces PtH(OH) species. Simi
larly, addition to RhHL3 (L = PEt3, P(iso-Pr)3) or 
(RhHL2)2(μ-Ν2) (L = P(cyclo-C6H11)3) gave RhH2(OH) 
species. The systems H 2O/PtLn and H2O/RhHLn in coor
dinating solvents like pyridine exhibit strong basicity 
comparable with that of NaOH. These systems serve as 
catalysts for hydrating nitriles and activated olefins. 
They also catalyze H-D exchange reactions between D2O 
and activated hydrocarbons. Stoichiometric H2 evolution 
from the dihydrido rhodium(III) species RhH2(OH) can 
be effected by adding electron-withdrawing CO or RNC. 
Facile reduction of CO2 with the water adduct of RhHLn 

was observed also. 

Current studies on solar energy conversion and storage have 
focused interest on water splitting into H 2 and 0 2 (I). Certain 

transition metal compounds, e.g. Ru (b ipy ) 3
n + (2) and Rh 2 ( l ,3-

diisocyanopropane)^*1" (3), have been proposed as a low-energy system 
for the catalytic photodissociation of water. However their efficiency 
still must be improved. We have been interested in the oxidative addi
tion of water to low-valence transition metals which yields species 
M ( H ) O H . This reaction can be viewed as a two-electron transfer pro
cess from the metal ion to a water molecule resulting in the H ~ and 
O H ~ ligands. A monohydrido complex is expected to give dihydrido 
species M ( H ) 2 O H , a potential candidate for H 2 evolution. This chapter 

0065-2393/82/0196-0135$05.00/0 
© 1982 American Chemical Society 
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is a b r i e f a c c o u n t o f o u r r e c en t s tud i es o n the r eac t i on o f wa t e r w i t h 
P t L 3 a n d R h H L 3 ( L = t r i a l k y l p h o s p h i n e s ) a n d some c h e m i c a l a p p l i c a 
t ions o f the wa t e r adduc t s . 

Oxidative Addition of Water 

T h e a d d i t i o n o f wa t e r to l o w - v a l e n c e t rans i t i on m e t a l c o m p o u n d s 
has b e e n r e p o r t e d for a f e w cases, e.g., f o rmat i on o f O s 3 H ( O H ) ( C O ) i 0 

f r om O s 3 ( C O ) 1 2 (4) a n d [ R h H ( O H ) e n 2 ] + f r om [ R h e n 2 ] + (5). P r i o r to o u r 
s tud i es , h o w e v e r , the c h e m i s t r y o f h y d r i d o h y d r o x o m e t a l spec i e s 
M H ( O H ) has r e m a i n e d v i r t u a l l y u n e x p l o r e d . T h e a d d u c t f o rmat ion 
was s t u d i e d i n d e p t h for P t L 2 a n d P t L 3 ( L = t r i a l k y l p h o s p h i n e s ) (6). 
U s i n g P t L 2 ( L = P ( i so-Pr ) 3 ) , the a d d u c t , f r a n s - P t H ( O H ) L 2 , c o u l d b e 
i so l a t ed . It is t h e r m a l l y u n s t a b l e , r e f l e c t ing the w e a k b o n d i n g b e t w e e n 
the soft p l a t i n u m ( I I ) i on a n d h a r d O H " i on . T h i s a lso is m a n i f e s t e d i n 
the i on -pa i r c o m p l e x f o rmat i on (see E q u a t i o n 1) f r om P t ( P E t 3 ) 3 i n 
a q u e o u s T H F or p y r i d i n e a n d its ex tens i ve d i s soc i a t i on ( E q u a t i o n 2). 

P t L 3 + H 2 0 è P t H L 3
+ O H " , L = P E t 3 (1) 

P t H L 3 + O H " ê P t H L 3
+ + O H " (2) 

T h e c o n d u c t i v i t y o f s y s t e m P t ( P E t 3 ) / H 2 0 i n p y r i d i n e was m e a 
s u r e d for a range o f wa t e r concen t ra t i on . T h e d e p e n d e n c e o f the 
e q u i v a l e n t c o n d u c t a n c e o n H 2 0 concen t ra t i on (at 0.5°C) was a n a l y z e d 
b y F u o s s t r ea tment to q u a n t i t a t i v e l y assess the e q u i l i b r i a (see E q u a 
t ions 1 a n d 2); K0 = 0 . 6 ( 0 . 3 ) M - \ Kd = 4.2(0.2) χ 1 0 " 2 e x p (-11.9(0.1)/ 
[H20]) M . T h e v a l u e (1.3 χ 1 0 " 2 for [H20] = 2 0 M ) o f p r o d u c t K0 · Kd 

suggests a n ex t ens i ve d i ssoc ia t i on o f O H - . Cons i s t en t w i t h th is is the 
appa ren t p H o f P t ( P E t 3 ) 3 / H 2 0 (see T a b l e I) c o m p a r a b l e w i t h that o f 
N a O H (~~ 0 . 0 1 M ) i n the same m e d i u m . 

T a b l e I. A p p a r e n t p H V a l u e s i n A q u e o u s P y r i d i n e 0 at 20°C 

Compound Apparent pH Compound Apparent pH 

R h H ( P E t 3 ) 3 14.5 P t ( P E t 3 ) 3 14.3 
R h H [ P ( i s o - P r ) 3 ] 3 14.2 P t [ P ( i s o - P r ) 3 ] 3 14.1 

N a O H 13.5 
a [Compound] = 9.8 x 10" 3 M. Volume ratio of HîO/pyridine = 2/3. 

P t [ P ( i s o - P r ) 3 ] 3 t ends to re l ease one o f the l i g a n d s e v e n i n the s o l i d 
state d u e to the l i g a n d b u l k . T h e d i s soc i a t i on o f its d i l u t e s o lu t i on 
(< 0 . 0 1 M ) is n e a r l y c o m p l e t e i n c o o r d i n a t i n g so l vents l i k e p y r i d i n e . 
T h e s o lu t i on b e h a v i o r o f P t [ P ( i s o - P r ) 3 ] 8 / H 2 0 is m o r e c o m p l e x t h a n that 
o f P t - ( P E t 3 ) 3 / H 2 0 . F o l l o w i n g essen t i a l l y the F u o s s t r ea tment , the c o n -
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d u c t i v i t y da ta w e r e a n a l y z e d sat is fac tor i l y i n te rms o f E q u a t i o n s 3 - 6 
(6). I n th i s case e a c h e q u i l i b r i u m constant canno t b e d e t e r m i n e d . I n 
s t ead c o m p o s i t e constants (1 + K8)K0 a n d K8Kd/(l + K8) are o b t a i n e d , 
w h e r e K g = e x p ( - P / [ H 2 0 ] ) / K d (P = p r opo r t i ona l i t y constant ) . 

P t L 3 ^ P t L 2 + L , L = P ( i s o -P r ) 3 (3 ) 

P t L 2 + H 2 0 è P t H ( O H ) L 2 (4) 

P t H ( O H ) L 2 + S â P t H ( S ) L 2
+ O H " (5) 

P t H ( S ) L 2
+ O H " è P t H ( S ) L 2 + + O H " (6) 

Wa t e r adds to R h H L 3 at a n a m b i e n t t e m p e r a t u r e . T h e a d d u c t 
f o r m e d f r om R h H ( P E t 3 ) 3 i n p y r i d i n e is the p en tacoo rd ina t e spe
c i es [ R h H 2 ( P E t 3 ) 3 ] O H ( C o m p l e x l a ) , w h i c h is i so la tab l e as 
[ R h H 2 ( P E t 3 ) 3 ] B P h 4 ( C o m p l e x l b ) . T h e t r i g o n a l b i p y r a m i d a l s t ruc ture 
o f C o m p l e x l b is i n f e r r e d r e a d i l y f r om H - l N M R (δ - 1 1 . 7 p p m , d o u 
b l e d o u b l e t r i p l e t , / R H _ H = 1 1 . 0 , / H-P(equatorial) = 1 2 4 . 5 , / H -P (axia l ) = 1 6 . 5 
H z ) . 

Η 

L 

N l 
R h — L ( L = P E t 3 ) 

l a : X = O H 

l b : X = B P h 4 

R h H [ P ( i s o - P r ) 3 ] 3 w i t h wa t e r i n p y r i d i n e g i ves the c o r r e s p o n d i n g 
a d d u c t , { R h H 2 ( p y ) 2 L 2 } O H ( C o m p l e x 2a), w h i c h is i s o l a t ed a ga in as its 
B P h 4 sa l t ( C o m p l e x 2b) , ( IR: v ( R h - H ) 2 1 1 2 , 2 0 7 6 c m " 1 . H - l N M R : 
R h - H , δ - 1 9 . 9 ( q ) , J R H - H = / P - H = 1 8 . 4 H z ) . T h e a d d u c t unde rgoes 
f a c i l e r e d u c t i v e e l i m i n a t i o n o f wa t e r i n d r y so l vents . T h e f o rmat i on o f 
the wa t e r a d d u c t , { R h H ^ p y ^ f P i c y c l o - C e H n y j B P l u was o b s e r v e d 
a l so for the r eac t i on o f { R h H [ P ( c y c l o - C e H n ) 3 ] 2 } 2 ( # i - N 2 ) w i t h wa t e r i n 
the p r esence o f B P h 4 ~ . 

T h e s e i on -pa i r h y d r o x o r h o d i u m ( I I I ) c o m p o u n d s are a lso s t rong 
bases (see T a b l e I). I t m a y b e r e l e v a n t to no te he re that P t ( P P h 3 ) 3 does 
not g i v e a n y i n d i c a t i o n o f w a t e r - a d d u c t f o rmat ion . 

R h H L 3 + Η , Ο 

Η 

Η 

R h 

^ 1 ^ 
L p y 

X ( L = P( iso-Pr ) 3 ) (7 ) 
2a : X = O H 
2 b : X = B P h 4 
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138 METAL PHOSPHINE COMPLEXES 

Hydration of Unsaturated Compounds 

T h e P t L n (n = 2 , 3 ) / H 2 0 s y s t e m i n T H F c a n serve as cata lys ts for 
h y d r a t i n g n i t r i l e s a n d a c t i v a t e d o le f ins l i k e a c r y l o n i t r i l e (6) . P t [P ( i so -
Pr ) s ]3 is p e r h a p s one o f the mos t ac t i v e cata lysts a m o n g P t L n . W i t h th is 
ca ta lys t (0.1 m m o l ) , C H 2 = C H C N (5 m L ) is h y d r a t e d (1 m L H 2 0 , 
80°C, 2 0 h) to g i v e C H 2 = C H C O N H 2 (36 m o l / m o l cata lyst ) , 
H O C H 2 C H 2 C N (49), a n d ( N C C H 2 C H 2 ) 2 0 (418) toge ther w i t h the d i 
me r , C H 2 C ( C N ) C H 2 C H 2 C N (52.5). 

T h e r a t e - d e t e r m i n i n g s tep is l i k e l y to b e the attack o f a n outer -
sphere O H " o n the c o o r d i n a t e d o l e f i n ( E q u a t i o n 8) or the n i t r i l e g r o u p 
( E q u a t i o n 9). R e d u c t i v e e l i m i n a t i o n r e g e n e r a t i n g P t L 2 or h y d r o l y s i s 
g i v i n g the wa t e r a d d u c t P t H ( O H ) L 2 c o m p l e t e s the ca ta l y t i c c y c l e . 

J-

R H O C H R 

r Η — P t H L 2 ] O H > C H — P t H L 2 (8) 
NCX NC 

[ R C N — P t H L 2 ] O H > R — C — N H — P t H L 2 (9) 

6 
f / - D Exchange Reaction of Hydrocarbons 

T h e C - H b o n d s ad jacent to a c a r b o n y l , su l f oxy , or n i t r o g r o u p 
u n d e r g o f ac i l e H - D e x c h a n g e w i t h D 2 0 i n the p resence o f a ca t a l y t i c 
a m o u n t o f P t L 3 ( L = P E t 3 , P ( iso-Pr ) 3 ) . T y p i c a l l y the P t ( P E t 3 ) 3 (0.09 
m m o l ) - c a t a l y z e d e x c h a n g e r eac t i on o f P h C O C H 3 (8.3 m m o l ) w i t h D 2 0 
(43 m m o l ) i n T H F (3 m L ) o ccurs at 80°C r e s u l t i n g i n 7 8 % D 2 0 incor 
po ra t i on i n the m e t h y l g r o u p after 18 h (6). T h e r a t e - d e t e r m i n i n g s tep 
was the c o n d e n s a t i o n r eac t i on y i e l d i n g the σ-alkyl c o m p l e x ( E q u a t i o n 
10). H e r e a ga in r e d u c t i v e e l i m i n a t i o n or h y d r o l y s i s c o m p l e t e s the 
ca ta l y t i c c y c l e . 

P h C O C H 3 + P t D L 3
+ O D " ^ P t D ( C H 2 C O P h ) L 3 + D H O (10) 

A n u n e x p e c t e d feature i n the P t L 3 - c a t a l y z e d r eac t i on is d e u t e r i u m 
inco rpo ra t i on at the α-olefinic c a r b o n o f P h C H = C H C O C H 3 , w h i c h 
is no t a c h i e v e d w i t h a q u e o u s N a O H . H - D e x c h a n g e o c cu r s not 
o n l y at the α-olefinic c a r b o n b u t a lso at the m e t h y l c a r b o n o f 
P h C O C H = C H C H 3 , a r e su l t a lso u n o b s e r v a b l e i n cata lys is b y N a O H . 

Fo r a r oma t i c h y d r o c a r b o n s , the P t L 3 / H 2 0 s y s t e m fa i ls to ca ta l y z e 
the e x c h a n g e r eac t i on . R h H L 3 ( L = P ( iso-Pr ) 3 ) or [ R h H L 2 ] 2 ( μ - Ν 2 ) 
( L = P ( c y c l o - C e H n ) 3 ) , a p r e c u r s o r o f R h H L 2 , p r o v e d to b e a n e f f ic ient 
ca ta lys t for th is r eac t i on ( 7 ) . T h u s a m i x t u r e o f R h H [ P ( i s o - P r ) 3 ] 3 (0.1 
m m o l ) , D 2 0 (27 m m o l ) , a n d p y r i d i n e (5.4 m m o l ) gave (80°C, 2 0 h) de -
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8. YOSHIDA AND OTSUKA Trialkijlphosphine Complexes 139 

u t e ra t ed p y r i d i n e w i t h o u t p o s i t i o n a l p re f e r ence ; i.e., 6 2 % , 5 9 % , a n d 
5 8 % at 2,6-, 3,5-, a n d 4-pos i t ions , r e s p e c t i v e l y . 

Fo r m o n o s u b s t i t u t e d b e n z e n e s , faster d eu t e ra t i on was o b s e r v e d 
for P h F t h a n for P h O C H 3 [ r e la t i ve rate : o , p - H ( P h F ) 9.8, m - H ( P h F ) 
5 . 6 , o , p - H ( P h O C H 3 ) 1 . 9 , m - H ( P h O C H 3 ) 5.0, C H 3 0 1.0]. T h i s is cons is 
tent w i t h a m e c h a n i s m i n v o l v i n g o x i d a t i v e a d d i t i o n o f A r H as the 
r a t e - d e t e r m i n i n g s tep . H o w e v e r , the r e l a t i v e rates o f H - D e x c h a n g e o f 
A r X (X = M e 2 N , M e O , C H 3 , C H 3 C O , or F ) d o not a p p e a r to f o l l o w the 
s i m p l e H a m m e t t r u l e , p r o b a b l y d u e to c o o r d i n a t i o n o f the s u b s t i t u e n t 
he t e roa tom. T h i s effect is m a n i f e s t e d i n the deu t e ra t i on o f m e t h y l p ro 
tons o f an i s o l e a n d t o l u e n e . I n v i e w o f the m i n o r a r oma t i c site pre fer
ence o b s e r v e d for the e x change o f C 6 H 5 F a n d C e H 5 C H 3 , the p o s s i b i l i t y 
o f C - H b o n d ac t i va t i on t h r o u g h n 6 - c o o r d i n a t i o n o f the a r oma t i c r i n g 
canno t b e e x c l u d e d . 

H2-D2O Exchange Reaction 

R h H L 3 ( L = P ( iso-Pr ) 3 ) or ( R h H L 2 ) 2 ( μ -Ν 2 ) ( L = Ρ ( ο νο1ο -Ο β Η η ) 3 ) 
ca ta lyzes e f f ec t i ve l y the e x c h a n g e r eac t i on . T h u s a s o l u t i o n o f D 2 0 
(0.11 mo l ) a n d R h H [ P ( i s o - P r ) 3 ] 3 (0.2 m m o l ) i n T H F (5 m L ) was h e a t e d 
w i t h H 2 (100 a tm , 0 .45 mo l ) at 80°C. T h e r eac t i on r e a c h e d a n e q u i l i b 
r i u m after 2 0 h w h e r e the r eac t i on m i x t u r e c o n t a i n e d 7 5 % H 2 0 , 2 2 % 
D H O , a n d 3 % D 2 0 . A s i m i l a r r e su l t was o b t a i n e d w i t h the μ - Ν 2 c o m 
p l e x (7). 

T h e H - D e x c h a n g e p r o b a b l y i n v o l v e s R h H 2 D L 2 a n d the wa t e r 
a d d u c t [ R h H D ( S ) 2 L 2 ] O D ( C o m p l e x 2a). T h e i so l a t i on a n d spec t r a l 
cha rac t e r i z a t i on o f the lat ter c o m p l e x has b e e n g i v e n a l r e a d y i n the 
p r e v i o u s sec t ion . T h e fo rmer R h H 3 L 2 was p r e p a r e d b y t r ea t i ng R h H L n 

( L = P ( f - B u ) 3 , P ( c y c l o - C e H n ) 3 , a n d P( iso-Pr ) 3 ) w i t h H 2 a n d was charac 
t e r i z e d w e l l (8). T h e ca ta l y t i c r eac t i on s e q u e n c e t h e n m a y b e de 
s c r i b e d w i t h the f o l l o w i n g s c h e m e . 

It m a y b e n o t e d that P t L 3 ( L = P E t 3 , P ( iso-Pr ) 3 ) is less e f fect ive for 
the e x c h a n g e . 

H D R h H L 3 D 2 Q 

L L 

R h D H 2 L 2 
[ R h H D ( S ) 2 L 2 ] O D 

L 

H 2 R h D L 3 D H O 

L 
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140 METAL PHOSPHINE COMPLEXES 

H2 Evolution from Water by Rhodium Complexes 

S i n c e the t rans i t i on m e t a l c o m p o u n d s p r o p o s e d for the ca ta l y t i c 
pho t o c l e a vage o f wa t e r (2, 3) appea r to b e ine f f i c i ent , factors in f luenc 
i n g the d i h y d r o g e n e v o l u t i o n f r om c i s - d i h y d r i d o c o m p o u n d s deserve 
s c r u t i n y . W e k n o w that d i h y d r o g e n is r e a d i l y d i s soc i a t ed t h e r m a l l y 
f r om [ R h H 2 ( S ) 2 ( P P h 3 ) 3 ] + (S = acetone) (9, 20) . T h e c o m p l e x c anno t b e 
f o r m e d f r om water . R h H ( P P h ) 3 l a cks a suf f ic ient n u c l e o p h i l i c charac te r 
to f o rm a c i s - d i h y d r o c o m p l e x b y a d d i n g water . T h e q u e s t i o n t h e n is 
h o w w e c o u l d re l ease H 2 f r om C o m p l e x 2a . W h e n h e a t e d to 90°C i n 
d i o x a n e , C o m p l e x 2 a m e r e l y d e c o m p o s e s in t o a n i n t r a c t ab l e o i l ; i r 
r a d i a t i o n ( l ow-pressure H g l amp ) is a lso ine f f ec t i ve . 

T h e t w o p y r i d i n e l i g a n d s o f C o m p l e x 2 b t h e n was d i s p l a c e d w i t h 
b i p y r i d i n e ( b i p y ) to g i v e [ R h H 2 L 2 ( b i p y ) ] + ( C o m p l e x 3). T h e m o l e c u l a r 
s t ruc ture o f C o m p l e x 3 i n v o l v i n g c i s - d i h y d r i d o l i g a t i o n is d e d u c e d 
r e a d i l y f r om its I R ( u ( R h - H ) : 2 0 8 0 , 2 1 3 5 c m " 1 ) a n d H - l N M R ( R h - H , 
- 1 7 . 2 1 ( q ) , ; H - P = 7 H - P = 15.6 H z ; C H * 1.02(q), 3/ H - P + V H^> = 12.0 
H z , / 

H-H = 60 H z ) . C o m p l e x 3 w a s s o m e w h a t m o r e s tab le t h a n C o m 
p l e x 2b . 

O n a d d i n g f - B u N C (0.3 m m o l ) to a T H F so lu t i on o f C o m p l e x 2 b 
(0.1 m m o l ) , a s t o i c h i o m e t r i c a m o u n t o f H 2 e v o l v e d w i t h e f fervescence 
w i t h i n a f ew m i n u t e s . T h e c o m p o u n d t r a n s - { R h ( f - B u N C ) 2 [ P ( i s o -
P r ) 3 ] 2 } BPh 4 ( 4 ) was i s o l a t ed (80%) f r om the r eac t i on m i x t u r e (see 
S c h e m e I). 

Scheme I. 

6a , b 
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8. YOSHIDA A N D OTSUKA Trialkijlphosphine Complexes 141 

A r eac t i on o f C O w i t h [RhH 2 ( S ) 2 ( PPh 3 )2 ] + (S = py ) r e p o r t e d l y gave 
[ R h ( C O ) ( S ) ( P P h 3 ) 2 ] + (9, JO). A s i m i l a r d i s p l a c e m e n t o f t w o h y d r i d o 
l i g a n d s w i t h C O was o b s e r v e d for C o m p l e x 2 b r e s u l t i n g i n S t r u c t u r e 6. 
T h u s , b r i s k H 2 e v o l u t i o n occurs w h e n C O is i n t r o d u c e d in t o a T H F 
so lu t i on o f C o m p l e x 2b y i e l d i n g trans-{Rh(CO)(py)[P(iso-Pr)3]2}BPh4 

( C o m p l e x 6b ) ; I R t>(CO), 1985 c m " 1 . T h e r eac t i on p r o b a b l y i n v o l v e s 
i n t e r m e d i a t e C o m p l e x 5 s ince a n ana l ogous c o m p o u n d , [ R h H 2 ( C O ) -
( P E t 3 ) 3 ] + , is f o r m e d b y t r e a t i ng [ R h H 2 ( P E t 3 ) 3 ] O H , a wa t e r a d d u c t o f 
R h H ( P E t 3 ) 3 w i t h C O (see S c h e m e I). 

F r o m these resu l ts i t is n o w c l e a r that e l e c t r o n - d o n a t i n g l i g a n d s 
l i k e p y r i d i n e or d i p y r i d i n e , c o p l a n a r w i t h the t w o h y d r i d e l i g a n d s , 
s t a b i l i z e the R h - H b o n d i n g i n C o m p l e x 2 w h i l e e l e c t r o n -
w i t h d r a w i n g l i g a n d s l i k e R N C or C O d e s t a b i l i z e i t . T h e s t a b i l i t y o f 
[ R h H 2 ( C O ) ( P E t 3 ) 3 ] B P h 4 deserves c o m m e n t . It re leases H 2 o n l y 
w h e n the T H F s o l u t i o n is h e a t e d at 80°C. D u e to e x p e r i m e n t a l d i f f i 
cu l t i e s , w e w e r e u n a b l e to o b t a i n u n a m b i g u o u s s t ruc tu ra l i n f o r m a t i o n 
for th is c o m p o u n d . W e t en ta t i v e l y ass ign the s t ruc ture s h o w n b e l o w . 

H f t 3 P E t 3 

R h 

H ^ P E t 3 

Ο 

T h i s c o m p l e x shows u ( R h - H ) at 2 0 3 0 , 2 0 0 5 c m 1 w h i c h m a y b e c o m 
p a r e d w i t h those (2015, 2 0 0 3 c m " 1 ) o f [ R h H 2 ( P E t 3 ) J + a n d those (2038, 
1972 c m - 1 ) o f [RhH2 (PEt 3 ) 3 ] + . T h e p o s t u l a t e d s t ruc ture , i n v o l v i n g 
the a x i a l l i g a t i o n o f C O (cis to the h y d r i d e l i g ands ) , is cons is tent w i t h 
the o b s e r v e d s t a b i l i t y o f the R h - H b o n d s . T h e a l t e rna t i v e s t ruc ture 
w i t h a c o p l a n a r C O l i g a n d s h o u l d d e s t a b i l i z e the R h - H b o n d s . 

C i s - d i h y d r i d o - b i c a r b o n a t o a n d - formato c o m p l e x e s , R h H 2 B L 2 

( B = H C 0 3 a n d 0 2 C H , L = P ( i so-Pr ) 3 ) w e r e p r e p a r e d (11). T h e 
i>(Rh-H) b a n d s o f the f o rmer a p p e a r at 2 1 2 0 a n d 2 1 4 0 c m - 1 a n d the 
la t ter at 2 1 3 0 c m " 1 . Cons i s t en t w i t h these r e l a t i v e l y h i g h e r i>(Rh-H) 
f r equenc i e s , n e i th e r c o m p o u n d re leases H 2 at a n a m b i e n t t empe ra tu r e . 
D i s s o c i a t i o n o f H 2 f r om these c o m p o u n d s o c curs at a h i g h e r t e m p e r a 
ture (> 90°C). 

A h y d r i d o c a r b o n y l c o m p o u n d , trans-[RhH(CO)L2] ( C o m p l e x 7, 
L = P ( iso-Pr ) 3 ) , p r e p a r e d f r om R h H L 3 a n d m e t h a n o l , reacts w i t h wa t e r 
i n p y r i d i n e p r o d u c i n g H 2 (> 70%) a n d C o m p l e x 6 a w h i c h c o u l d b e 
c o n f i r m e d b y its c r y s t a l l i n e B P h 4 salt . T h e f o rmat i on o f C o m p l e x 6 a 
f r om C o m p l e x 7 p r o b a b l y i n v o l v e s the i n t e r m e d i a t e C o m p l e x 5 a (see 
S c h e m e I). 
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T h e r eac t i on o f R h H L 3 ( L = P( iso-Pr ) 3 ) w i t h C O was t h o u g h t to 
g i v e C o m p l e x 7. Ins t ead , the p r o d u c t f o r m e d f r om the r eac t i on i n d r y 
h exane u n d e r a C O a tmosphe r e was a b i n u c l e a r Rh(0 ) c a r b o n y l c o m 
p o u n d , R h 2 ( C O ) 3 L 3 ( C o m p l e x 8, I R i>(CO): 1732, 1768, a n d 1957 c m " 1 ) 
(12). T h e s i m i l a r r eac t i on o f R h H L 3 c o n t a i n i n g b u l k i e r p h o s p h i n e s 
p r o d u c e d R h 2 ( C O ) 4 L 2 ( L = P ( c y c l o - C e H n ) 3 , P P h ( f - B u ) 2 , P ( f -Bu ) 3 ) . 
T h e s e d i n u c l e a r c a r b o n y l c o m p o u n d s c a n b e p r e p a r e d b y t r e a t i ng 
£rans-RhH(CO)L 2 w i t h C O at r o o m t empe ra tu r e . T h e f o rmat i on o f 
R h 2 ( C O ) 3 L 3 r e qu i r e s seve ra l steps, a n d a p l a u s i b l e s e q u e n c e is p ro 
p o s e d b e l o w . 

ca ca 

R h H L 3 trans-RhH(CO)L2 * [ R h H ( C O ) 2L 2 ] 

H 

^ X 

-> « L * ( C O ) , R h R h ( C O ) 2 L 2 ] — ^ i f R h ^ C O ^ J 

Rh2(CO)4L4 ^ R h ^ C O ) ^ 

R l i ^ C O ) ^ ( L = P ( iso-Pr ) 3 ) reacts w i t h wa t e r p r o d u c i n g H 2 

a n d C o m p l e x 6a w h i c h w i t h C O regenerates C o m p l e x 7 p r o d u c i n g 
C 0 2 . T h e s e observat ions i m p l y that R h H L 3 , [ R h H 2 ( p y ) 2 L 2 ] + O H " , 
R h H ( C O ) L 2 , [ R h ( C O ) ( p y ) L 2 ] + O H - a n d R h 2 ( C O ) 3 L 3 s h o u l d b e ab l e to 
ca ta l y z e the wa t e r gas shi f t r eac t i on . I n d e e d , these ch l o r i d e - f r e e sys
t ems p r o v e d to b e the ac t i v e cata lysts , as w e d e s c r i b e e l s e w h e r e (12). 

Reduction of Carbon Dioxide 

T h e r eac t i on o f Rh 2 H 2 (/Lt -N 2 ) [ P ( c y c l o -C e H i i ) 3 ] 4 w i t h a s t o i ch i o 
m e t r i c a m o u n t o f C 0 2 i n w e t T H F gave a d i h y d r i d o b i c a r b o n a t o c o m 
p l e x , trans-Rh(H2)(02COH)[P(cyclo-CeHn)3]2 ( C o m p l e x IXa ) . U n 
e x p e c t e d l y , the r eac t i on o f R h 2 H 2 ( / A - N 2 ) - [ P ( c y c l o - C e H n ) 3 ] 4 w i t h a n 
excess o f C 0 2 i n w e t T H F at r o o m t e m p e r a t u r e p r o d u c e d a c a r b o n y l -
b i c a r b o n a t o c o m p o u n d , trans-Rh(CO)(02COH)[P(cyclo-CeHn)3]2 

( C o m p l e x 10a). S i m i l a r l y R h H 2 ( 0 2 C O H ) [ P ( i s o - P r ) 3 ] 2 ( C o m p l e x 9b) 

L 
I 

H 2 0 + O C — R h — 0 2 C O H 

10a, b 

L 
Η ι Ο 

\ l / \ 

R h C — O H + C 0 2 

9 a , b 
a : L = P (c - C e H u ) 3 

b : L = P ( i - P r ) 3 
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was o b t a i n e d f r om R h H [ P ( i s o - P r ) 3 ] 3 . F a c i l e r e d u c t i o n o f C 0 2 to C O 
was o b s e r v e d a lso w h e n C o m p l e x e s 9 a a n d 9 b was s t i r r e d w i t h C 0 2 

(1 atm) i n d r y p y r i d i n e at r o o m t empe ra tu r e p r o d u c i n g H 2 0 a n d C o m 
p l exes 10a a n d 10b (75%). T h e r eac t i on o f C o m p l e x 9 b w i t h C O i n 
t o l u e n e gave a μ-carbonato d i m e r ( C o m p l e x 11) i n a d d i t i o n to C o m p l e x 
10b. C o m p l e x 11 is f o r m e d p r e s u m a b l y b y the i n t e r m o l e c u l a r o x i d a t i v e 
a d d i t i o n o f C o m p l e x 10b. In t e r e s t ing l y , the f o rmat i on o f C o m p l e x 11 
was not o b s e r v e d for the r eac t i on o f C o m p l e x 9 a w i t h C 0 2 i n p y r i d i n e . 

L L L 

I I I ,co 
2 0 C — R h — 0 2 C O H ~ H ' ° > O C — R h — 0 2 C O — R h — 0 2 C O H 

I I H ' I 

L L L 

10b 

[ ( O C ) R h L 2 ] 2 ( / u — C 0 3 ) + H 2 C O S 

11 

T h e r e d u c t i o n o f C 0 2 a lso o c c u r r e d i n the r eac t i on w i t h a c i s -
d i h y d r i d o f o r m a t o c o m p l e x , R h H 2 ( 0 2 C H ) L 2 , i n p y r i d i n e . T h e major 
p r o d u c t he re is R h ( C O ) ( 0 2 C H ) L 2 a n d a s m a l l a m o u n t o f C o m p l e x 11 . 

L L 

" R h C H + C O , ~ H ' ° > O C — R h — 0 2 C H 

/ | N / I 

H L ° L 

Conclusions 

T h e s t rong n u c l e o p h i l i c i t y o f P t L n a n d R h H L n e n d o w e d b y t r i a l -
k y l p h o s p h i n e l i g a n d s L a l l o w s f ac i l e o x i d a t i v e a d d i t i o n o f a wa t e r 
m o l e c u l e to g i v e the P t H ( O H ) a n d R h H 2 ( O H ) spec i es , r e s p e c t i v e l y . 
T h e i r M - O H b o n d s t e n d to d issoc ia te e x t e n s i v e l y i n c o o r d i n a t i n g so l 
vents . D i h y d r o g e n c a n b e r e l e a s e d f rom the R h H 2 ( O H ) spec i e s b y 
a d d i n g a n e l e c t r o n - w i t h d r a w i n g l i g a n d s u c h as C O or R N C . T h e ver
sa t i l i t y o f these wa t e r adduc t s has b e e n d e m o n s t r a t e d ; e.g., t h ey serve 
as cata lysts for h y d r a t i n g n i t r i l e s a n d a c t i v a t ed o le f ins a n d for H - D 
e x c h a n g e react ions b e t w e e n D 2 0 a n d H 2 , a c t i v a t ed C - H b o n d s , 
a r oma t i c h y d r o c a r b o n s , etc . O f p a r t i c u l a r in teres t m a y b e the as ton i sh 
i n g l y f ac i l e r e d u c t i o n o f C 0 2 w i t h the H 2 0 / R h H L n s y s t em . 
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9 
Tricyclohexylphosphine Complexes of 
Ruthenium, Rhodium, and Iridium 
and Their Reactivity Toward Gas 
Molecules 

BRIAN R. JAMES and M I C H A E L P R E E C E 
Department of Chemistry, University of British Columbia, British Columbia, 
Vancouver V6T 1Y6, Canada 

S T E P H E N D. ROBINSON 
Department of Chemistry, King's College, Strand, London WC2R 2LS, 
England 

Single-stage syntheses from commercially available 
chlorides and spectroscopic characterization are given 
for several tricyclohexylphosphine (PCy3) complexes of 
ruthenium [HRuCl(CO)(PCy3)2, Ru(CO)3(PCy3)2], rho
dium [HRhCl2(PCy3)2, trans-RhCl(CO)(PCy3)2], and iri
dium [HIrCl2(PCy3)2, trans-IrCl(CO)(PCy3)2]. The iri-
dium (I) precursor [IrCl(C8H14)2]2 has been used to 
yield HIrCl2(PCy3)2(dma) (dma = oxygen-bonded Ν,Ν'-
dimethylacetamide), H2IrCl(PCy3)2, and deuterated de
rivatives, HIr(OH)Cl(CH3CN)(PCy3)2, IrCl(C6H5CN)-
(PCy3)2, and IrCl(PCy3)2O2. Further data are presented 

on previously reported complexes such as 

containing a coordinated cyc lo 
hexenyl ring and M(COD)Cl(PCy3)(M = Rh and Ir; 
COD = 1,5-cyclooctadiene). The carbonyls H2IrCl(CO)-
(PCy3)2 and two isomers of HIrCl2(CO)(PCy3)2 are 
characterized also. Attempts to isolate PCy3 complexes 
containing CO2 were unsuccessful. 

T h e w o r k r e p o r t e d i n th is chap t e r has r e s u l t e d from s tud i es i n i 
t i a t e d b y a N A T O grant a w a r d e d for a pro jec t c o n c e r n i n g 

ac t i va t i on o f C 0 2 b y t r ans i t i on -me ta l c o m p l e x e s (I ). T h e first s t ruc tu ra l 

0065-2393/82/0196-0145$05.00/0 
© 1982 American Chemical Society 
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r epor t o f a t r ans i t i on -me ta l c o m p l e x c o n t a i n i n g c o o r d i n a t e d C 0 2 de 
s c r i b e d the b i s ( t r i c y c l o h e x y l p h o s p h i n e ) n i c k e l ( 0 ) spec i es , N i ( C 0 2 ) -
( PCy 3 ) 2 ( 2 ) , a n d th i s l e d us to inves t i ga t e the t r i c y c l o h e x y l p h o s p h i n e 
c o m p l e x e s o f r u t h e n i u m , r h o d i u m , a n d i r i d i u m . T h i s bas i c a n d b u l k y 
p h o s p h i n e has b e e n u s e d w i d e l y (3) to s t a b i l i z e spec i es no t u s u a l l y 
i s o l ab l e w i t h less b u l k y p h o s p h i n e s s u c h as t r i p h e n y l p h o s p h i n e , a n d 
is a lso a g o o d a n c i l l a r y l i g a n d for a c o o r d i n a t i v e l y unsa tu ra t ed c o m 
p l e x l i k e l y to react w i t h s m a l l gas m o l e c u l e s . T h i s h a d b e e n w e l l 
d o c u m e n t e d for r h o d i u m (4, 5) , a n d i n s i tu so lut ions o f R h C l ( P C y 3 ) 2 , 
for e x a m p l e , gave i s o l a b l e adduc t s w i t h 0 2 , N 2 , C 2 H 4 , C O , a n d H 2 (5). 
A t the t i m e o u r s tud i e s w e r e i n i t i a t e d l i t t l e h a d b e e n r e p o r t e d 
a b o u t r u t h e n i u m a n d i r i d i u m spec i es , a l t h o u g h c a r b o n y l s s u c h as 
R u C l 2 ( C O ) ( P C y 3 ) 2 , H R u C l ( C O ) ( P C y 3 ) 2 (6, 7, 8), R u ( C O ) 3 ( P C y 3 ) 2 (9), 
a n d I r C l ( C O ) ( P C y 3 ) 2 (4) w e r e k n o w n . 

S i n c e 1977 seve ra l papers o n r h o d i u m a n d i r i d i u m sys t ems r e l e 
van t to the present w o r k h a v e a p p e a r e d (10-16). O n e o f these b y 
V r i e z e ' s g r o u p (15), w h i c h r e p o r t e d p a r t i a l d e h y d r o g e n a t i o n o f t r i c y c 
l o h e x y l p h o s p h i n e c o o r d i n a t e d to i r i d i u m ( I ) a n d r h o d i u m ( I ) , o v e r l ap 
p e d w i t h some o f o u r s tud i es w h i c h w e r e r e p o r t e d a lmos t s i m u l t a 
n e o u s l y at a con fe rence (17). 

T h i s chap t e r d e sc r i b e s s i m p l e s ing le -s tage syntheses o f a range o f 
h y d r i d o c a r b o n y l a n d h y d r i d o c a r b o n y l t r i c y c l o h e x y l p h o s p h i n e c o m 
p l exes o f r u t h e n i u m , r h o d i u m , a n d i r i d i u m , a t tempts at f o r m i n g C 0 2 

c o m p l e x e s f r om r h o d i u m ( I ) a n d i r i d i u m ( I ) p recursors , a n d d e h y d r o 
gena t i on o f the c y c l o h e x y l r i n g o f the p h o s p h i n e . It a lso reports p r e 
l i m i n a r y da ta on the f o rmat i on o f a h y d r i d o ( h y d r o x o ) spec i e s b y o x i d a 
t i v e a d d i t i o n o f w a t e r to a n i r i d i u m ( I ) c o m p l e x a n d the cha rac t e r i z a t i on 
a n d c h e m i s t r y o f a d i o x y g e n c o m p l e x , I r C l ( 0 2 ) ( P C y 3 ) 2 . 

W e have p u b l i s h e d a b r i e f r epor t (18) o n some o f the s tud i es de 
s c r i b e d i n th is chapter . 

Results and Discussion 

T h e s p e c t r o s c o p i c data for s ome o f the s y n t h e s i z e d c o m p l e x e s are 
g i v e n i n T a b l e I. S e v e r a l o f the syntheses w e r e o f the s ing le -s tage , 
sma l l - s ca l e t y p e d e v e l o p e d b y one o f us (19, 20) for p r e p a r i n g 
t e r t i a r y - p h o s p h i n e - t y p e c o m p l e x e s o f G r o u p V I I I p l a t i n u m meta l s . 
T h e m e t h o d i n v o l v e s r a p i d m i x i n g o f r e f l u x i n g e t h a n o l i c so lu t ions o f a 
c o m m e r c i a l l y a v a i l a b l e h a l i d e a n d the p h o s p h i n e , s ome t imes i n the 
p r esence o f K O H , N a B H 4 , or H C H O . 

R u t h e n i u m C o m p l e x e s . T h e H R u C l ( C O ) ( P C y 3 ) 2 C o m p l e x 1, 
l i k e the H R u C l ( C O ) P 2 ana logues (P = P B u 2 M e , P B u 2 E t ) (21), is a i r -
sens i t i v e , b u t u n l i k e the la t ter i t is l i g h t s tab le . T h e h i g h - f i e l d H - l 
N M R is a t r i p l e t i n d i c a t i n g the e q u i v a l e n c e o f the t w o p h o s p h i n e s , 
w h i c h is c o n f i r m e d b y the s ing l e t i n the P-31 N M R . T h e h i g h v(Ru-
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C l ) , 2 9 5 c m " 1 , is i n d i c a t i v e o f c h l o r i d e trans to C O (22), a n d thus the 
s t e r eochemis t r y s h o w n i n S t ruc tu r e 1 is favored , a l t h o u g h a t r i g o n a l 
b y p y r a m i d a l s t ruc ture w i t h a x i a l p h o s p h i n e s c anno t b e r u l e d ou t (21). 
T h e H R u C l ( C O ) ( P C y 3 ) 2 c o m p l e x p r e p a r e d ea r l i e r (6, 8, 23) appears to 
b e the same i s omer j u d g i n g f r om the h i g h - f i e l d H - l N M R (23) a n d the 
v(CO) a n d *>(Ru-Cl) v a lues (6, 8 ) , a l t h o u g h o u r *>(Ru-H) at 2 1 0 7 c m " 1 is 
m u c h h i g h e r t h a n the 2 0 3 0 - c m " 1 v a l u e w h i c h was r e p o r t e d (6). 

Ρ ? C O 
\ 1 / 

R u 
/ \ 

C l Ρ 
1 

O n s t a n d i n g i n a i r , the c a r b o n y l b a n d shi f ts to 1940 c m " 1 (cf. 1935 
c m " 1 i n Re f . 6) a n d the h y d r i d e b a n d to 2 0 4 0 c m " 1 , w h i l e a b r o a d b a n d 
appears c e n t e r e d a r o u n d 1150 c m - 1 , toge ther w i t h a w e a k b a n d at 1220 
c m " 1 , w h i c h are a l m o s t c e r t a i n l y d u e to p h o s p h i n e o x i d e (24). T h e 
b r o w n o x i d a t i o n p r o d u c t has not b e e n i s o l a t ed i n a p u r e state b u t a 
h y d r i d o c a r b o n y l c o n t a i n i n g c o o r d i n a t e d p h o s p h i n e o x i d e is i n d i c a t e d 
s t rong ly . W e have not b e e n a b l e to de tec t a p o s s i b l e d i o x y g e n in te r 
m e d i a t e e v e n at l o w t empera tu r es i n s o lu t i on , a l t h o u g h the o s m i u m 
a n a l o g u e H O s C l ( C O ) ( P C y 3 ) 2 0 2 is c h a r a c t e r i z e d w e l l (8). 

C o m p l e x 1 is k n o w n (8) to f o rm c o m p l e x e s w i t h C O , S 0 2 , a n d C S 2 

( w h i c h inserts to g i v e a d i th io f o rmate ) , b u t w e f o u n d no r e a c t i v i t y 
t o w a r d C 0 2 i n t o l u e n e so lu t i on . 

C o m p l e x 1 c a n b e s y n t h e s i z e d a lso i n s o m e w h a t l o w e r y i e l d s b y 
s i m p l y r e f l u x i n g R u C l 3 · 3 H 2 0 a n d P C y 3 i n m e t h a n o l . I n contras t to the 
P P h 3 r eac t i on w h i c h y i e l d s R u C l 2 ( P P h 3 ) 3 (25), the P C y 3 appears bas i c 
e n o u g h to p r o m o t e the b a s e - c a t a l y z e d c a r b o n y l abs t rac t i on r eac t i on . 

T h e R u ( C O ) 3 ( P C y 3 ) 2 c o m p l e x , 2 , is c h a r a c t e r i z e d b y a s i ng l e , 
s t r ong v(CO) c e n t e r e d at 1870 c m " 1 , a n d the s ing l e t i n the P -31 N M R 
shows e q u i v a l e n t p h o s p h i n e s ; l i k e the P P h 3 a n a l o g u e (26, 27), a t r i 
g o n a l b i p y r a m i d a l s t ruc ture w i t h e q u a t o r i a l C O l i g a n d s is i n d i c a t e d . 

I r i d i u m C o m p l e x e s . T h e a i r - s tab l e , r o se - co l o r ed m o n o h y d r i d e 
H I r C l 2 ( P C y 3 ) 2 , C o m p l e x 3 , m a y b e p r e p a r e d d i r e c t l y f r om a c o m m e r 
c i a l l y a v a i l a b l e c h l o r i d e , or b y a d d i n g H C 1 to a t o l u e n e s o l u t i o n c o n 
t a i n i n g the c y c l o o c t e n e d i m e r [ I r C l ( C O T ) 2 ] 2 a n d P C y 3 . T h e s ix-
c o o r d i n a t e , y e l l o w C o m p l e x 4 c o n t a i n i n g o x y g e n - b o n d e d d m a , i>(CO) 
1628 c m " 1 (28), a lso is i s o l a t ed r e a d i l y . 

T h e i>(Ir-H) o f C o m p l e x 3 is no t o b s e r v e d ; h o w e v e r S h a w ' s g r o u p 
(29) has n o t e d a lso that the m e t a l h y d r i d e s t r e t ch is w e a k or unobse r v -
a b l e i n five-coordinate, square p y r a m i d a l i r i d i u m a n d r h o d i u m h y d -
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9. JAMES E T A L . Tricyclohexylphosphine Complexes 149 

r ides c o n t a i n i n g b u l k y p h o s p h i n e s . B a s e d o n the h i g h - f i e l d H - l N M R 
t r i p l e t , the P -31 s ing l e t , a n d the s i n g l e ï>(Ir-Cl), C o m p l e x 3 is a s s i gned 
the square p y r a m i d a l s t ruc ture s h o w n i n R e a c t i o n 1; a t r i g o n a l 
b i p y r a m i d a l s t ruc ture w i t h a x i a l c h l o r i d e s satisfies the spec t r a l da ta , 
b u t i t is not f avo red o n s ter i c g r o u n d s or b y the findings o f S h a w ' s 
g r o u p (29). 

C o m p l e x 4 shows the i^(Ir-H) at 2 3 0 0 c m " 1 w h i c h is r e l a t i v e l y 
h i g h a n d p r e s u m a b l y ref lects the w e a k t rans - in f luence o f the a m i d e 
l i g a n d ; C o m p l e x 4 i n b e n z e n e or C H 2 C 1 2 r e a d i l y d issoc ia tes to C o m 
p l e x 3 a n d free d m a . T h e d e e p r e d so lut ions o f C o m p l e x 3 r eac t fur ther 
w i t h gaseous H C l to g i v e y e l l o w so lu t ions . T h i s r eac t i on is r e v e r s e d 
r e a d i l y w h e n H C l is r e m o v e d , b u t the na tu re o f the f o r w a r d r eac t i on 
(poss ib l y o x i d a t i v e a d d i t i o n or a d d i t i o n o f c h l o r i d e to the vacan t coor
d i n a t i o n site) has no t b e e n e l u c i d a t e d . 

A d i a m a g n e t i c rose c o m p l e x f o r m u l a t e d as the i r i d i u m ( I I ) spec i es 
I r C l ^ P C y ^ , V(IT-CI) 3 1 7 c m " 1 , p r e p a r e d f r om a q u e o u s i s o p r o p y l a l 
c o h o l so lu t ions c o n t a i n i n g I r C l e

3 " a n d P C y 3 (4), m u s t b e the h y d r i d e 
c o m p l e x , 3. 

A d d i n g C O to C o m p l e x 3 g i ves the w h i t e , h y d r i d o c a r b o n y l H I r C l 2 

( C O ) ( P C y 3 ) 2 . T h e e q u i v a l e n t p h o s p h i n e s (P-31 N M R ) , s i n g l e 
K l r - C l ) , 

Ir 2 2 » I r Ir 

C l Ρ C l ^ Ρ C O ^ Ρ 

- H C l 
Ρ C l 

\ / 
Ir (1) 

HC, / \ 

C O Ρ 

a n d d r a m a t i c l o w e r i n g o f the τ v a l u e to 18.2, i n d i c a t i n g the i n t r o d u c 
t i on o f a h i g h trans in f luence l i g a n d trans to the h y d r i d e , are a l l cons is 
tent w i t h S t r u c t u r e 5. O n s t a n d i n g i n the s o l i d state or i n s o l u t i o n 
C o m p l e x 5 i s omer i z e s to C o m p l e x 6, a n d there is a lso loss o f H C l to 
y i e l d the k n o w n c o m p o u n d trans - I r C l ( C O ) ( P C y 3 ) 2 (4, 15, 30 ) . D u r i n g 
the i s o m e r i z a t i o n , the P-31 c h e m i c a l sh i f t r e m a i n s e ssen t i a l l y u n 
c h a n g e d i n d i c a t i n g r e t en t i on o f m u t u a l l y trans p h o s p h i n e l i g a n d s , 
i>(Ir-Cl) sp l i t s i n t o t w o b a n d s , a n d the v(lr-}l) a n d *>(CO) shi f ts to 
h i g h e r w a v e n u m b e r s . T h e da ta for C o m p l e x 6 are cons is tent w i t h the 
g e ome t r y s h o w n , w h i c h is that p o s t u l a t e d o n I R e v i d e n c e a l one for the 
i d e n t i c a l c o m p o u n d m a d e v i a a d d i t i o n o f H C l to trans-
I r C l ( C O ) ( P C y 3 ) 2 (4). O u r synthes is o f this Vaska - t ype c o m p l e x f r om 
[ I r C l ( C O T ) 2 ] 2 offers a n a l t e rna t i v e to that g i v e n i n the l i t e ra tu re (4 ,30 ) . 

T h e 1 ,5 -cyc looc tad iene c o m p l e x I r C l ( C O D ) P C y 3 is f o r m e d w h e n 
p h o s p h i n e is a d d e d to the e a s i l y m a d e a n d h a n d l e d [ H I r C l 2 ( C O D ) ] 2 
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150 M E T A L P H O S P H I N E C O M P L E X E S 

d i m e r (31). T h e p h o s p h i n e is su f f i c i en t l y ba s i c to r e m o v e the H C l a n d 
a c c o m p l i s h the f a m i l i a r b r i d g e - s p l i t t i n g r eac t i on . T h e c o m p l e x has 
b e e n m a d e p r e v i o u s l y v i a the s o m e w h a t mo r e e l u s i v e [ I r C l ( C O D ) ] 2 

c o m p l e x a n d was c h a r a c t e r i z e d b y p r o t o n N M R (14). T h e p h o s p h i n e 
appears as a s ing l e t , δ(Ρ-31) + 14.1 . 

T h e c h e m i s t r y o f i n s i tu I r ( I )/PCy 3 sys tems is c o m p l i c a t e d b y a n 
i n t e r e s t i n g d e h y d r o g e n a t i o n o f a c y c l o h e x y l r i n g ( v i de in fra ) , b u t 
u n d e r a n H 2 a tmosphe r e [ I r C l ( C O T ) 2 ] 2/ P C y 3 so lu t i ons r e a d i l y y i e l d 
the d i h y d r i d e c o m p l e x H 2 I r C l ( P C y 3 ) 2 , 7 , as d i s c o v e r e d i n d e p e n d e n t l y 
b y V r i e z e ' s g r o u p (15). T h e spe c t r o s cop i c da ta i n d i c a t e a t r i g o n a l 
b y p y r a m i d a l s t ruc ture w i t h a x i a l p h o s p h i n e s (15). W e h a v e m o n i t o r e d 
f o rmat i on o f the d i h y d r i d e at 20°C b y f o l l o w i n g a n i r r e v e r s i b l e absorp
t i o n o f 1.0 m o l H ^ i r i d i u m , a n d the n o t e d hydrogénation o f the c y c l o o c -
t ene (15) s u b s e q u e n t l y ti ,s p l a c e . C a t a l y t i c hydrogénation o f 
monoenes u s i n g C o m p l e x 7 u n d e r a m b i e n t c o n d i t i o n s o ccurs b u t v e r y 
s l o w l y . 

A n a t t e m p t e d synthes is o f the d e u t e r a t e d a n a l o g u e o f C o m p l e x 7 
u s i n g a D 2 i n s t e a d o f a H 2 a tmosphe r e l eads to the e x p e c t e d d i -
d e u t e r i d e , C o m p l e x 8 , toge ther w i t h a p p r e c i a b l e a m o u n t s o f the d i 
h y d r i d e a n d H D c o m p l e x , 9. T h e I R i> ( I r -H a n d I r - D ) c l e a r l y r e v ea l s a 
h y d r i d e a n d a d e u t e r i d e , w h i l e the h i g h - f i e l d H - l N M R shows t w o 
d i s t i n c t t r i p l e t s at r 4 2 . 3 a n d r 4 2 . 4 , ass i gnab l e to H 2 I r C l ( P C y 3 ) 2 a n d 
H D I r C l ( P C 3 ) 2 , r e s p e c t i v e l y . 

F u r t h e r e v i d e n c e for the p resence o f the H D c o m p l e x c o m e s from 
c a r b o n y l a t i o n s tud i e s . H 2 I r C l ( P C y 3 ) 2 reacts w i t h 1 a tm o f C O to g i v e 
H 2 I r C l ( C O ) ( P C y 3 ) 2 d e f i n e d u n a m b i g u o u s l y b y its s p e c t r o s c o p i c p a 
ramete rs as C o m p l e x 10. T h e P-31 s i ng l e t i nd i c a t e s e q u i v a l e n t phos 
p h i n e s , w h i l e the t w o d o u b l e t s o f t r i p l e t s at r30 .1 a n d r l 8 . 4 are 
a s s i gned to H A ( t r a n s to c h l o r i n e ) a n d H A ( t r a n s to C O ) , r e s p e c t i v e l y . 
C a r b o n y l a t i o n o f the p r o d u c t o b t a i n e d f r om the d eu t e r a t i on r eac t i on 
g i ves S p e c i e s 11 i n w h i c h the Jm-m c o u p l i n g is l os t i n the t w o h i g h -
field resonances a n d e a c h s i x - l i n e pa t t e rn s imp l i f i e s to a t r i p l e t (see 
F i g u r e 1). S p e c i e s 11 m u s t b e m a i n l y the t w o i somers o f 
H D I r C l ( C O ) ( P C y 3 ) 2 . S i n c e H - D c o u p l i n g s are g e n e r a l l y abou t one -
s e v e n t h o f H - H c o u p l i n g s , s u c h in terac t ions are not u s u a l l y re 
s o l v ab l e . 

Β 
, H ( D ) 

D ( H ) 

I r 

C O C O 
/ \ X ι ι ρ 

C l 

10 11 
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9. J A M E S E T A L . Tricyclohexylphosphine Complexes 151 

H, 
lB 18.36 r H A 30.11 r 

Figure 1. Hiah-field H-l NMR for H2lrCl(CO)(PCy3)2 (Complex 10) 
and isomers of HDIrCl(CO)(PCy3)2 (Complex 11) 

T h e m e c h a n i s m o f the H D ex change m u s t i n v o l v e the l i g a n d c y c -
l o h e x y l r i n g , p r e s u m a b l y v i a a C - H c l eavage ( ox ida t i ve a d d i t i o n ; see 
Refs . 32 a n d 33) w i t h i n the i n i t i a l l y f o r m e d five-coordinate 
D 2 I r C l ( P C y 3 ) 2 c o m p l e x . T h e I R o f the d e u t e r a t e d p r o d u c t shows sev
e ra l b a n d s o f H 2 I r C l ( P C y 3 ) 2 s h i f t e d b y abou t V 2 (e.g. 8 3 7 -> 6 0 0 c m " 1 

a n d 7 9 5 -> 566 c m " 1 ) . T r e a t m e n t o f the d i h y d r i d e w i t h d e u t e r i u m 
l eads to the d i d e u t e r i d e ( and v i c e versa) , a l t h o u g h d i h y d r i d e f o rmat i on 
is e ssen t i a l l y i r r e v e r s i b l e u n d e r the same cond i t i ons . T h i s a ga in shows 
that the e x c h a n g e process m u s t i n v o l v e the p h o s p h i n e . T h e r e is no 
d i r e c t e v i d e n c e for a n o r tho -me ta l l a t ed spec i e s s ince the P -31 N M R o f 
H 2 I r C l ( P C y 3 ) 2 r e m a i n s as a s ing l e t e v e n at - 8 5 ° C (15). T h e c o o r d i n a -
t i v e l y sa tura ted c o m p l e x H 2 I r C l ( C O ) ( P C y 3 ) 2 shows no e x change 
w i t h D 2 . 

I r C l ( P C y 3 ) 2 C h e m i s t r y a n d D e h y d r o g e n a t i o n o f a Cyçlohexyl 
R i n g . A n i n v e s t i g a t i on i n t o the c h e m i s t r y o f I r C l ( P C y 3 ) 2 spec i es 
s e e m e d w a r r a n t e d i n v i e w o f the r eac t i v i t y o f the r h o d i u m a n a l o g u e (5, 
12) a n d the I r C l ( P P h 3 ) 2 spec i es (34) t o w a r d s m a l l m o l e c u l e s . 

T r e a t m e n t o f [ I r C l ( C O T ) 2 ] 2 w i t h P C y 3 i n t o l u e n e at 20°C u n d e r 

a rgon y i e l d s H 2 I r C Ï Ï Î ^ 6 H 9 ) C y 2 ] ( P C y 3 ) , C o m p l e x 12 , i n w h i c h one 
c y c l o h e x y l r i n g has b e e n d e h y d r o g e n a t e d to a c y c l o h e x e n e , the d o u 
b l e b o n d o f w h i c h is c o o r d i n a t e d to the i r i d i u m . T h i s i n t e r e s t i n g reac
t i on was d i s c o v e r e d i n d e p e n d e n t l y b y V r i e z e ' s g r o u p (15). H o w 
eve r these wo rke r s h a d u s e d r e f l u x i n g c ond i t i ons a n d th is h a d l e d 
to loss o f H 2 a n d f o rmat ion o f f our - coo rd ina te i r i d i u m ( I ) spec i e s 

I r C l [ P ( C e H 9 ) C y 2 ] ( P C y 3 ) as a m i x t u r e o f i somers w i t h 4.5- a n d 5.5-
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m e m b e r e d r i n g s . T r e a t m e n t o f th i s m i x t u r e w i t h H 2 gave the t w o 
5 . 5 - m e m b e r e d - r i n g c i s - d i h y d r i d e s s h o w n i n C o m p l e x 12, as w e l l as a 
d i h y d r i d e o f a 4 . 5 - m e m b e r e d ring. O u r spec t r o s cop i c da ta for C o m p l e x 
12 are i n e x c e l l e n t a g r e emen t w i t h the i r s ; the P -31 is w e l l - r e s o l v e d at 
20°C, whe r eas the D u t c h wo rke r s o b t a i n e d a m o r e c o m p l e x r eac t i on 
m i x t u r e w h i c h r e q u i r e d l o w e r t empera tures for r e so lu t i on . W e also 
w e r e a b l e to o b t a i n the h i g h - f i e l d b u t p o o r l y r e s o l v e d τ v a lue s at 20 .5 
a n d 33.2 for the d o m i n a n t i s omer o f C o m p l e x 12 (80%), a n d at 17.2 
a n d 35 .3 for the o ther i s omer (20%), the h i g h e r τ v a l u e i n e a c h case 
p r o b a b l y r e f e r r i n g to the h y d r i d e w h i c h is trans to c h l o r i d e . C r a b t r e e 
et a l . (35) have r e p o r t e d r e c e n t l y o n d e h y d r o g e n a t i o n o f c y c l o a l k a n e s 
u s i n g c a t i on i c i r i d i u m c o m p l e x e s c o n t a i n i n g t r i p h e n y l p h o s p h i n e . 

T h e r e is no hydrogénation o f the d o u b l e b o n d i n C o m p l e x 12 
(the reverse o f i ts synthes is ) u s i n g a n H 2 a tmosphe re u p to 80°C, 
a l t h o u g h s u c h hydrogénation is w e l l d o c u m e n t e d for u n s a t u r a t e d 
p h o s p h i n e s s u c h as o - v i n y l p h e n y l d i p h e n y l p h o s p h i n e w h e n c o o r d i 
n a t e d at r h o d i u m (36). D i h y d r o g e n transfer w i t h i n spec i es s u c h as 
[ H 2 I r ( d i e n e ) ( P P h 3 ) 2 ] + has b e e n d e m o n s t r a t e d (37), b u t here b o t h hy 
drogens are c is to a c o o r d i n a t e d o l e f i n i c b o n d , whe r eas i n C o m p l e x 12, 
one h y d r o g e n is trans. Fo r a n o v e r a l l c i s - a d d i t i o n o f hyd rog ens to a n 
o l e f in w i t h i n a n o c t ahed ra l o l e f i n - d i h y d r i d e i n t e r m e d i a t e , i t is not 
necessary to h a v e b o t h h y d r o g e n s c is to the o l e f in . T h e h y d r o g e n s are 
t rans f e r red succ e s s i v e l y a n d i t is c l e a r i n some cases that a n i s o m e r i z a 
t i on w i t h i n a n a l k y l - h y d r i d e i n t e r m e d i a t e is necessary to y i e l d a 
spec i es w i t h c i s - d i s p o s e d a l k y l a n d h y d r i d e l i g a n d s p r i o r to r e d u c t i v e 
e l i m i n a t i o n o f sa tura ted p r o d u c t (38). It is p o s s i b l e that a n y s u c h 
i s o m e r i z a t i o n p a t h w a y f o l l o w i n g a n i n i t i a l l y f o r m e d h y d r i d o a l k y l f r om 
C o m p l e x 12 is d i f f i cu l t . 

T h e I r C l ( P C y 3 ) 2 m o i e t y c o u l d b e s t a b i l i z e d i n the s o l i d state b y 
i so l a t i on as the b e n z o n i t r i l e c o m p l e x I r C l ( C e H 5 C N ) ( P C y 3 ) 2 , C o m p l e x 
13, w h i c h was c h a r a c t e r i z e d b y m i c r o a n a l y s i s a n d IR , ^ ( coo rd ina t ed 
C N ) 2 2 5 0 c m " 1 . N o i n t r a m o l e c u l a r d e h y d r o g e n a t i o n is apparen t , a l 
t h o u g h the n i t r i l e r e a d i l y d issoc iates i n s o lu t i on a n d C o m p l e x 12 is 
d e t e c t e d b y N M R . 
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9. J A M E S E T A L . Tricyclohexylphosphine Complexes 153 

R e v e r s i b l e S p l i t t i n g o f Wa te r : H I r ( O H ) C l ( C H 3 C N ) ( P C y 3 ) 2 a n d 
I r C l ( 0 2 ) ( P C y 3 ) 2 . W h i l e a t t e m p t i n g to s yn thes i z e I r C l ( C H 3 C N ) ( P C y 3 ) 2 

f r om the c y c l o o c t e n e p recurso r , w e i n a d v e r t e n t l y i s o l a t ed a w h i t e s o l i d 
that appears to b e H I r ( O H ) C l ( C H 3 C N ) ( P C y 3 ) 2 , C o m p l e x 14. T h e 
*>(CN) is f o u n d at 2282 c m " 1 a n d a s t rong , sha rp p eak at 3 4 9 0 c m " 1 

w i t h no a c c o m p a n y i n g b a n d a r o u n d 1630 c m " 1 is a t t r i b u t e d to c o o r d i 
n a t e d h y d r o x i d e rather t h a n to water . A 2 9 0 - c m " 1 b a n d is a t t r i b u t e d to 
*>(Ir-Cl). A h y d r i d e b a n d is not o b s e r v e d i n the I R b e c a u s e i t is 
e i ther too w e a k or o b s c u r e d b y the y (CN ) . H o w e v e r h i g h - f i e l d H - l 
N M R m e a s u r e d i m m e d i a t e l y o n d i s s o l u t i o n i n C 6 D e s ome t imes shows 
a resonance at r34 .3 that r a p i d l y decays w i t h the appea rance o f others 
at τ v a lue s o f 19.8 a n d 31 .5 , a t t r i bu tab l e to C o m p l e x 12, w h o s e fo rma
t i on a lso was c o n f i r m e d b y P-31 N M R . O n d i s s o lu t i on i n C H 2 C 1 2 , 
C o m p l e x 14 a lso y i e l d s s t o i c h i o m e t r i c a m o u n t s o f C H 3 C N a n d H 2 0 , 
as e v i d e n c e d b y gas c h r o m a t o g r a p h y . R e a c t i o n 2 s u m m a r i z e s the 
r e v e r s i b l e f o rmat ion o f C o m p l e x 14, w h i c h is t hough t to b e p ro 
d u c e d b y o x i d a t i v e a d d i t i o n o f t race wa t e r to a n i n s i tu I r C l ( P C y 3 ) 2 

spec i e s . 

H I r ( O H ) C l ( C H 3 C N ) ( P C y 3 ) 2 ^ H 2 0 + C H 3 C N + I r C l ( P C y 3 ) 2 

14 (2) 

H 2 I r C l [ P ( C e H 9 ) C y 2 ] ( P C y 3 ) 
12 

S u c h o x i d a t i v e a d d i t i o n o f wa t e r to p l a t i n u m ( O ) a n d r h o d i u m ( I ) phos 
p h i n e c o m p l e x e s , i n c l u d i n g c y c l o h e x y l p h o s p h i n e de r i va t i v e s , has 
b e e n d e m o n s t r a t e d b y O t s u k a a n d co -worke rs (16, 39, 40) a n d some o f 
the sys t ems have i n v o l v e d t race wa t e r i n c a r e f u l l y d r i e d so lvents (16). 

O n e d i s t u r b i n g r e su l t c o n c e r n i n g o u r f o r m u l a t i o n o f C o m p l e x 14, 
h o w e v e r , is that the use o f C H 3 C N d o p e d w i t h D 2 0 aga in g i ves the 
h y d r o x o p r o d u c t w i t h o u t a n y i n co rpo ra t i on o f d e u t e r i u m i n the l i g a n d 
w h i c h is t hough t to b e d e r i v e d f r om the H 2 0 s p l i t t i n g ! T h e r e c o u l d b e 
e x c h a n g e w i t h the P C y 3 l i g a n d s , a l t h o u g h i t is d i f f i cu l t to d i s c e r n a n y 
isotope shi fts i n the IR . W h e t h e r an I r - H or I r - D b o n d is p resent is 
m o r e e q u i v o c a l b e c a u s e o f the n o n a p p e a r a n c e o f i>(Ir-H) i n the I R a n d 
the u n c e r t a i n t y o f its d e t e c t i on b y N M R . E x c h a n g e v i a c a t i on i c spec i es 
s u c h as [ H I r C l ( C H 3 C N ) ( P C y 3 ) 2 ] + O H " , i n v o l v i n g C - H c l eavage i n the 
a c e t o n i t r i l e (41), is a p o s s i b i l i t y . F u r t h e r w o r k is n e e d e d to c la r i f y th i s 
p r o b l e m . T h e f o rmat i on o f H 2 0 a n d C H 3 C N o n d i s s o lu t i on o f C o m p l e x 
14 argues s t rong l y for the sugges t ed f o r m u l a t i o n . 

F u r t h e r i n d i r e c t e v i d e n c e for f o rmat i on o f C o m p l e x 14 v i a 
I r C l ( P C y 3 ) 2 a n d R e a c t i o n 2 is the i so l a t i on o f the p u r p l e d i o x y g e n a d 
d u c t I r C l ( 0 2 ) ( P C y 3 ) 2 , C o m p l e x 15, i n h i g h y i e l d b y t r ea tment o f C o m -
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154 M E T A L P H O S P H I N E C O M P L E X E S 

p l e x 14 w i t h 0 2 . O n d i s so lu t i on i n C H 2 C 1 2 , the w h i t e s o l i d C o m p l e x 14 
y i e l d s a n o range s o lu t i on ( i n s i tu I r C l ( P C y 3 ) 2 ) that u n d e r 0 2 r a p i d l y 
adopts the p u r p l e c o l o r o f the d i o x y g e n c o m p l e x (1.0 m o l 0 2 is ab
s o r b e d pe r m o l e o f i r i d i u m . ) T h e v(0-0) at 9 4 0 c m " 1 is u n u s u a l l y h i g h 
for a G r o u p V I I I m e t a l p e roxo spec i es (42), b u t the r h o d i u m a n a l o g u e 
R h C l ( 0 2 ) ( P C y 3 ) 2 shows th is b a n d at the e v e n h i g h e r f r e quency o f 9 9 3 
c m " 1 . T h i s was r a t i o n a l i z e d o n the bas is o f v e r y w e a k π-back-bonding 
( R h - O ) w i t h i n a m o n o m e r i c , s qua r e -p l ana r s t ruc ture c o n t a i n i n g s ide -
o n c o o r d i n a t e d d i o x y g e n (12). T h e s i n g l e i>(Ir-Cl) at 3 4 0 c m " 1 (cf. at 
328 c m " 1 for the r h o d i u m c o m p l e x ) is cons is tent w i t h the m o n o m e r i c 
f o r m u l a t i o n , a l t h o u g h w e canno t r u l e ou t e n t i r e l y a d i m e r i c f o r m u l a 
t i on c o n t a i n i n g b r i d g i n g d i o x y g e n mo i e t i e s , as f o u n d for 
[ R h C l ( 0 2 ) ( P P h 3 ) 2 ] 2 (43). W e have not b e e n ab l e to get N M R data for 
C o m p l e x 15 b e cause o f l i m i t e d s o l u b i l i t y i n so lvents a n d a r a p i d de 
c o m p o s i t i o n o f s u c h so lut ions to g i v e p h o s p h i n e o x i d e , Spec i e s 12 ( v ia 
I r C l ( P C y 3 ) 2 ) , a n d o ther u n i d e n t i f i e d p r oduc t s . 

C l Ρ 

\ / 

/ x II 
p ο 

15 

T h e d i o x y g e n c o m p l e x shows o x y g e n transfer react ions charac 
t e r i s t i c o f spec i es c o n t a i n i n g c o o r d i n a t e d p e r o x i d e (42), a n d , for e x a m 
p l e , w e h a v e i s o l a t ed a su l fa to c o m p l e x f r om the r eac t i on w i t h S 0 2 a n d 
a ca rbonato c o m p l e x f r om a r eac t i on w i t h C 0 2 i n the p resence o f excess 
p h o s p h i n e , a n d w e have d e t e c t e d a pe roxyca rbona to spec i es f r om the 
r eac t i on w i t h C 0 2 (44). A r eac t i on w i t h H 2 s i m p l y r ep laces the 0 2 to 
y i e l d H 2 I r C l ( P C y 3 ) 2 , C o m p l e x 7 (44). 

T h e d i o x y g e n c o m p l e x is l i g h t sens i t i ve , b u t i t is o the rw i se s tab le 
i n a i r . T h e 0 2 is not r e m o v e d o n p u m p i n g a n d th is adds fur ther i n d i 
r ec t s u p p o r t (45) aga ins t a w i d e l y a c c e p t e d c o r r e l a t i on b e t w e e n O - O 
b o n d s t reng th ( and l ength ) a n d 0 2 l a b i l i t y (46). T h e h i g h y ( O - O ) v a l u e 
c o u l d be a t t r i b u t e d to a w e a k m e t a l - o x y g e n in t e rac t i on a n d a l a b i l e 0 2 

m o i e t y (46), b u t s u c h r e a s o n i n g is b a s e d o n the i nco r r e c t a s s u m p t i o n 
that y ( O - O ) is a p u r e m o d e (45). T h e s o l i d state, l i gh t - s ens i t i v e reac
t i on ( sun l i gh t , 2 - 3 days ) , w h i c h resu l t s i n a c o l o r c h a n g e f r om p u r p l e 
to b r o w n , is a c c o m p a n i e d b y a dec rease i n i n t ens i t y o f the 9 4 0 - c m " 1 

b a n d a n d the appea rance o f b a n d s w i t h i n c r e a s i n g i n t ens i t y at 1135 
c m " 1 , a l m o s t c e r t a i n l y d u e to p h o s p h i n e o x i d e (24) a n d 7 8 0 c m " 1 . T h e 
la t ter c o u l d p o s s i b l y b e a n I r = Ο s t r e t ch (47). Reac t i ons s h o w n i n 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

01
96

.c
h0

09



9. J A M E S E T A L . Tricyclohexylphosphine Complexes 155 

E q u a t i o n 3 are i n d i c a t e d a n d are ana l ogous to the one r e p o r t e d re 
c e n t l y b y L e d o n et a l . for a m o l y b d e n u m p o r p h y r i n s y s t e m (see R e a c 
t i on 4) (48, 49). 

I r C l ( 0 2 ) ( P C y 3 ) 2 Ο = I r C l ( P C y 3 ) ( O P C y 3 ) or I r C l ( O P C y 3 ) 2 (3) 

ο—ο ο ο ο 
W

 h W pph I I 

(porp) M o (porp) M o (porp) M o ( O P P h 3 ) (4) 

° - o 
S u c h react ions are i n t e r e s t i n g as m o d e l s for o x y g e n a t o m transfer i n 
m e c h a n i s m s o f d i o x y g e n ac t i va t i on b y c y t o c h r o m e P 4 5 0 e n z y m e sys
t ems (49, 50 , 51). 

A t t e m p t s to s yn thes i z e C o m p l e x 15 b y r e a c t i n g 0 2 w i t h e i the r i n 
s i tu [ I r C l ( C O T ) 2 ] 2 / P C y 3 sys tems or I r C l ( C e H 5 C N ) ( P C y 3 ) 2 gave v e r y 
l o w y i e l d s . 

R h o d i u m C o m p l e x e s . T h e c o m p l e x e s H R h C l 2 ( P C y 3 ) 2 , C o m p l e x 
16, a n d trans- R h C l ( C O ) ( P C y 3 ) 2 are m a d e r e a d i l y v i a s ing le -s tage 
syntheses i n v o l v i n g so lut ions o f R h C l 3 · 3 H 2 0 a n d P C y 3 . T h e h y d r i d e 
was o b t a i n e d p r e v i o u s l y b y a d d i n g H C l to the i s o l a t ed R h C l ( P C y 3 ) 2 

c o m p l e x (13). T h e p resence o f the h y d r i d e h a d b e e n i n f e r r e d , a l t h o u g h 
w e d e t e c t e d th is i n the I R a n d i n the N M R . T h e d o u b l e t o f t r i p l e t s 
o b s e r v e d i n the N M R toge ther w i t h the s i n g l e y ( R h - C l ) is cons is tent 
w i t h the square p y r a m i d a l s t e r eochemis t r y (cf. C o m p l e x 3) o r i g i n a l l y 
f o r m u l a t e d (13). T h e h y d r i d e is pho tosens i t i v e , b e i n g c o n v e r t e d to the 
w e l l - c h a r a c t e r i z e d , s qua re -p l ana r , g r een r h o d i u m ( I I ) spec i es , trans-
R h C l 2 ( P C y 3 ) 2 (13). T h e synthes is o f R h C l ( C O ) ( P C y 3 ) 2 is m o r e c o n v e 
n i e n t t h a n that d e s c r i b e d i n the l i t e ra ture (4), a n d o u r spe c t r o s cop i c 
da ta are the same as those p r e v i o u s l y r e p o r t e d (4, i 5 ) . A s e c o n d c onve 
n i e n t synthes is f r om C H ^ W m e t h a n o l so lut ions o f [ R h C l ( C O D ) ] 2 a n d 
P C y 3 m u s t i n v o l v e a base ( p h o s p h i n e ) - p r o m o t e d c a r b o n y l abs t rac t i on 
r eac t i on , s ince i n the absence o f the m e t h a n o l a s i m p l e b r i d g e - s p l i t t i n g 
r eac t i on resu l ts i n the f o rmat i on o f R h C l ( C O D ) ( P C y 3 ) , C o m p l e x 17. 
T h i s C O D c o m p l e x has b e e n s y n t h e s i z e d p r e v i o u s l y b u t s p e c t r o s c o p i c 
data w e r e not r e p o r t e d (52). 

F o r m i n g H 2 R h C l ( P C y 3 ) 2 f r om Rh ( I ) /PCy 3 so lu t ions u n d e r H 2 is 
w e l l d o c u m e n t e d ( 5 , 1 3 , 15), a n d V r i e z e et a l . (15) a lso have n o t e d its 
f o rmat ion i n the absence o f H 2 t oge ther w i t h the d e h y d r o g e n a t e d 

spec i e s R h C l [ P ( C 6 H 9 ) C y 2 ] ( P C y 3 ) c o n t a i n i n g a 4 . 5 - m e m b e r e d r i n g (cf. 
S t ruc tu r e 12). W e find that t o l u e n e so lut ions o f [ R h C l ( C O T ) 2 ] 2 w i t h 
P C y 3 at 20°C u n d e r a rgon a lso y i e l d s ome o f the m o n o h y d r i d e 
H R h C l 2 ( P C y 3 ) 2 . 
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F o r m a t i o n o f C a r b o n D i o x i d e C o m p l e x e s . A s m e n t i o n e d i n the 
i n t r o d u c t i o n , o u r i n i t i a l in teres t i n s y n t h e s i z i n g the P C y 3 c o m p l e x e s 
was i n the i r p o t e n t i a l for b i n d i n g C 0 2 . H o w e v e r , e x cep t for the fo rma
t i on o f p e roxyca rbona t e a n d carbonato c o m p l e x e s f r om I r C l ( 0 2 ) ( P C y 3 ) 2 
(44), w h i c h is w e l l - e s t a b l i s h e d c h e m i s t r y for some p l a t i n u m m e t a l 
p e r o x i d e c o m p l e x e s (42) (but , to o u r k n o w l e d g e , not w i t h P C y 3 sys
tems) , w e have not b e e n a b l e to i so la te a n y C 0 2 c o m p l e x e s or e v e n 
carbonate or b i c a r b o n a t e spec i es w h i c h are f o r m e d some t imes i n the 
p resence o f adv en t i t i ous wa t e r (16). 

W e w e r e h o p e f u l w h e n t o l u e n e so lut ions o f the [ M C l ( C O T ) 2 ] 2 

c o m p l e x e s ( M = R h a n d Ir), i n the presence o f P C y 3 at 25°C u n d e r 1 
a tm C 0 2 ( p h o s p h i n e : d i m e r = 4) a b s o r b e d 1 m o l C 0 2 p e r m e t a l a tom. 
T h e r h o d i u m s o l u t i o n , for e x a m p l e , c h a n g e d g r a d u a l l y f r om y e l l o w to 
r e d a n d , i n the constant p ressure appara tus u s e d , the m e a s u r e d gas 
u p t a k e a n a l y z e d e x c e l l e n t l y for the pseudo- f i rs t -order rate l a w Zc[Rh], 
w i t h k = 9.3 x 1 0 ~ 4 s _ 1 . H o w e v e r , s u c h C 0 2 u p t a k e was o b s e r v e d i n 
o n l y five e x p e r i m e n t s ; t w e n t y others r e v e a l e d no r e a c t i v i t y wha t 
soever ! T h e reasons for the i r r e p r o d u c i b i l i t y have not b e e n t r a c e d ; 
wa t e r con ten t a n d v i s i b l e l i g h t are not p r o b l e m s . T h e sys tems c e r t a i n l y 
are c o m p l i c a t e d b y the " b l a n k " d e h y d r o g e n a t i o n react ions ( v ide 
supra ) . 

S p e c t r o s c o p i c ana lys i s o f the p r o d u c t s o b t a i n e d f r om the 
r h o d i u m / C 0 2 so lu t ions s h o w e d the p resence o f H R h C l 2 ( P C y 3 ) 2 

[ i> (Rh-H) 1943 c m " 1 , r 4 0 . 5 ] , its p h o t o d e c o m p o s i t i o n p r o d u c t , 
R h C l 2 ( P C y 3 ) 2 , a n d R h C l ( C O ) ( P C y 3 ) 2 [v(CO) 1942 c m " 1 ] . T h e h y d r i d e 
is f o r m e d i n the absence o f C 0 2 ( v ide supra ) , w h i l e the c a r b o n y l c o u l d 
b e f o r m e d b y Reac t i ons 5 (53, 54) or 6 (16). 

M ( P C y 3 ) + C 0 2 ^ M ( C O ) + O P C y 3 (5) 

H 2 M + C 0 2 ^ M ( C O ) + H 2 0 (6) 

(Reac t i on 6 has b e e n d o c u m e n t e d for H 2 R h ( 0 2 C O H ) ( P C y 3 ) 2 (16).) 
O t h e r I R b a n d s at 1580(s) a n d 1235(m) c m " 1 that r e su l t f r om the s o lu 
t i o n C 0 2 r eac t ions c o u l d ar ise f r om a C 0 2 c o m p l e x (54), a formate 
c o m p l e x f o r m e d v i a C 0 2 i nse r t i on i n t o R h - H (16), or e v e n a b i c a r b o 
nate f o r m e d v i a R e a c t i o n 7, w h i c h has b e e n d o c u m e n t e d a g a i n for a 
r h o d i u m / P C y 3 s y s t e m (16). 

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

T h e i r i d i u m / C 0 2 react ions gave p r o d u c t s i n c l u d i n g the d i h y d r i d e 
C o m p l e x 12 [ v ( I r -H ) 2210 , 2125 , r l 7 , r 35 ] a n d I r C l ( C O ) ( P C y 3 ) 2 

O ( C O ) 1930 c m " 1 ] . B a n d s at 1755(s) a n d 1235(w) c m " 1 are a s s i gned 
m o r e r e a d i l y to c o o r d i n a t e d C 0 2 (54, 55) t h a n formate or b i c a r b o n a t e 
(16). 
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9. JAMES E T A L . Tricyclohexylphosphine Complexes 157 

D u r i n g o u r f rus t ra t ing s tud i es o n the i n s i t u r h o d i u m / P C y 3 sys
t ems , a note a p p e a r e d d e s c r i b i n g i so la t i on o f R h C l ( C 0 2 ) ( P B u 3

n ) 2 f r om 
the r eac t i on o f C 0 2 w i t h i n s i tu [ R h C l ( C 2 H 4 ) 2 ] 2 / P B u 3

n so lut ions (54). 
F e w de ta i l s w e r e r e p o r t e d b u t w e f o u n d no e v i d e n c e for a n y r eac t i on 
o f [ R h C l ( o l e f i n ) 2 ] 2 / P B u 3

n so lu t ions w i t h 1 a tm C 0 2 at 20°C 
(o le f in = C 2 H 4 , C O T ) ; for e x a m p l e , w i t h [ R h C l ( C 2 H 4 ) 2 ] 2 / 4 P B u 3

n u n d e r 
C 0 2 , 2.0 m o l C 2 H 4 are e v o l v e d r a p i d l y p e r m o l e o f r h o d i u m a n d there 
is no s u b s e q u e n t C 0 2 abso rp t i on o v e r severa l hours . 

T h e s t u d y o f C 0 2 c o m p l e x e s o f p l a t i n u m m e t a l c o m p l e x e s re
m a i n s a n e n i g m a , at l east i n o u r h a n d s . 

Experimental 

General . D r i e d , degassed reagent-grade solvents were used throughout, 
and dma was puri f ied as described previously (56). Complexes were made 
under inert atmospheres using Schlenk-tube techniques and were washed 
w i th C 2 H 5 O H / H 2 O / C 2 H 5 O H / hexane before dry ing unless stated otherwise. 
Microanalyses were done by P. Borda of the chemistry department of the 
Univers i ty of Br i t ish Co lumb ia . The constant-pressure apparatus used for 
measuring rates and stoichiometries of gas absorption or evolution has been 
described elsewhere (56). 

Tr icyclohexylphosphine was obtained from Strem Chemicals . 
Ruthenium, rhodium, and i r i d ium trichlorides were obtained as trihydrates 
from Johnson, Matthey L im i t ed . I r id ium tetrachloride was obtained from 
P lat inum Chemicals . The precursor complexes [ R h C l ( C O D ) ] 2 (57), 
[RhC l (COT ) 2 ] 2 (58), [RhCl (C 2 H4) 2 ] 2 (59), [ I rC l (COD) ] 2 (14), and [ H I r C l 2 -
( C O D ) ] 2 (31) were made according to the literature procedures. 

Ruthen ium Complexes. C A R B O N Y L C H L O R O H Y D R I D O B I S ( T R I C Y C L O -
HEXYLPHOSPHINE )RUTHENIUM( I I ) , HRuC l (CO ) ( PCy 3 ) 2 , C O M P L E X 1. Ethano l 
solutions of R u C l 3 · 3 H 2 0 (0.2 g i n 7 mL ) and N a B H 4 (0.15 g i n 7 mL ) were 
added qu ick ly and successively to a stirring, bo i l ing ethanol solution of 
P C y 3 (1.1 g i n 40 mL) . Refluxing for 10 m in precipitated a mustard-colored 
powder (75%). We found: carbon, 60.8; hydrogen, 9.0. 0 3 7 Η β 7 Ο Ο ΐ Ρ ^ re
quires carbon, 61.2; hydrogen, 9.3. 

T R I C A R B O N Y L B I S ( T R I C Y C L O H E X Y L P H O S P H I N E ) R U T H E N I U M ( O ) , R u ( C O ) 3 -
(PCy 3 ) 2 , C O M P L E X 2. Solutions of R u C l 3 · 3 H 2 0 (0.07 g in 5 m L 2-methoxy-
ethanol), H C H O (5 m L , 4 0 % aqueous), and N a B H 4 (0.05 g in 5 m L 
2-methoxyethanol) were added quick ly and successively to a stirring, bo i l ing 
2-methoxyethanol solution of P C y 3 (0.4 g in 15 mL ) . Refluxing for 30 m i n 
y i e lded pale ye l low microcrystals (30%). We found: carbon, 62.2; hydrogen, 
8.4. C 3 9 H e e 0 3 P 2 R u requires carbon, 62.8; hydrogen, 8.8. 

I r i d ium Complexes. D I C H L O R O H Y D R I D O B I S ( T R I C Y C L O H E X Y L P H O S -
PHINE) IRIDIUM(I I I ) , H I r C l 2 ( P C y 3 ) 2 , C O M P L E X 3. (a) A solution of I r C l 4 i n 
2-methoxyethanol (0.1 g in 5 mL ) was added quick ly to a stirring, bo i l ing 
2-methoxyethanol solution of P C y 3 (0.4 g in 15 mL ) to y i e ld rose-colored 
crystals (80%). We found: carbon, 52.3; hydrogen, 8.3. C 3 e He7C l 2 P 2 I r re
quires carbon, 52.4; hydrogen, 8.2. (b) Tr icyclohexylphosphine (0.3 g) and 
[ I rC l (COT) 2 ] 2 (0.22 g) were dissolved in 5 m L toluene to give an orange 
solution through wh i ch H C l gas was bubbled ; the solution immediate ly 
turned red and then ye l low, but on standing the red color returned. We 
concentrated the solution and added hexane to induced crystall ization of the 
product (65%). 
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158 M E T A L P H O S P H I N E C O M P L E X E S 

D I C H L O R O ( N , N ' - D I M E T H Y L A C E T A M I D E ) H Y D R I D O B I S ( T R I C Y C L O H E X Y L -
PHOSPHINE) IRIDIUM(I I I ) , HIrClz iPCyaWdma) , C O M P L E X 4. The dma · H C l 
adduct was prepared as a white sol id by bubb l ing H C l gas through dma. Th is 
adduct (0.1 g) was added to a solution of P C y 3 (0.3 g) and [ I rC l (COT ) 2 ] 2 

(0.15 g) i n 6 m L toluene/dma (2:1 v/v). The ye l low product precipitated for 
more than 16 h ; this was washed w i th toluene and hexane (95%). We found: 
carbon, 54.5; hydrogen, 8.4; nitrogen, 1.9. C 4 o H 7 e O N C l 2 P 2 I r requires carbon, 
54.9; hydrogen, 8.7; nitrogen, 1.6. Dissolution of this hydr ide i n C H 2 C 1 2 or 
benzene yields the rose color of Complex 3, wh i ch is isolated readily by 
adding hexane. 

C A R B O N Y L D I C H L O R O H Y D R I D O B I S ( T R I C Y C L O H E X Y L P H O S P H I N E ) I R I D I U M 
(III), H l r C l ^ C O X P C y ^ , C O M P L E X 5. Carbon monoxide was bubb led through a 
C H 2 C 1 2 solution of Complex 3 or 4 (0.1 g i n 3 mL ) . The result ing pale 
ye l low solution was concentrated to an o i l to wh i ch hexane (3 mL ) then was 
added. The pale ye l low precipitate was washed l iberal ly w i th hexane (80%). 
We found: carbon, 52.3; hydrogen, 8.0. C 3 7H e 70C l 2 P 2 l r requires carbon, 52.1; 
hydrogen, 7.8. 

Trans - C A R B O N Y L C H L O R O B I S ( T R I C Y C L O H E X Y L P H O S P H I N E ) I R I D I U M (I), 
I rC l (CO) (PCy 3 ) 2 . So l id P C y 3 (0.2 g) and L I rC l (COT) 2 ] 2 (0.1 g) were placed 
under a C O atmosphere. The mixture turned blackish green, but when 10 m L 
toluene was added the stirred mixture became lighter and after 2 hr it prec ip i 
tated a ye l low sol id that was col lected and washed w i th ethanol (80%). We 
found: carbon, 54.2; hydrogen, 8.2. C 3 7 HeeOC lP 2 I r requires carbon, 54.4; hy
drogen, 8.2. 

CHLORO(1 ,5 -CYCLOOCTADIENE ) ( TR ICYCLOHEXYLPHOSPHINE ) IR ID IUM( I ) , 
I r C l ( C O D ) P C y 3 . The dimer [ H I r C l 2 ( C O D ) ] 2 (0.1 g) and P C y 3 (0.2 g) were 
stirred in 5 m L benzene for 2 h. The bright ye l low solution was concentrated 
and d ie thy l ether was added to induce crystall ization (65%). The same synthe
sis can be performed using [ I rC l (COD) ] 2 . We found: carbon, 50.8; hydrogen, 
7.5. C 2 e H 4 5 C l P I r requires carbon, 50.7; hydrogen, 7.4. 

CHLORODIHYDRIDOBIS (TR ICYCLOHEXYLPHOSPHINE ) IR ID IUM( I I I ) , H 2 I r -
C l ( P C y 3 ) 2 , C O M P L E X 7. This orange complex was prepared according to 
a literature procedure (15). We found: carbon, 54.9; hydrogen, 8.9. 
C 3 e H e 8 C l P 2 I r requires carbon, 54.7; hydrogen, 8.6. 

C A R B O N Y L C H L O R O D I H Y D R I D O B I S ( T R I C Y C L O H E X Y L P H O S P H I N E ) IR IDIUM -
(III), H 2 I rC l (CO ) (PCy 3 ) 2 , C O M P L E X 10. This complex was prepared from 
Complex 7 by the same procedure that 5 was prepared from 3. We 
found: carbon, 54.6; hydrogen, 8.3. C 3 7 H 6 8 0 C l P 2 I r requires carbon, 54.3; 
hydrogen, 8.4. 

C H L O R O D I H Y D R I D O [ D I C Y C L O H E X Y L ( C Y C L O H E X - 3 - E N Y L ) P H O S P H I N E ] 
Ι 1 

(TR ICYCLOHEXYLPHOSPHINE ) IR ID IUM( I I I ) , H 2 I rC l [P (C e He)Cy 2 ] ( PCy 3 ) , C O M 
P L E X 12. The dimer [ I rC l (COT) 2 ] 2 (0.15 g) and P C y 3 (0.3 g) were stirred 
together in 7 m L toluene for 12 h dur ing wh i ch t ime the solution turned from 
orange to ye l low. The solvent was removed and the resultant o i l was 
dissolved i n 10 m L hexane and refrigerated. The product wh i ch precipitated 
slowly as a pale ye l low crystall ine sol id, was filtered and washed w i th hexane 
(45%). We found: carbon, 55.0; hydrogen, 8.6. C 3 e H e e C l P 2 I r requires carbon, 
54.8; hydrogen, 8.4. 

B E N Z O N I T R I L E C H L O R O B I S ( T R I C Y C L O H E X Y L P H O S P H I N E ) I R I D I U M ( I ) , I r C l -
( C e H 5 C N ) ( P C y 3 ) 2 , C O M P L E X 13. Benzonitr i le (0.5 mL) was added to 5 m L 
toluene containing P C y 3 (0.28 g) and [ I rC l (COT) 2 ] 2 (0.15 g). There was an 
immediate color change from orange to yel low. The product precipitated as 
large pale ye l low crystals (70%) on reducing the vo lume and adding 5 m L 
hexane. We found: carbon, 60.2; hydrogen, 8.1; nitrogen, 1.6. The material 
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9. J A M E S E T A L . Tricyclohexylphosphine Complexes 159 

contains toluene that was not removed on pumping . The formula 
C 4 3 H 7 1 N C l P 2 I r plus 1 mo l toluene requires carbon, 61.1; hydrogen, 8.0; nitro
gen, 1.4. 

A C E T O N I T R I L E C H L O R O H Y D R I D O H Y D R O X O B I S ( T R I C Y C L O H E X Y L P H O S -
PHINE)IRIDIUM(I I I ) , H I r ( O H ) C l ( C H 3 C N ) ( P C y 3 ) 2 , C O M P L E X 14. Acetonitr i le 
(0.5 mL ) was added to 5 m L toluene containing P C y 3 (0.28 g) and [ I rCl-
(COT ) 2 ] 2 (0.15 g). The result ing ye l low solution was reduced to an o i l and 5 
m L hexane was added. Stirr ing the orange solution for 15 m i n yie lds a white 
sol id wh i ch was filtered and washed sparingly w i th hexane (80%). We found: 
carbon, 54.1; hydrogen, 8.5; nitrogen, 1.5; chlorine, 4.2. C 3 8 H 7 i O N C l P 2 I r 
requires carbon, 53.8; hydrogen, 8.5; nitrogen, 1.7; chlor ine, 4.2. 

CHLORO(PEROXO)B IS (TR ICYCLOHEXYLPHOSPHINE ) IR ID IUM( I I I ) , I r C l -
(0 2 ) (PCy 3 ) 2 , C O M P L E X 15. Complex 14 (0.3 g) was dissolved i n 7 m L C H 2 C 1 2 

under argon; admission of an 0 2 atmosphere resulted in a color change from 
orange to purple. Hexane (5 mL ) was added and the total vo lume was reduced 
to about 3 m L . The purple , light-sensitive compound that precipitated was 
washed w i th hexane and dr ied (80%). We found: carbon, 52.4; hydrogen, 8.1. 
C 3 eHee02ClP 2 Ir requires carbon, 52.4; hydrogen, 8.1. 

R h o d i u m Complexes . D I C H L O R O H Y D R I D O B I S ( T R I C Y C L O H E X Y L P H O S -
PHINE)RHODIUM( I I I ) , H R h C l z i P C y a k C O M P L E X 16. A n ethanol (or H 2 0 / 
acetone, 1:4 v/v) solution of R h C l 3 · 3 H 2 0 (0.07 g i n 5 mL) was added to a 
stirring, bo i l ing ethanol (or acetone) solution of P C y 3 (0.7 g in 20 mL ) ; l ight-
sensitive, red microcrystals are formed (80%). We found: carbon, 58.7; 
hydrogen, 9.1. C 3 e H e 7 C l 2 P 2 R h requires carbon, 58.8; hydrogen, 9.1. 

T raM5-CARBONYLCHLOROBIS (TR ICYCLOHEXYLPHOSPHINE )RHODIUM( I ) , 
RhC l (CO) (PCy 3 ) 2 . (a) Solutions of R h C l 3 · 3 H 2 0 (0.3 g i n 10 m L ethanol), 
H C H O (5 m L , 40% aqueous), and N a B H 4 (0.1 g in 10 m L ethanol) were added 
rapidly and successively to a stirring, bo i l ing ethanol solution of P C y 3 (1.4 g i n 
40 mL ) to give the ye l low crystall ine product (70%). We found: carbon, 60.5; 
hydrogen, 9.1. C 3 7 H e e O C l P 2 R h requires carbon, 61.1; hydrogen, 9.2. (b) 
Tr icyclohexylphosphine (1.6 g) and [ R h C l ( C O D ) ] 2 (0.2 g) were stirred in 4 
m L CH 2 C1 2 /10 m L M e O H and the solution then was reduced i n volume. The 
product (85%) precipitated on adding d ie thy l ether. 

CHLORO(1 ,5 - C Y C L O O C T A D I E N E ) ( T R I C Y C L O H E X Y L P H O S P H I N E ) R H O D I U M -
(I), R h C l ( C O D ) ( P C y 3 ) , C O M P L E X 17. The dimer [ R h C l ( C O D ) ] 2 (0.2 g) and 
P C y 3 (1.6 g) were stirred in 10 m L C H 2 C 1 2 for 10 m in . The volume was 
reduced and d iethy l ether was added to induce crystall ization of the ye l low 
product. We found: carbon, 59.5; hydrogen, 8.4. C 2 e H 4 5 C l P R h requires 
carbon, 59.3; hydrogen, 8.6. 

Concluding Remarks 

A l t h o u g h o u r o r i g i n a l ob j e c t i v e to d i s c o v e r p l a t i n u m m e t a l sys
t ems that b i n d a n d ac t i va te C 0 2 has not b e e n a t t a i n ed , w e f e e l that 
some s i gn i f i cant c h e m i s t r y has b e e n r e a l i z e d . T h e d e h y d r o g e n a t i o n o f 
the c y c l o h e x y l g r o u p is i n t e r e s t i n g i n t e rms o f C - H ac t i va t i on . O x i d a 
t i v e a d d i t i o n o f wa t e r at a t r ans i t i on -me ta l c en te r is l i k e l y to b e a n 
i m p o r t a n t s tep i n a range o f c a t a l y t i c processes i n v o l v i n g gas m o l e 
cu l e s , p a r t i c u l a r l y C 0 2 a n d C O , a n d the i so l a t i on o f the d i o x y g e n c o m 
p l e x c o u p l e d w i t h i ts p h o t o a c t i v i t y c o u l d b e r e l e v a n t for ca ta l y t i c 
oxygenat ions . 
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10 
Phosphido-Bridged Iron Group 
Clusters 

ARTHUR J. CARTY 

Guelph-Waterloo Centre for Graduate Work in Chemistry, Waterloo Campus, 
University of Waterloo, Waterloo, Ontario, N2L 3G1 Canada 

The synthesis, structural chemistry, and reactivity of 
some iron group phosphido-bridged carbonyl clusters 
containing μ2- and μ3-bound acetylides are described. 
Phosphinoacetylenes Ph2PC ≡CR (R = Ph, But, Pri), in 
reactions with Fe2(CO)9 or M3(CO)12 (M = Ru and Os) 
are useful precursors for clusters with bridging PPh2 and 
- C ≡CR groups. Open M3(CO)9(C ≡CR)(PPh2) (M = 
Ru, Os; R = Pri, But) and closed Ru3(CO)8(C ≡CR)(PPh2) 
clusters with μ3-C ≡CR groups and phosphido bridges 
have been characterized. Dimers Ru2(CO)6(C ≡CR)-
(PPh2) (R = Ph, But and Pri) and Ru2(CO)5(C ≡CPri)-
(PPh2)(Ph2PC ≡CPri) with μ2-η2-acetylides as well 
as trimeric Ru3(CO)6(C ≡CR)2(PPh2)2(Ph2PC ≡CR) 
(R = But and Pri) having symmetrical μ2- and edge
-bridging μ2-η2-acetylides are described. Tetranuclear 
Ru4(CO)10(C = CHPri)(OH)(PPh2) has μ4-vinylidene and 
μ3-hydroxo groups while Os3(CO)9(COOEt)(OH)(Ph2-
PC ≡CPri) contains μ2-hydroxo and μ2-ester groups. 
Trends in P-31 NMR shifts for bridging PPh2 groups are 
discussed. The unusual reactivity of μ2-η2-acetylides 
towards uncharged carbon nucleophiles (carbenes and 
isonitriles) is described. 

T he phosphido group PR 2 long has been recognized as an excellent 
bridging ligand and a large number of phosphido-bridged transi

tion metal complexes are now known. The early synthetic work of 
Hayter (I) and the structural studies of Dahl and co-workers (2) are 
perhaps particularly noteworthy in the context of phosphido-group 
coordination chemistry. Recently attention has begun to focus on the 

0065-2393/82/0196-0163$07.50/0 
© 1982 American Chemical Society 
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p o t e n t i a l o f the P R 2 l i g a n d as a b u i l d i n g b l o c k for m e t a l c lus te rs (3) a n d 
o n the u t i l i t y o f p h o s p h i d o - b r i d g e d c o m p l e x e s i n h o m o g e n e o u s 
ca ta lys is . 

Some Useful Characteristics of the Phosphido Bridge 

A s i l l u s t r a t e d i n T a b l e I, the P R 2 ( and A s R 2 ) g r o u p is a one-
e l e c t r o n l i g a n d w h e n b o n d e d t e r m i n a l l y a n d a 3 - e l e c t ron donor w h e n 
b r i d g i n g . T h e s e e l e c t r o n i c charac te r i s t i cs have b e e n advantageous i n 
s y n t h e s i z i n g m i x e d - h o m o n u c l e a r a n d -he t e ronuc l ea r c o m p l e x e s e a r l i e r 
b y H a i n e s (4) a n d m o r e r e c en t l y i n a w i d e r contex t b y V a h r e n k a m p 
a n d co -worke rs (5). T h e P R 2 b r i d g e is a lso a flexible ye t s tab le en t i t y 
c a p a b l e o f s u p p o r t i n g a w i d e range o f b o n d i n g a n d n o n b o n d i n g 
m e t a l - m e t a l d is tances . T h u s i n the b i n u c l e a r m o l e c u l e 
F e 2 ( C O ) e ( P P h 2 ) 2 the F e - F e b o n d o f l e n g t h 2.623(2) À is s u p p o r t e d b y 
p h o s p h i d o b r i d g e s w i t h F e - P - F e ang les o f 72.0° ave . (6). H o w e v e r i n 
the d i a n i o n [ F e 2 ( C O ) e ( P P h 2 ) 2 ] 2 - the F e — F e d i s tance (3.630(3) À ) is 
n o n b o n d i n g a n d the F e - P - F e b r i d g e ang l e has o p e n e d to 105.5(1)°. A s 
another e x a m p l e o f p h o s p h i d o - b r i d g e ve r sa t i l i t y , the t r i n u c l e a r c lu s t e r 

T a b l e I. Cha rac t e r i s t i c s o f the P h o s p h i d o B r i d g e 

1. : P R 2 one - e l e c t r on donor w h e n t e r m i n a l 
th r e e - e l e c t r on donor w h e n b r i d g i n g 

R R 
\ / 

Ρ 
/ \ 

2. Fo r M M the s t e r eochemis t r y at p h o s p h o r u s is a d i s t o r t ed 
t e t r ahedra l . 

3 . T h e b r i d g e is e x t r e m e l y flexible. 
Ρ 

/ \ 
M M ang l es c a n va r y f r om ~70° to ~106° for first-row t rans i 
t i o n me ta l s . Va lues above the t e t r ahed ra l v a l u e are p o s s i b l e , es
p e c i a l l y w h e n o n l y a s i ng l e P R 2 b r i d g e is present . 
E x a m p l e s . 

F e 2 ( C O ) e ( P P h 2 ) 2 (6); F e ( l ) - F e ( 2 ) 2.623(3) A ; * F e ( l ) - P - F e ( 2 ) 
72.0(1)°. 

[ F e 2 ( C O ) e ( P P h 2 ) 2 ] 2 - (6) ; F e ( l ) — F e ( 2 ) 3.630(3) A ; ^ F e ( l ) - P -
Fe (2 ) 105.5(1)°. 

F e 3 ( C O ) J P h 2 P C 4 ( C F 3 ) 2 ] ( P P h 2 ) (7) ; F e ( l ) - F e ( 2 ) 3 .59 A ; 
* F e ( l ) - P ( l ) - F e ( 2 ) 98.0(1)°. 

F e 3 ( C O ) 7 [ P h 2 P C 4 ( C F 3 ) 2 ] ( P P h 2 ) (8); F e ( l ) - F e ( 2 ) 2.665(8) A ; 
F e ( l ) - P ( l ) - F e ( 2 ) 73.3(2)°. 

4. T h e P R 2 b r i d g e s are s tab le . T h e r e is p r e f e r en t i a l r e a c t i v i t y at o ther 
s i tes. 
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Scheme I. Phosphido-bridged complexes: reactivity at other sites. 

A . 
(0C),Fe^— 

Ref. 10 

Ue-C,H.) (/-C.H.) 

(NH4PF.) 

Me-

Me 
e 

Me 

PF. 

M e . N ^ P h 

(OOjFe^-^FetCO), 
Ag CIO; 

Ph, 

CI0~ 

Ref 12 

F e 3 ( C O ) 8 [ P h 2 P C 4 ( C F 3 ) 2 ] ( P P h 2 ) , w h i c h conta ins one p h o s p h i d o g r o u p 
b r i d g i n g t w o n o n b o n d i n g i r o n a toms ( F e ( l ) — F e ( 2 ) = 3.59 À ) at a 
98.0(1)° ang l e (7), is c o n v e r t e d v i a loss o f C O a n d b o n d fo rmat ion 
b e t w e e n F e ( l ) a n d Fe (2 ) to F e ^ C O M P h J P C ^ C F a J i K P P h i ) w h e r e 
F e ( l ) - F e ( 2 ) is 2.665(8) Â a n d F e ( l ) - P - F e ( 2 ) is 73.3(2)° (8). A s a n 
e x a m p l e o f a n i n t e r m e d i a t e v a l u e for the b r i d g e ang l e at p h o s p h o r u s , 
the m e t a l atoms i n [ P h j A s H M o ^ C s H g ^ C O ^ P M e * ) ] at a d i s tance o f 
3.157(2) Â s u b t e n d a n 83.6(1)° ang l e at the b r i d g i n g p h o s p h o r u s a t o m 
(9). S u c h b r i d g i n g charac te r i s t i cs are p o t e n t i a l l y u s e f u l i n d e s i g n i n g 
a n d e x p l o i t i n g b i - a n d p o l y n u c l e a r m e t a l d e r i v a t i v e s as cata lysts for 
e l a b o r a t i n g unsa tu ra t ed m o l e c u l e s s u c h as C O , o le f ins , a n d ace ty l enes . 
F a c i l e m e t a l - m e t a l b o n d f o rmat i on a n d c l eavage m a y p l a y a k e y r o l e 
i n s u c h processes. A n a d d i t i o n a l a n d at t ract ive feature o f the p h o s p h i d o 
b r i d g e is its r e l a t i v e iner tness i n c h e m i c a l reac t ions . T h i s c h e m i c a l 
s t a b i l i t y a l l o w s the i n v e s t i g a t i on o f r e a c t i v i t y assoc ia ted w i t h m e t a l -
m e t a l b o n d s or unsa tu ra t ed g roups b o u n d i n m u l t i s i t e f a sh ion to t w o 
or mo r e m e t a l a toms. S c h e m e I l is ts a f ew e x a m p l e s w h e r e t w o -
e l e c t r o n r e d u c t i o n (10), p ro t ona t i on (11), or at tack b y a m e t a l e l e c t ro -
p h i l e ( s i l ver ion) (12) has o c c u r r e d at a m e t a l - m e t a l b o n d r e s u l t i n g 
e i ther i n c l eavage or l e n g t h e n i n g o f the b o n d w i t h r e t en t i on o f the 
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p h o s p h i d o b r i d g e s . O n e o f the l ong - t e rm interests o f o u r g r o u p has 
b e e n to e x a m i n e pat terns o f r e a c t i v i t y for m u l t i s i t e b o u n d l i g a n d s . 

I n th i s c h a p t e r w e w i s h to focus o n the syn thes i s , s t r u c t u r a l 
c h e m i s t r y , a n d r ea c t i v i t y o f s ome i r o n - g r o u p p h o s p h i d o - b r i d g e d car
b o n y l c lus te rs c o n t a i n i n g s i d e w a y s - b o u n d a c e t y l i d e s . T h e r o l e o f the 
P R 2 g r o u p he re is as a s tab l e , u n r e a c t i v e , b u t flexible b r i d g i n g co -
l i g a n d w h i c h fac i l i ta tes e x p l o i t a t i o n o f the u n u s u a l r e a c t i v i t y pat terns 
for these μ 2 -η 2 - a n d /a 3-Tj 2-bound h y d r o c a r b y l g r oups . 

E x a m p l e s o f o p e n a n d c l o s e d c lus t e rs w i t h p h o s p h i d o g roups 
b r i d g i n g n o n b o n d i n g a n d b o n d i n g d i m e t a l f ragments r e s p e c t i v e l y w i l l 
b e d e s c r i b e d . D i a g n o s t i c t r ends i n P -31 N M R paramete rs o f P P h 2 

b r i d g e s s u p p o r t i n g b o n d i n g a n d n o n b o n d i n g m e t a l — m e t a l d i s tances 
w i l l b e d i s c u s s e d a n d a n i n d i c a t i o n w i l l b e g i v e n o f the h y p e r 
r e a c t i v i t y r e s u l t i n g f r om m u l t i s i t e b o n d i n g o f a c e t y l i d e s i n m e t a l 
c lus t e rs . 

Synthetic Methods 

Fo r the s i m u l t a n e o u s i n t r o d u c t i o n o f p h o s p h i d o g r oups a n d 
a c e t y l i d e s i n t o b i - or p o l y n u c l e a r c o m p l e x e s w e h a v e u s e d the rather 
f ac i l e c l eavage o f the P - C ( s p ) b o n d o f a p h o s p h i n o a l k y n e that fre
q u e n t l y o c c u r s w h e n r e a c t i n g w i t h a l o w - v a l e n t m e t a l c o m p l e x . T h e 
p r i n c i p l e is i l l u s t r a t e d n i c e l y i n S c h e m e I I w h e r e the b i n u c l e a r c o m 
p l e x Fe2 (CO)e ( C s s C B u ' X P P h i ) is s y n t h e s i z e d from F e 2 ( C O ) 9 a n d 
P h 2 P C s C B u ' . T h e i n t e r m e d i a t e s F e ( C O ) 4 ( P h 2 P C s = C B u O a n d 
F e 2 ( C O ) 8 ( P h 2 P C s C B u O i n th is s e q u e n c e have b e e n c h a r a c t e r i z e d 
f u l l y , the lat ter b y X - r a y c r y s t a l l o g r a p h y (13). T h e final s t ep i n th is 
r eac t i on is p r e s u m e d to b e o x i d a t i v e inse r t i on i n t o the P - C b o n d o f the 
c o o r d i n a t e d l i g a n d . 

T h e r eac t i on o f the t r i n u c l e a r c lus te rs M 3 ( C O ) i 2 ( M = R u a n d Os ) 
w i t h P h 2 P C s = C R (R = B u ' , P r \ Ph ) i n a h y d r o c a r b o n so l ven t i n the 
p resence o f a n h y d r o u s M e 3 N O af forded g o o d y i e l d s o f the r e d 
( M = Ru ) or y e l l o w ( M = Os ) m o n o s u b s t i t u t e d de r i va t i v e s 
M 3 ( C O ) n ( P h 2 P C s = C R ) (see S c h e m e II I ) . A n X - r a y ana l ys i s o f 
R u 3 ( C O ) n ( P h 2 P C s C P h ) (see F i g u r e 1) s h o w e d that a p h o s p h o r u s -
c o o r d i n a t e d p h o s p h i n o a c e t y l e n e has r e p l a c e d a n e q u a t o r i a l C O g r o u p 
o f R u 3 ( C O ) i 2 (14). T h e d a n g l i n g a c e t y l ene , h e l d p r o x i m a t e to a n e i g h 
b o r i n g m e t a l is no tab l e . C a r e f u l t r ea tmen t o f R u 3 ( C O ) n ( P h 2 P C s C R ) 
w i t h M e 3 N O at - 1 0 ° C for 24 h gave b r i g h t y e l l o w R u 3 ( C O ) » ( C = 
C R ) ( P P h 2 ) (see S c h e m e II) v i a P - C b o n d c l eavage . T h e o s m i u m 
ana l ogues w e r e o b t a i n e d on r e f l u x i n g O s 3 ( C O ) n ( P h 2 P C s C R ) 
(R = B u ' a n d Pr*) i n d e c a l i n for 5 h or o n t r ea tment w i t h M e 3 N O i n 
h e p t a n e for 5 h r . T h e ro l e o f M e 3 N O i n these react ions is l i k e l y to 
generate a vacan t c o o r d i n a t i o n site o n a n adjacent m e t a l a t om, thus 
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Scheme II. 

f a c i l i t a t i n g i n t e rac t i on o f the d a n g l i n g a c e t y l ene a n d P - C b o n d c l eav 
age. A l t h o u g h p r o d u c t s a n d y i e l d s i n these react ions ( v ide infra) are 
q u i t e sens i t i ve to c ond i t i ons a n d reagents , p a r t i c u l a r l y to so l v en t a n d 
the c h o i c e o f a n h y d r o u s or h y d r a t e d M e 3 N O , i t is c l e a r that t h e r m a l or 
M e 3 N O - p r o m o t e d P - C b o n d c l eavage o f a p h o s p h i n o a c e t y l e n e c a n 
g i v e u s a b l e y i e l d s o f t r i n u c l e a r c lus t e rs w i t h p h o s p h i d o b r i d g e s . 

O t h e r p r o d u c t s (see S c h e m e III ) f r om the f ragmenta t i on o f 
R u 3 ( C O ) n ( P h z P C s a C R ) i n c l u d e the rather s tab le d i m e r s R u ^ C O V 
( C s = C R ) ( P P h 2 ) a n d another t r i m e r i c m o l e c u l e R U ^ C O ^ C ^ E C R ) -
( P P h 2 ) w h i c h , h o w e v e r , is o b t a i n e d mor e r e a d i l y b y the d e c o m p o s i t i o n 
o f R u a i C O ^ C s C R X P P h a ) , w h i c h is me tas tab l e i n s o lu t i on . T h e 
s t r u c t u r a l r e l a t i o n s h i p o f these m o l e c u l e s w i l l b e d e s c r i b e d i n the 
nex t sec t i on . A s m i g h t b e e x p e c t e d b e cause o f the greater s t a b i l i t y o f 
O s 3 t h a n R u 3 c lus t e rs , n o n e o f the b i n u c l e a r c o m p l e x e s Os2(CO)er 
( C E = C R ) ( P P h 2 ) are o b s e r v e d w h e n O s a i C O M P h z P C s C R ) is the rmo-
l i z e d . I n d e e d the synthes is o f O s g ( C O ) t f ( C s C R ) ( P P h 2 ) f r o m O s ^ C O ^ r 
( P h 2 P C s C R ) is a r e m a r k a b l y c l e a n r eac t i on . 
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Figure 1. X-ray structure of Ru3(CO)11(Ph2PC=CPh) 

Scheme III. 

1) Ru3(CO)1 2 + PhjPCHCR + M e 3 N 0 — > M e 3 N + C 0 2 

+ Ru s(CO)M(Ph 2PC=CR) (75%) 

+ Ru 3(C0) K/Ph 2PCHCR^ ( 10%) 

( R - B u ! , P r i P h ) 

2) R u 3 ( C 0 ) | | ( P h 2 P C s C R ) R u t ( C 0 ) e ( P h 2 P ) ( C s C R ) (20%) 

+ Ru s(C0) 9(Ph 2P)(C5CR) (io%) 

+ Other Products ( R - P r ) 

0° 
3) Ru 3(CO) n(Ph 2PCHCR) + Me 3 N0 — — > 

Ru 3(C0) 9(Ph 2P)(C5CR) (50%) 

+ Other Products ( R - P r ) 
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U s i n g M e 3 N O · 2 H 2 0 i n p l a c e o f a n h y d r o u s M e 3 N O i n the reac
t i on w i t h R u 3 ( C O ) n ( P h 2 P C ^ C P r i ) generates a f ou r th t e t r anuc l e a r 
c lus te r , R u 4 ( C O ) 1 0 ( C = C H P r ^ O H X P P h j j ) a l b e i t i n r e l a t i v e l y poo r 
y i e l d (see S c h e m e IV ) as w e l l as s o m e w h a t d i f ferent rat ios o f the t w o 
t r i n u c l e a r c lus te rs a n d R u 2 ( C O ) e ( C s C P r i ) ( P P h 2 ) . T h e s t ruc ture o f th is 
h i g h l y u n u s u a l R u 4 c l u s t e r w i l l b e d i s c u s s e d later . 

U s i n g a n h y d r o u s M e 3 N O i n the d e c o m p o s i t i o n o f O s s ( C O ) i i -
( P h 2 P C s C P r l ) i n the p resence o f e t h a n o l (see S c h e m e V ) l eads to 
e x c e l l e n t y i e l d s o f another i n t e r e s t i n g c l u s t e r t y p e O s ^ C O ^ O H ) -
( C O O E t X P l ^ P C s C P r * ) c o n t a i n i n g a s i d e w a y s - b o u n d ester g r o u p a n d 
a b r i d g i n g h y d r o x i d e . T h e s t o i c h i o m e t r y o f the i n i t i a l r eac t i on o f 
O s ^ C O ) ^ w i t h l i g a n d i n the p resence o f e t h a n o l a n d M e e N O has not 
b e e n e s t a b l i s h e d c o m p l e t e l y as yet , b u t there is e v i d e n c e for a n ac t i v e 
spec i es O s ^ C O ^ P l ^ C s C P ^ X L ) , w h e r e L m a y b e a me tas tab l e 
l i g a n d r e s u l t i n g f r om attack b y M e 3 N O o n a c a r b o n y l g r o u p . A d d i n g 

Scheme IV. Ru4(CO)w(OH)(PPh2)(C = CHPr') 

Ru 3(CO) u(PPhpsC Pr') + 2 M e 3 N 0 - 2 H 2 0 

Warm to RT, 2 4 hrs. 

Ru 3(C0) 9(CsC Pr')( PPh2) 2 0 % 

Ru 2(C0) e(C5CPr')(PPh 2) 3 0 % 

Ru^CO^C^CPr') (PPh2) <lp % 
Ru 4(C0y0H)(PPh 2)(C=CHPr 1) 10% 

Η 
Pr'1 

Ph 2 
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Scheme V. Os3(CO)9(C02Et)(OH)(Ph2PC=CPri) 

0se(C0)„ + Ph,PC2CPr' 

(L) 

2 Me.NO 
EtOH 
7 5 e heptane 

Os,(CO),(COeEt)(OH)L + Ost(CO),L 

(x-ray) 

Oss(CO)BL 2M»,NO (EtOH^ 0s,(CO)e(OH)(COlEt)L+ Os^COycsCPr'XPPh.) 
7D Heptane 

(80 %) (20%) 

2Me,N0 

OSjiCO^CSCPrJiPPh,) 

Also for ROH, R • Me, Ph sC 

e t h a n o l to th is spec i es a n d e l i m i n a t i n g M e 3 N t h e n m i g h t generate the 
o b s e r v e d c o m p l e x . F u r t h e r w o r k o n th is i n t r i g u i n g s equence is 
u n d e r w a y . 

T h e r eac t i on o f R u 3 ( C O ) i 2 w i t h 3 m o l o f p h o s p h i n o a l k y n e i n 
h e p t a n e at 75°C is i l l u s t r a t e d i n S c h e m e V I . T h e r e d t r i s u b s t i t u t i o n 
p r o d u c t Ru3(CO)9 (Ph2PCsCPr l )3 , r e a d i l y i d e n t i f i e d b y its charac ter 
i s t i c K C O ) s p e c t r u m (* (CO) C H C 1 3 2 0 4 9 m , 2 0 0 9 m , 1991s, 1978s, 
1 9 5 2 m c m " 1 ) , f ragments o n h e a t i n g to g i v e R u 2 ( C O ) 5 ( C s C R ) ( P P h 2 ) -
( P h 2 P C ^ C R ) as the major p r o d u c t present i n s o l u t i o n as a 5 : 1 
m i x t u r e o f trans a n d c is i somers . F o r R = Pr*, o n l y the trans spec i es 
was f o u n d i n the s o l i d state b y X - r a y ana lys i s {14). A s e c o n d t r i n u c l e a r 
c o m p l e x R u 3 ( C O ) e ( / x r C s C R ) ( / L t 2 - n 2 - C s C R ) ( P P h 2 ) 2 ( P h 2 P C s C R ) w i t h 
t w o p h o s p h i d o b r i d g e s a lso was i s o l a t ed toge ther w i t h s m a l l a m o u n t s 
o f R u 3 ( C 0 7 ( C s C R ) ( P P h 2 ) ( P h 2 P C s C R ) 2 . T h e s t ruc ture o f the fo rmer 
was s o l v e d b y X - r a y d i f f rac t ion (15) a n d P-31 N M R da ta l e d to a 
r easonab l e s t ruc tu ra l a s s i gnment for the latter. 

Structural Characterization 

M 3 ( C O ) » ( C s = C R ) P P h 2 a n d M 3 ( C O ) 8 ( C ^ C R ) P P h 2 : C l u s t e r s w i t h 
μ 3-Ίf| 2-Acetylides. S t r u c t u r a l data are a v a i l a b l e for b o t h o f the t r i m e r i c 
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Scheme VI. Reaction ofRu3(CO)J2 with Ph2PC=CR (R = Pr\ Bux) 

Ru,(CO)le • 3PhaPCs5CPr' 

heptane / 75°C/I nr. 

Rû COyp̂ PĈ CPr'îj (red) 

I 8hrs. 

c lus te rs M i ( C O ) 9 ( C = C P r i ) ( P P h 1 ) ( M = R u a n d Os ) . A n O R T E P I I p l o t 
o f the s t ruc ture o f the r u t h e n i u m d e r i v a t i v e is s h o w n i n F i g u r e 2. 
P e r t i n e n t b o n d d is tances a n d ang les are c o m p a r e d a n d con t ras t ed w i t h 
s t ruc tu ra l da ta for the b i n u c l e a r spec i es F e 2 ( C O ) e ( C ^ C B u ' ) ( P P h 2 ) , 
F e 2 ( C O ) 4 ( C s E C B u O ( P P h 2 ) ( C N B u ' ) 2 , a n d R U 2 ( C O ) e ( C s = C B u ' ) ( P P h 2 ) i n 
F i g u r e 3. I n e a c h m o l e c u l e o f M 3 (CO ) 9 (CE=3CPr i XPPh 2 ) the m e t a l 
a toms f o rm a n i sosce les t r i ang l e w i t h t w o s t rong m e t a l - m e t a l b o n d s 
(ave. R u - R u 2 .839 Â a n d ave . O s - O s = 2.879 À ) a n d one o p e n edge 
(Ru (2 )—Ru(3 ) 3.466(1) À a n d Os (2 )—Os(3 ) 3.508(1) À ) . S i n c e the 
meta l (2 )—meta l (3 ) d is tances are c o n s i d e r a b l y l onge r t h a n t w i c e the 
c o v a l e n t r a d i i o f r u t h e n i u m (1.42 À ) a n d o s m i u m (1.44 À ) these 
in te rac t i ons m u s t b e v e r y w e a k at best . T h e o p e n edge o f e a c h t r i ang l e 
is b r i d g e d b y a P P h 2 g r o u p w i t h 92.8(0)° ang les at the b r i d g i n g a t o m 
( M = Ru ) a n d 93.2(0)° ( M = Os ) . T h e a c e t y l i d e is σ-bonded to M ( l ) 
a n d n 2 - b o n d e d to M (2 ) a n d M(3 ) . T h u s the /u,3-n 2 -alkynyl g r oups 
c o n t r i b u t e five-electrons to the c lus t e r s . A s i l l u s t r a t e d i n F i g u r e 3 , μ,3 

b o n d i n g o f the a c e t y l i d e p r o d u c e s a s i gn i f i c an t l y l a rger d i s t o r t i on o f 
the a c e t y l i d e t h a n μ 2 b o n d i n g as i n R u ^ C O ^ C s a C B u ' X P P h j ) . I n 
p a r t i c u l a r the b e n d - b a c k ang les at the a c e t y l e n i c c a r b o n atoms are 
larger a n d the a c e t y l e n i c t r i p l e b o n d s are s i gn i f i c an t l y l onge r i n the μ 3 
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Figure 2. An ORTEP II plot of the molecular structure of Ru3(CO)9~ 
(C=CPr")(PPh2) 

spec i e s . T h e s e v e r e l y trans b e n t g eome t r y o f the a c e t y l i d e a n d the 
o p e n e n v i r o n m e n t at the α-acetylenic c a r b o n a t om are a lso no tab l e . A l l 
o f these s t r u c t u r a l features c o u l d b e i n t e r e s t i n g i n the contex t o f reac
t i v i t y assoc ia t ed w i t h the h y d r o c a r b y l un i t . B y ana logy , w i t h the 
u n i q u e c h e m i s t r y o f the i r o n d i m e r s F e 2 ( C O ) e ( C s C R ) P P h 2 (16,17,18, 
19), the a c e t y l i d e i n M 3 ( C O ) 9 ( C s = C R ) ( P P h 2 ) s h o u l d b e e x t r e m e l y e l e c -
t r o p h i l i c a n d hence s u s c e p t i b l e to attack b y w e a k nucleophilçs. 

T h e r e is a n i n t e r e s t i n g contrast b e t w e e n M 3 ( C O ) g ( C s C R ) ( P P h 2 ) 
a n d R u 3 ( C O ) 9 ( C s C B u i ) ( H ) (20, 21). I n the la t ter a s t rong R u - R u 
b o n d a n d a b r i d g i n g h y d r i d e r e p l a c e the P P h 2 g r o u p i n M ^ C O V 
( C s C R ) ( P P h 2 ) . T h u s the e l e c t r o n i c charac te r i s t i cs o f the P P h 2 g r o u p 
exer t a r e m a r k a b l e i n f luence o n c lu s t e r g eome t r y e v e n to the ex tent o f 
o p e n i n g a r e l a t i v e l y s tab le R u 3 t r i ang l e . 

A l t h o u g h M 3 ( C O ) a ( C = = C R ) ( P P h 2 ) ( M = R u a n d Os ) h a v e c l o s e d -
s h e l l con f i gura t ions i n the absence o f a t h i r d m e t a l - m e t a l b o n d a n d are 
s tab l e i n the s o l i d , the r u t h e n i u m c o m p l e x is me tas t ab l e i n s o lu t i on , 
l o s i n g C O o n s t a n d i n g to generate R u 3 ( C O ) 8 ( C s = € R ) ( P P h 2 ) (R = Pr* 
a n d B u r ) . T h e s t ruc ture o f the t - b u t y l d e r i v a t i v e is s h o w n i n F i g u r e 4. 
W i t h i n the c l o s e d t r i a n g l e o f m e t a l a toms there are three s t rong R u - R u 

j 
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b o n d s ( R u ( l ) - R u ( 2 ) o f 2.8151(4) , R u ( l ) - R u ( 3 ) o f 2.7084(5), a n d 
Ru (2 ) -Ru (3 ) o f 2.8257(5) À ) . T h e p h o s p h i d o g r o u p , p r e v i o u s l y b r i d g 
i n g the o p e n edge o f R u 3 ( C O ) 9 ( C = C R ) ( P P h 2 ) n o w l i n k s r u t h e n i u m ( l ) 
a n d ru then ium(3 ) w i t h the μ 3 -acetyl ide σ-bonded to r u t h e n i u m ( l ) . 
T h e r e m a i n i n g edges o f the R u 3 t r i ang l e are b r i d g e d b y c a r b o n y l 
g r oups . T h e r e are m a r k e d di f ferences b e t w e e n the p h o s p h i d o b r i d g e s 
i n M 3 ( C O ) 9 ( C s C P r i ) ( P P h 2 ) ( M = R u a n d Os ) a n d R u ^ C O y C s a C B u ' ) -
( P P h 2 ) w i t h the R u - P - R u ang l e o f 92.8(0)° i n the fo rmer c o n t r a s t i n g 
s h a r p l y w i t h the acute ang l e R u ( l ) - P - R u ( 2 ) o f 74.4(0)° i n Rud(CO)g-
(C==CBu ' ) ( PPh 2 ) . T h e s e changes are q u i t e e v i d e n t i n the P -31 N M R 

(OCLRu 

Figure 3. A comparison of structural parameters for Fe2(CO)6-
(C =CBu x)(PPh2), Ru2(CO)6(C =CBu x)(PPh2), Fe2(CO)4( C =CBu \)-
(PPh2)(CNBu%, Ru3(CO)9(C=CPr')(PPh2), and Os3(CO)9(C=CPr')-

(PPh2) 
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Figure 4. An ORTEP II plot of the molecular structure of Ru3(CO)8-
(C=CBux)(PPh2) 

c h e m i c a l shi f ts o f the t w o d i f ferent c lus t e r t ypes w i t h δ (P-31) at a 
m u c h h i g h e r field for the P P h 2 g r o u p b r i d g i n g two , n o n i n t e r a c t i n g 
me ta l s ( v ide infra) . 

T h e c o n v e r s i o n o f R u ^ C O ^ C s C B u ' X P P h i ) to R u ^ C O V 
( C ^ U B u ' ) ( P P h 2 ) v i a C O loss is a p p a r e n t l y r e v e r s i b l e u n d e r C O 
pressure . T h u s R u - R u b o n d m a k i n g a n d b r e a k i n g is r e l a t i v e l y f ac i l e 
i n these p h o s p h i d o - b r i d g e d sys tems . 

M 2 ( C O ) e ( C s = C R ) ( P P h 2 ) a n d D e r i v a t i v e s : B i n u c l e a r M o l e c u l e s 
w i t h H r ^ - A c e t y l i d e s . T h e synthes is a n d spe c t r o s cop i c cha rac t e r i z a 
t i on o f F e 2 ( C O ) e ( C s C B u ' ) ( P P h 2 ) ha v e b e e n d e s c r i b e d p r e v i o u s l y (22) 
b u t no s t r u c t u r a l da ta w e r e a v a i l a b l e at that t i m e . R u t h e n i u m 
ana logues R u 2 ( C O ) e ( C s = C R ) ( P P h 2 ) (R = P r * a n d B u ' ) o b t a i n e d r e a c t i n g 
R u 3 ( C O ) 1 1 ( P h 2 P C s C R ) w i t h M e 3 N O (see S c h e m e III ) or M e a N O 
2 H 2 0 (see S c h e m e IV ) h a v e s i m i l a r s t ruc tures . A s t e r e o v i e w o f 
R u 2 ( C O ) e ( C s C B u ' ) P P h 2 is s h o w n i n F i g u r e 5 a n d s t r u c t u r a l da ta for 
M 2 (CO)e (C ï3CBu ' ) ( PPh 2 ) (M = F e a n d R u ) are c o m p a r e d i n F i g u r e 3. 
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It is i n t e r e s t i n g that d e sp i t e the d i f ferences i n m e t a l - m e t a l b o n d 
l eng ths ( F e ( l ) - F e ( 2 ) 2.5959(6) À a n d R u ( l ) - R u ( 2 ) 2.7523(3) À ) , the 
m e t a l - P - m e t a l ang les (71.7(0)°, M = F e a n d 72.0(0)°, M = Ru ) are 
essen t i a l l y i d e n t i c a l d u e to a c o r r e s p o n d i n g inc rease i n m e t a l - P b o n d 
l eng ths . T h e a c e t y l i d e is /x 2-i7 2-bound i n b o t h c o m p l e x e s a n d w h i l e 
the a c e t y l e n i c t r i p l e b o n d l eng ths (1.223(4) Â, M = F e a n d 1.218(4) À, 
M = Ru ) are not s i gn i f i c an t l y di f ferent , the b e n d - b a c k ang les at the 
a c e t y l e ne (17.6° a n d 18.9°, M = F e a n d 21.1° a n d 21.5°, M = Ru ) m a y 
suggest a s l i g h t l y s t ronger a c e t y l e n e - m e t a l i n t e rac t i on i n the ru the 
n i u m c o m p l e x . T h e m i n i m a l effect o f C O s u b s t i t u t i o n b y B u ' N C o n 
the na tu re o f the c en t r a l core o f the i r o n c o m p l e x is n i c e l y i l l u s t r a t e d 
b y the c o m p a r i s o n o f F i g u r e 3. 

A major p r o d u c t f r om the r eac t i on o f R u 3 ( C O ) i 2 w i t h 3 m o l o f phos -
p h i n o a l k y n e (see S c h e m e V I ) is R u 2 ( C O ) 5 ( C = C R ) ( P P h 2 ) ( P h 2 P C = C R ) , 
a p h o s p h i n e s u b s t i t u t i o n p r o d u c t o f the pa ren t R u 2 ( C O ) e ( C = C R ) ( P P h 2 ) . 
A n X - r a y ana lys i s o f R u ^ C O J s i C ^ C P r ^ P P h ^ i P h ^ C ^ C P r O re
v e a l e d the s t ruc ture s h o w n i n F i g u r e 6. T h e u n f r a g m e n t e d phos 
p h i n e o c c u p i e s a site a p p r o x i m a t e l y trans to the p h o s p h i d o b r i d g e , 
w i t h the a c e t y l i d e /x 2 -n 2 - c oo rd ina t ed as i n the parent . I n s o l u t i o n 

Figure 5. A perspective view of the molecular structure of Ru2(CO)6-
(C=CBul)(PPh2) 
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Figure 6. The molecular structure of Ru2(CO)5(C=CPrl)(?Ph2)-
(Ph2PC=CPrx) 

th i s p r o d u c t p a r t i a l l y i s omer i z e s to a n i s omer w i t h the p h o s p h i n e 
o c c u p y i n g a site c is to the p h o s p h i d o b r i d g e as j u d g e d b y P -31 N M R 
( v ide infra) . 

T h e s e i r o n a n d r u t h e n i u m d i m e r s are e x c e e d i n g l y r obus t c o m 
p o u n d s . I n d e e d d e c o m p o s i t i o n o f t r i n u c l e a r p h o s p h i d o a c e t y l i d e -
b r i d g e d c lus te rs i n v a r i a b l y y i e l d s these m o l e c u l e s as major d e c o m p o s 
i t i o n p r o d u c t s . 

R u 3 ( C O ) e ( C s C R ) 2 ( P P h 2 ) 2 ( P h 2 P C s C R ) : A C l u s t e r w i t h S y m m e t 
r i c a l μ ^ - a n d U n s y m m e t r i c a l μ^-ij2-Acetylides. T h e t r i n u c l e a r m o l e 
c u l e s R u 3 ( C O ) e ( C ^ : R ) 2 ( P P h 2 ) 2 ( P h 2 P C ^ C R ) (R = Pr* a n d B u ' ) p ro 
d u c e d d u r i n g p y r o l y s i s o f R u 3 ( C O ) 9 ( P h 2 P C s C R ) 3 hav e f a s c i n a t i n g 
s t ruc tures (see F i g u r e 7) (15). T w o p h o s p h i n o a l k y n e un i t s have frag
m e n t e d g ene ra t i ng t w o p h o s p h i d o b r i d g e s a n d t w o a ce t y l i d e s . H o w 
ever , whe reas one - C ^ C R g r o u p is ^ 2 - n 2 - c o o r d i n a t e d across the 
R u ( l ) - R u ( 2 ) edge , the o ther s y m m e t r i c a l l y b r i d g e s Ru(2) a n d Ru(3 ) as 
a one - e l e c t r on l i g a n d . A l t h o u g h a f e w e x a m p l e s o f s y m m e t r i c a l l y 
b r i d g i n g a c e t y l i d e s are k n o w n (23, 24), th is is the first e x a m p l e o f a 
c a r b o n y l c l u s t e r w i t h e l e c t r on -de f i c i en t /x 2 -acetyl ide b r i d g i n g . S i n c e 
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b o t h p h o s p h i d o g roups b r i d g e m e t a l - m e t a l b o n d s , the R u - P - R u ang 
les ( R u ( l ) - P ( l ) - R u ( 3 ) 79.9(1)° a n d Ru (2 ) - P ( 2 ) -Ru (3 ) 74.4(1)°) are 
acute . C l e a r l y , w i t h the a b i l i t y o f a c e t y l i d es to b i n d as t e r m i n a l , μ 2 , 
μ 2 -η 2 , or M r 1 ? 2 l i g a n d s , the p o s s i b i l i t i e s for s t r u c t u r a l i s o m e r i s m a n d 
fluxionality i n s u c h sys tems are great. O n e o f the mos t i n t r i g u i n g fea
tures o f R u a i C O i e i C ^ B u O ^ P P h ^ ^ P h j i P C s C B u O is the o c c u r e n c e o f 
three types o f a c e t y l i d e i n the same m o l e c u l e , thus o f f e r ing the poss i 
b i l i t y o f e x a m i n i n g the in f luence o f the b o n d i n g m o d e o n r eac t i v i t y . 

F i n a l l y , a m i n o r p r o d u c t f r om R u 3 ( C O ) i 2 + P h 2 P C = C P r i has the 
f o r m u l a R u ^ C O M P h z P C ^ C P r O a . P -31 N M R (see T a b l e II) u n e q u i v o 
c a l l y es tab l i shes that th is c o m p l e x con ta ins o n l y one p h o s p h i d o g r o u p 
a n d t w o u n f r a g m e n t e d p h o s p h i n e s . C o u p l i n g constants i n d i c a t e that 
one p h o s p h i n e is trans to the P P h 2 b r i d g e (/P-P = 234 H z ) a n d the 
o ther one is c is to P P h 2 (/ = 22 H z ) . T h u s the t w o p h o s p h i n e s are 
a t t ached to the same t w o r u t h e n i u m atoms as the P P h 2 g r oup . T h i s 
s t ruc ture suggests a s m o o t h c o n v e r s i o n to R u a i C O ^ C s C P r O ^ P P h ^ r 
( P h 2 P C s C P r l ) v i a f ragmenta t i on o f a s e c o n d p h o s p h i n o a l k y n e , w h i c h 
is o b s e r v e d . 

Figure 7. The molecular structure of Ru3(CO)6(C=CBux)2(PPh2)2-
(Ph2PC=CBux) 
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R u 4 ( C O ) 1 0 ( C = C H P r ' M O H H P P r ^ ) : A T e t r a n u c l e a r C l u s t e r w i t h 
B r i d g i n g V i n y l i d e n e a n d H y d r o x o G r o u p s . T h e r eac t i on o f R u 3 ( C O ) n -
( P h 2 P C s C P r ' : ) i n the p resence o f M e 3 N O · 2 H 2 0 gave 1 0 % o f a n 
u n u s u a l c lus t e r R u 4 ( C O ) 1 0 ( C = C H P r ' X O H X P P h a ) w h o s e X - r a y s t ruc
ture is s h o w n i n F i g u r e 8. I n the t e t r a n u c l e a r c o m p l e x the four 
r u t h e n i u m atoms adop t a but t e r f l y a r r angemen t w i t h f our s t rong 
R u - R u b o n d s ( R u ( l ) - R u ( 2 ) 2.758(1), R u ( l ) - R u ( 3 ) 2.703(1), Ru (2 ) -Ru (4 ) 
2.800(1), Ru (3 ) -Ru (4 ) 2.803(1) A ) a n d t w o o p e n edges ( R u ( l ) - R u ( 4 ) 
4.1244(6) À a n d Ru (2 ) -Ru (3 ) 3.4559(6) A ) . T h e R u ( l ) - R u ( 3 ) b o n d is 
b r i d g e d b y a p h o s p h i d o g r o u p ( R u ( l ) - P - ( R u ( 3 ) 71.4(0)°) a n d a r emark 
a b l e μ^-η2-vinylidene g r o u p is σ-bonded to r u t h e n i u m ( l ) , ru the 
n i u m ^ ) , a n d r u t h e n i u m ( 3 ) a n d ^ - c o o r d i n a t e d to ru then ium (4 ) . 
A l t h o u g h there are n u m e r o u s e x a m p l e s o f v i n y l i d e n e c o m p l e x e s 
( 2 5 - 3 0 ), the m u l t i s i t e i n t e rac t i on w i t h f our m e t a l a toms i n R u 4 ( C O ) i ( r 
(C = C H P r O i O H X P P h z ) is u n u s u a l . A fur ther n o v e l feature is the 
presence o f a t r i p l y b r i d g i n g h y d r o x o l i g a n d o n the R u ( l ) - R u ( 2 ) -
Ru(3 ) face. 

Figure 8. A perspective view of the molecular structure of Ru^CO)10-
(C = CHPrl)(OH)(PPh2) 
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T h e h y d r o g e n a t om o n the h y d r o x y l o x y g e n was l o c a t e d c l e a r l y i n 
a d i f ference F o u r i e r synthes is a n d c o n f i r m e d fur ther b y the p resence o f 
a i>(OH) b a n d at 3 5 1 0 c m " 1 i n the I R s p e c t r u m . A l t h o u g h the o r i g i n o f 
the v i n y l i d e n e h y d r o g e n a tom a n d the h y d r o x o l i g a n d has not b e e n 
e s t a b l i s h e d c o n c l u s i v e l y as yet , i t seems l i k e l y that a wa te r m o l e c u l e 
f r om M e 3 N O · 2 H 2 0 is the p r e cu r so r o f b o t h . W h i l e the ca ta l y t i c p r op 
ert ies o f th i s r e m a r k a b l e m o l e c u l e are b e i n g e x a m i n e d o n l y n o w , i t is 
w o r t h m e n t i o n i n g that there is c ons i d e r ab l e c u r r e n t in teres t i n c lus te rs 
w i t h h y d r o x o l i g a n d s o w i n g to the poss i b l e r e l e v a n c e o f sur face h y d 
r o x y l g roups i n the ca ta l y t i c r e d u c t i o n o f C O to C H 4 (31). 

O s 3 ( C O ) 9 ( C O O E t ) ( O H ) ( P h 2 P C s C P r i ) : A n O p e n T r i a n g u l a r C l u s 
ter w i t h a S i d e w a y s - B o u n d E s t e r G r o u p a n d a B r i d g i n g H y d r o x o 
L i g a n d . E x c e l l e n t y i e l d s o f th i s c o m p l e x w e r e o b t a i n e d f r om 
Os3(CO ) i2 as i n d i c a t e d i n S c h e m e V . T h e c o r r e s p o n d i n g Os 3 ( CO ) g -
( C O O R ) ( O H ) ( P h 2 P C s C P r i ) (R = M e or C P h 3 ) c o m p o u n d s a lso have 
b e e n c h a r a c t e r i z e d . T h e s t ruc ture o f the e t h y l ester has b e e n deter
m i n e d b y X - r a y ana lys i s (see F i g u r e 9) a n d consists o f a n o p e n t r i ang l e 
o f o s m i u m atoms w i t h t w o s t rong ly b o n d i n g O s - O s d is tances ( O s ( l ) -
Os(2) 2 .885 À a n d Os (2 ) -Os (3 ) 2 .883 Â ) a n d a n essen t ia l l y n o n b o n d i n g 
O s ( l ) — O s ( 3 ) separa t ion o f 3 .385 Â. T h e o p e n edge is b r i d g e d b y a 
s i d e w a y s - b o u n d ester g r o u p a n d the o xygen a t om o f a h y d r o x o l i g a n d . 
T h e O s ( l ) - C ( 1 2 ) (2.11 À ) , O s ( 3 ) — C ( 1 2 ) (2.91 À ) , O s ( 3 ) - 0 ( l l ) (2.16 À ) , 
a n d C ( 1 2 ) - 0 ( l l ) (1.29 À ) d is tances suggest that o x y g e n ( l l ) b u t not 
carbon(12) is c o o r d i n a t e d to o sm ium(3 ) . T h e p r e f e r r e d d e s c r i p t i o n 
t h e n is o f a n ester σ-bonded v i a c a r b o n to o s m i u m ( l ) a n d σ-bonded to 
o s m i u m ( 3 ) v i a a n oxygen l o n e pa i r . A n a l t e rna t i v e d e s c r i p t i o n i n t e rms 
o f a n e thoxy - ca rbene pe rhaps is d i s f a vo r ed s o m e w h a t b y the r e l a t i v e 
shortness o f the C ( 1 2 ) - 0 ( l l ) b o n d . T h e m o l e c u l e obeys the 18-
e l e c t r o n r u l e i f b o t h ester a n d h y d r o x y l l i g a n d s c o n t r i b u t e three 
e l ec t rons to the c lus te r , i m p l y i n g the absence o f an O s ( l ) — O s ( 3 ) 
b o n d . B r i d g i n g a c y l (32, 3 3 , 34) a n d f o r m a m i d o (35, 36) c o m p l e x e s are 
s t i l l r e l a t i v e l y rare i n o r g a n o m e t a l l i c c h e m i s t r y a l t h o u g h they are 
o b v i o u s l y i n t e r e s t i n g i n the contex t o f C O e l abo ra t i on . A f ew o s m i u m 
de r i va t i v e s w i t h h y d r i d e a n d C ( R ) 0 l i g a n d s b r i d g i n g a n O s - O s b o n d 
h a v e b e e n d e s c r i b e d (34), b u t w e are u n a w a r e o f c o r r e s p o n d i n g 
b r i d g i n g esters. A s is the case for R u 4 ( C O ) 1 0 ( C = C H P r O i O H X P P h a ) , 
the h y d r o x y l l i g a n d m i g h t b e e x p e c t e d to e x h i b i t p r o t o n i c charac te r 
a n d be a p o t e n t i a l source o f h y d r o g e n for r educ t i ons . 

T r e n d s a n d I m p l i c a t i o n s o f P-31 N M R Pa rame t e r s . W i t h X - r a y 
s t r u c t u r a l da ta n o w a v a i l a b l e i n o u r laboratory for a large n u m b e r o f b i -
a n d p o l y n u c l e a r i r o n - g r o u p c a r b o n y l c o m p l e x e s w i t h p h o s p h i d o 
b r i d g e s , w e have a t t e m p t e d to cor re la te s t ruc tu ra l changes w i t h P -31 
N M R c h e m i c a l shi f ts a n d c o u p l i n g constants i n a n effort to e s t a b l i s h 
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10. CARTY Phosphido-Bridged Iron Group Clusters 181 

Figure 9. The crystalline structure of Os3(CO)9(COOEt)(OH)-
(P^PC^CPr*) as shown by X-ray diffraction. The hydrogen atom on 

the bridging hydroxo ligand is not shown. 

e m p i r i c a l r e l a t i onsh ips o f p o t e n t i a l d i a gnos t i c s i gn i f i cance . A s e l e c t i on 
o f δ ( 3 1 Ρ ) a n d J v a lues for these c lus te rs is l i s t e d i n T a b l e I I toge ther 
w i t h p e r t i n e n t m e t a l - P - m e t a l ang l es w h e r e a v a i l a b l e . 

General Observations 

1. T h e δ (P-31) v a lue s for P P h 2 g r oups b r i d g i n g a n F e - F e 
or R u - R u b o n d are sh i f t ed c o n s i d e r a b l y d o w n f i e l d o f 
δ va lues for the p h o s p h o r u s - c o o r d i n a t e d , in tac t phos -
p h i n o a c e t y l e n e s . T h e c h e m i c a l shi f ts for Ru 3 (CO)n (Ph2-
P C s = C B u ' ) (+3.1 p p m ) , Ru 2 ( CO ) e (Cs=CBu< ) ( PPh 2 ) 
( + 123.9 p p m ) , a n d i r a n 5 - R u 2 ( C O ) 5 ( C = C P r i ) ( P P h 2 ) ( P h 2 -
P C = C P r O (+127.0 p p m , P P h 2 a n d +16 .3 p p m ( P h r 

P C = C P r * ) p r o v i d e a n i c e i l l u s t r a t i o n o f th is t r e n d . T h u s 
th is t ype o f p h o s p h i d o b r i d g e is eas i l y d i s t i n g u i s h a b l e 
b y P-31 N M R . I n the c o m p l e x R u a i C O ^ P l ^ P C E E E C P r O a , 
w h o s e s t ruc ture has not b e e n d e t e r m i n e d ye t , the P -31 
s p e c t r u m suggests one p h o s p h i d o b r i d g e a n d t w o in tac t 
p h o s p h i n e s . 
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2. F o r the same s t ruc tu ra l t yp e , a c h a n g e f r om i r o n to 
r u t h e n i u m resu l ts i n a g ene ra l sh i f t o f P -31 resonances 
to a h i g h e r field. A t y p i c a l c o m p a r i s o n is F e 2 ( C O ) e -
( C = C B u ' ) P P h 2 (+148.3 p p m ) a n d R u 2 ( C O ) e ( C = C B u ' ) -
P P h 2 (123.9 p p m ) . A l t h o u g h the n u m b e r o f o s m i u m 
c o m p o u n d s m e a s u r e d is s m a l l , a fur ther h i g h - f i e l d sh i f t 
seems to o c c u r f r om r u t h e n i u m to o s m i u m . 

3. P h o s p h i d o g roups b r i d g i n g n o n b o n d i n g me ta l s have 
P -31 resonances at a v e r y h i g h field. T h u s for M 3 ( C O ) g -
( C s s C P r ' X P P h z ) the P -31 resonances a p p e a r at - 5 1 . 8 
p p m ( M = Ru ) a n d - 6 5 . 4 p p m ( M = Os ) . C o n v e r t i n g 
R u 3 ( C O ) f l ( C = C P r i ) ( P P h 2 ) to R u ^ C O y C ^ C P r ^ P P h , ) re
su l ts i n a la rge d o w n f i e l d shi f t o f δ (P-31) to +113 .0 p p m 
as the R u - P - R u ang l e changes f r om 92.8(0)° to 74.4(0)°. 
T h e s e v e r y l a rge d i f ferences i n c h e m i c a l sh i f t for the 
t w o types o f p h o s p h i d o b r i d g e m a y p r o v i d e a v e r y u s e f u l 
s p e c t r o s c o p i c p r o b e to d i agnose the p resence or absence 
o f m e t a l - m e t a l b o n d i n g . It is i n t e r e s t i n g that the P-31 
c h e m i c a l sh i f t o f the p h o s p h i d o g roups b r i d g i n g the 
P d - P d b o n d s i n the ca t i on [ Pd 3 Cl ( PPh 2 ) 2 ( PP r i 3 ) 3 ] + l i es 
v e r y s u b s t a n t i a l l y d o w n f i e l d o f the P -31 ( P P h 2 ) r esonance 
i n the n o n m e t a l - m e t a l - b o n d e d d i m e r P d 2 C l 2 ( P P h 2 ) 2 -
( P E t 3 ) 2 (37). T h e P P h 2 resonances i n the r e l a t e d p l a t i n u m 
d i m e r s P t 2 C l 2 ( P P h 2 ) 2 L 2 ( L = ter t iary p h o s p h i n e ) that l a ck 
a s i gn i f i cant P t - P t b o n d a lso l i e at a v e r y h i g h field (38). 
M o r e r e c en t da ta for [ I r ( C O D ) ( P P h 2 ) 2 ] 2 (δ = 166 p p m ) 
w h i c h con ta ins a n I r - I r b o n d a n d for [ R h ( C O D ) ( P P h 2 ) 2 ] 2 

(δ = - 7 1 p p m ) w h i c h l acks a R h - R h b o n d (39) c on f i rm 
that the r e l a t i o n s h i p o f δ (P-31) to m e t a l - P - m e t a l ang l e 
(or M — M separat ion) m a y b e a m o r e g ene ra l one . E v e n 
the r e l a t i v e l y s m a l l c h a n g e i n M o - M o d i s tance (0.11 Â ) 
or M o - P - M o ang l e (1.2°) f r om M o ^ C e H M C O M H ) -
( P M e 2 ) to P h ^ s t M o ^ C s H ^ C O ^ P M e z ) ] m a y c o n t r i 
b u t e to the l a rge P -31 c h e m i c a l shi f t d i f f e rence (146.4 vs . 
61 .6 p p m ) for the P M e 2 b r i d g e s i n these t w o c o m p o u n d s 
(9). 

A l t h o u g h there are i n d i c a t i o n s that for P R 2 g r oups 
b r i d g i n g n o n i n t e r a c t i n g meta l s δ (P-31) b e c o m e s more 
nega t i v e as the ang l e M - P - M opens, c o n s i d e r a b l y mo r e 
da ta w i l l b e r e q u i r e d to e s t a b l i s h th is r e l a t i o n s h i p . Fo r 
b i n u c l e a r i r o n c o m p l e x e s w i t h F e - F e b o n d s a de f in i t e 
c o r r e l a t i on o f δ (P-31) w i t h ^ F e - P - F e is e v i d e n t , w i t h 
larger , p o s i t i v e shi f ts c o r r e s p o n d i n g to la rger ang les at 
the p h o s p h i d o b r i d g e ( v ide infra) . 

4. P - P c o u p l i n g constants p r o v i d e a d d i t i o n a l u s e f u l in for
m a t i o n (see T a b l e II). Fo r p h o s p h i n e s o c c u p y i n g sites 
trans to p h o s p h i d o b r i d g e s on the same m e t a l a t o m , ^ p - p 
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f r o n t 

1 1- "1 1- -1-1-1"'-I- t K-) ι ι κ 
i t o l o o t o ο ppm 

Figure 10. P-31 NMR spectrum of a mixture of isomers of Ru^CO)^ 
(C==CPri)(PPh2)(Ph2PC=CPri). The isomer ratio is -5:1 in favor 

of the trans isomer. 

is q u i t e la rge (e.g., */ = 2 1 5 H z i n trans-Ru^COJy 
( C s C P r ' X P P h j K P h j P C s s C P r 4 ) ) . C i s c o u p l i n g s are m u c h 
s m a l l e r (e.g., 2/ = 17 H z i n c i s - R u ^ C O ^ C s C P r O i P P h ^ -
i P h z P C s C P r O ) . T h r e e b o n d c o u p l i n g s t h r o u g h t w o 
m e t a l a toms b e t w e e n p h o s p h i n e s a n d p h o s p h i d o b r i d g e s 
are g e n e r a l l y s m a l l (e.g., ^ P - p = 1.0 H z i n R u 3 ( C O ) e -
( C = C P r i ) 2 ( P P h 2 ) 2 ( P h 2 P C = C P r i ) . 

A P -31 N M R s p e c t r u m o f a m i x t u r e o f trans a n d c is 
i somers o f R u ^ C O J ^ C e C P r ' K P P h t X P h ^ C e C P r 1 ) i l 
l u s t r a t i n g c h e m i c a l sh i f t d i f ferences b e t w e e n p h o s p h i n e 
a n d the p h o s p h i d o b r i d g e a n d b e t w e e n c is a n d trans 
c o u p l i n g s is s h o w n i n F i g u r e 10. 

P-31 Chemical Shift-Bond Angle Correlations in Binuclear Iron 
Carbonyls 

A s a l l u d e d to ea r l i e r , w e have amassed a la rge b o d y o f X - r a y da ta 
for b i n u c l e a r i r o n c a r b o n y l c o m p l e x e s o f the F e 2 ( C O ) e ( X ) ( P P h 2 ) t y p e 
w h e r e X represents a th r e e - e l e c t r on donor l i g a n d . T h e P -31 c h e m i c a l 
shi f ts for these c o m p o u n d s are t a b u l a t e d w i t h F e - P - F e ang les i n 
T a b l e I I I a n d a p l o t o f δ vs . a n g l e is s h o w n i n F i g u r e 11. A l t h o u g h the 
c o r r e l a t i on is b y no m e a n s per fec t there is a n u n m i s t a k a b l e inc rease i n 
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184 METAL PHOSPHINE COMPLEXES 

T a b l e I I I . C o r r e l a t i o n o f δ (P-31) w i t h S t r u c t u r a l Pa rame t e r s 
for F e 2 ( C O ) e ( X ) ( P P h 2 ) 

C h l o r i n e 
θ Θ 
C H C ( N E t 2 ) P h 

C H C ( N H C y ) P h 

C C ( C y 2 P H ) P h 
C s = C P h 

Φ θ 
C ( N H C y ) C H ( P h ) 

C ( d N M e ( C H 2 ) 2 l N J M e ) C P h 

C ( C N B u ( ) C P h 
C H 2 C ( P h ) N M e 

l(Fe-Fe)(A) LFe-P-Fe ô (ppm) 

2.5607(5) 69.8(0) 142.0 

2.548(1) 70.1(0) 153.9 

2.576(1) 70.5(0) 154.0 

2.550(2) 70.7(1) 123.0 
2.597(3) 71.6(1) 148.4 

2.628(1) 72.5(0) 183.5 

2.644(2) 73.4(0) 190.3 

2.671(2) 74.1(0) 194.2 
2.707(1) 75.6(0) 198.5 

δ as ^ F e - P - F e increases . S o m e shi f ts w h i c h l i e w e l l off" the c u r v e 
c o r r e s p o n d to c o m p o u n d s w i t h u n u s u a l s t ruc tu ra l features (e.g., 
[ F e 2 ( C O ) e [ C H C ( N E t 2 ) P h ] ( P P h 2 ) A g ] + C 1 0 4 - ) . O t h e r dev i a t i ons m a y b e 
d u e to changes i n l i g a n d b a c k - b o n d i n g a b i l i t y (e.g., F e 2 ( C O ) 5 -
( C = C P h ) ( P P h 2 ) P P h 3 ) . T h e range o f b o n d ang les is o n l y - 6 ° ye t δ 
P-31) var i es f r om ~ 1 2 0 - 2 0 0 p p m . T h i s s ens i t i v i t y o f the P -31 sh i f t 
to b o n d ang l e has b e e n u s e d w i t h a c o n s i d e r a b l e deg ree o f success 
to p r e d i c t the l i g a t i n g charac te r i s t i cs o f z w i t t e r i o n i c h y d r o c a r b y l 
l i g a n d s (40) a n d to es t imate the F e - P - F e ang l e i n F e 2 ( C O ) e ( C l ) P P h 2 

(41). 
W i t h the d e p e n d e n c e o f δ (P-31) o n the m e t a l - P - m e t a l ang l e rea

sonab l y e s t a b l i s h e d for th is a d m i t t e d l y r e s t r i c t ed series o f i r o n c o m 
p l exes a n d w i t h s ome i n d i c a t i o n s that δ b e c o m e s i n c r e a s i n g l y nega t i v e 
(i.e., up f i e l d ) as the b o n d a n g l e increases for P R 2 g roups b r i d g i n g n o n -
b o n d e d me ta l s , i t is t e m p t i n g to suggest that there m a y be a c o n t i n u o u s 
c u r v e r e l a t i n g δ a n d m e t a l - P - m e t a l (or Z ( M — M ) ) . S i m i l a r r e l a t i onsh ip s 
h a v e b e e n f o u n d for δ (P-31) vs . ^ O - P - O i n p h o s p h a t e esters (42). I n 
th is r e ga rd , da ta for c o m p l e x e s w i t h m e t a l - P - m e t a l ang les i n the 80° -
90° range w o u l d be m o s t i n t e r e s t i ng . 

T h e R e a c t i v i t y o f μ 2 - η 2 a n d ju, 3-7 } 2-Acetylides. O u r l ong - t e rm goa l 
i n th i s w o r k is to e x a m i n e pat terns o f r e a c t i v i t y for m u l t i s i t e - b o u n d 
u n s a t u r a t e d l i g a n d s as a bas is for u n d e r s t a n d i n g l i k e l y sequences o f 
react ions i n react ions c a t a l y z e d b y m e t a l c lus t e rs . T h e a v a i l a b i l i t y a n d 
s t r u c t u r a l cha rac t e r i z a t i on o f spec i es s u c h as those i l l u s t r a t e d i n F i g 
u r e 3 presents a ra ther u n i q u e o p p o r t u n i t y to e xp l o r e a n d contrast 
r eac t i v i t i e s for d i f ferent me ta l s a n d l i g a n d - b o n d i n g m o d e s . P r e v i o u s 
w o r k (16, 17, 18) has s h o w n a b u n d a n t l y that the /x 2-T7 2-acetylide i n 
F e 2 ( C O ) 6 ( C = C R ) P P h 2 (R = Ph ) is hype r - r eac t i v e to n u c l e o p h i l e s 
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Figure 11. A plot of δ (P-31) vs. bond angle at phosphorus for 
phosphido-bridged complexes Fe2(CO)6(X)(PPh2) where X is a three-

electron donor. 
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186 METAL PHOSPHINE COMPLEXES 

i n c l u d i n g p r i m a r y a n d secondary a m i n e s (16), s e condary a n d ter t iary 
p h o s p h i n e s (17), a n d p h o s p h i t e s (18). I n the con tex t o f h o m o g 
enous cata lys is , h o w e v e r , more in teres t cente rs o n react ions that 
i n v o l v e C - C b o n d m a k i n g , p a r t i c u l a r l y b e t w e e n a m u l t i s i t e - b o u n d 
l i g a n d a n d a w e a k c a r b o n n u c l e o p h i l e . C - C b o n d f o rmat i on b e t w e e n 
c o o r d i n a t e d or e l a b o r a t e d C O a n d a s e c o n d C O m o l e c u l e m a y b e for 
e x a m p l e a k e y s t ep i n F i s c h e r - T r o p s c h h y d r o c a r b o n synthes is (43). 
T h e a c e t y l i d i c c a r b o n a toms i n F e 2 ( C O ) e ( C = C R ) P P h 2 (R = P h a n d 
B u ' ) are e x t r e m e l y e l e c t r o p h i l i c a n d i n a r e m a r k a b l e r eac t i on the car
b e n e : é N ( M e ) C H 2 C H 2 N i M e , g ene ra t ed from the e l e c t r o n - r i c h o l e f in 
M e î ^ C H 2 C H 2 N ( M e ) à = t N ( M e ) C H 2 C H 2 N M e , attacks the α-carbon 

gene ra t i ng the z w i t t e r i o n i c c o m p l e x F e 2 ( C O ) e [ C { O N ( M e ) C H 2 C H 2 N -
M e } C R ] ( P P h 2 ) v i a C - C c o u p l i n g (see S c h e m e V I I ) . W h i l e th is C - C 
b o n d f o rmat i on r eac t i on c o m p e t e s w i t h C O d i s p l a c e m e n t b y c a r b e n e 
e s p e c i a l l y at e l e v a t e d t empera tures , the z w i t t e r i o n i c de r i va t i v e s 

F e 2 ( C O ) e [ C { O N ( M e ) C H 2 C H 2 r ! i M e { C R ] ( P P h 2 ) d o no t conve r t to the 

s u b s t i t u t i o n p r o d u c t F e 2 ( C O ) 5 ( C ^ R ) ( P P h 2 ) ( a N ( M e ) C H 2 C H J s J ] v l e ) . 

A n X - r a y s t u d y o f F e 2 ( C O ) e [ C { 6 N ( M e ) C H 2 C H 2 N l M e } C P h ] ( P P h 2 ) (see 

F i g u r e 12) has c o n f i r m e d that C ( a c e t y l i d e ) - C ( c a r b e n e ) c o u p l i n g has 

o c c u r r e d . 

Scheme VII. 
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10. C A R T Y Phosphido-Bridged Iron Group Clusters 187 

Figure 12. An ORTEP II plot of the molecular structure of Fe2(CO)6-

{CON(Me)CH2CH2$Me}CPh}(PPh2) showing some pertinent bond 
lengths 

E q u a l l y r e m a r k a b l e is the f ac i l e attack at the c a r b o c a t i o n i c c a r b o n 
i n F e 2 ( C O ) e ( C s C R ) ( P P h 2 ) b y a n i s o n i t r i l e , n o r m a l l y a n e x c e l l e n t 
l i g a n d for l ow-ox ida t i on -s ta t e me ta l s . T h e p r o d u c t s o f n u c l e o p h i l i c 
attack at c a r b o n (see S c h e m e V I I I ) are d i p o l a r w i t h the f o rma l p o s i t i v e 
charge p r e s u m a b l y l o c a l i z e d on i s on i t r i l e n i t r o g e n . T h e nega t i v e 
charge o n the o r i g i n a l β-carbon o f the a c e t y l i d e is d e l o c a l i z e d p r e s u m 
a b l y i n t o the F e 2 ( C O ) e ( P P h 2 ) f r amework . X - r a y ana lys i s (see F i g u r e 13) 
o f the f - B u N C d e r i v a t i v e s h o w e d a C ( B u ' N C ) - C (ace ty l ide ) b o n d 
l e n g t h o f 1.37(2) Â , w h i c h is i n d i c a t i v e o f a s t rong , p a r t i a l l y m u l t i p l e 
b o n d . S i g n i f i c a n t l y the c a r b o n - c o o r d i n a t e d i s o n i t r i l e unde rgoes a d d i 
t i on react ions w i t h secondary a m i n e s m u c h i n the same m a n n e r as 
m e t a l - i s o n i t r i l e c o m p l e x e s do to generate the c a r b o n - c o o r d i n a t e d car-
benes . It is c l e a r f r om th is w o r k that s i d e w a y s - b o u n d ace t y l i d e s h a v e a 
d i s t i n c t c h e m i s t r y b a s e d o n the e x t r eme e l e c t r o p h i l i c i t y o f the car
b o c a t i o n i c c a r b o n a toms . I n o u r o p i n i o n s u c h b e h a v i o r is d i r e c t l y r e l e 
van t to the e x p e c t e d c h e m i s t r y o f c a r b i d i c c a r b o n atoms i n c l u s t e r 
c a rb i d e s a n d m a y b e p e r t i n e n t to the C - C c o u p l i n g m e c h a n i s m i n v o l v 
i n g C O . 
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188 METAL PHOSPHINE COMPLEXES 

T h e A t 3 - V - a c e t y l i d e s as i n M 3 ( C O ) 9 ( C s = C R ) ( P P h 2 ) m i g h t b e ex
p e c t e d to e x h i b i t a n e v e n greater p ropens i t y for n u c l e o p h i l i c attack. 
S t u d i e s o f these m o l e c u l e s have o n l y j u s t b e g u n , b u t p r e l i m i n a r y w o r k 
shows that R u a i C O ^ C s C P r ' X P P l ^ ) r e a d i l y adds e t h y l a m i n e afford
i n g the n o v e l e n a m i n e c o m p l e x R u 3 ( C O ) 8 { C ( N H E t ) ^ H P r l } P P h 2 

w h o s e X - r a y s t ruc ture (see F i g u r e 14) shows the e n a m i n e d o u b l e b o n d 
c o o r d i n a t e d i n ^ - f a s h i o n to r u t h e n i u m ( 3 ) w i t h the a m i n o g r o u p at
t a c h e d to r u t h e n i u m ( l ) . T h e l i g a n d thus re ta ins the five-electron donor 
c apac i t y o f the a c e t y l i d e i n the pa ren t b u t one m o l e c u l e o f C O is los t to 
f o rm a c l o s e d c lus t e r . A s i l l u s t r a t e d i n S c h e m e I X , the s t a b i l i z a t i o n o f 
the e n a m i n e i n the R u 3 c l u s t e r contrasts w i t h the t r a p p i n g o f t h e e i m i n -
i u m i on va l ence i s omer i n the b i n u c l e a r spec i es Fe2 ( C O ) 6 { C ( N H R ) -
C P h } ( P P h 2 ) . F u r t h e r s tud i es on the M 3 c l u s t e r are i n progress . 

A C a u t i o n a r y N o t e o n P h o s p h i d o - B r i d g e R e a c t i v i t y . T h r o u g h o u t 
th is d i s cuss i on o f c l u s t e r a n d a c e t y l i d e r eac t i v i t y , the p h o s p h i d o 

Scheme VIII. 
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10. CARTY Phosphido-Bridged Iron Group Clusters 189 

Figure 13. The X-ray crystal structure of FeziCO^CiCNBu^CPh}-
(PPh2) illustrating attachment of the isonitrile carbon atom to the 

α-carbon atom of the acetylide 

b r i d g e has r e m a i n e d in tac t a l t h o u g h the na ture o f the b r i d g e has var
i e d . T h i s s t ab i l i t y o f P P h 2 b r i d g e s is a n i m p o r t a n t factor i n the i r a p p l i 
ca t i on as s u p p o r t i n g l i g a n d s . Neve r the l e s s , for c e r t a in reagents , there is 
e v i d e n c e for r eac t i on at the m e t a l - P b o n d o f a p h o s p h i d o b r i d g e . Fo r 
e x a m p l e S c h e m e X i l lus t ra tes that the r eac t i on o f F e 2 ( C O ) e ( C ^ C B u O -
( P P h 2 ) w i t h d i s u b s t i t u t e d ace ty l enes resu l ts i n F e - P P h 2 b o n d c l eavage 
a n d the genera t i on o f p h o s p h i n e - c o n t a i n i n g p r o d u c t s v i a a c e t y l i d e -
a c e t y l i n e c o u p l i n g . A l l three p r o d u c t t ypes i n S c h e m e X have b e e n 
c h a r a c t e r i z e d f u l l y b y s ing l e - c r y s t a l X - r a y d i f f rac t ion (44). T h e P P h 2 

b r i d g e c l e a r l y is r e l a t i v e l y l a b i l e t o w a r d ace ty l enes . 

Conclusions: Structural and Chemical Implications 

1. P h o s p h i n o a l k y n e s are a us e fu l source o f p h o s p h i d o a n d 
a c e t y l i d o g r oups for c l u s t e r synthes is . 

2. T h e p h o s p h i d o b r i d g e is a n e x c e e d i n g l y v e r sa t i l e b r i d g 
i n g l i g a n d i n c lus t e r s . M e t a l — m e t a l b o n d m a k i n g a n d 
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Ph 

Figure 14. A perspective view of the molecular structure of Ruj(CO)8-
{C(NHEt) = CHPrl}PPh2 

Scheme IX. Comparison of reactions of μ2-C=CR and μ3'C=CR 
with amines 

Λ * (CO).Fe^- --FeiCO), 

Κ 

RNH, 

Η 

R—Ν! 

Γ " (CO^Ff ,——F 

—^Fe(CO)m \ ' 

H 
<->/ 
-C- Ph 

(C0),Fr 

V 
Ph, 

(X-ray) 

-X(CO), 

Ph, 
(X-ray) 

PrJ. 
!u(CO)3 

(CO),Ru-
\ ^^R'u(co)3 

Ε tNH t, heptane 
RT, 24 hrs. 

Ru8(C0),(NHEt-C-CH(Pr')) 
15% • other products 

Ru(C0), 

Γ (CO), υ (X-ray) 
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Scheme X. Phosphido-bridge reactivity: insertion into the bridge. 

b r e a k i n g c a n b e a c c o m m o d a t e d eas i l y b e c a u s e o f the 
w i d e va r i a t i on i n m e t a l - P - m e t a l ang l es t o l e r a t ed b y the 
P P h 2 g r o u p . 

3. It is c l e a r that P -31 c h e m i c a l shi f ts for d i p h e n y l p h o s -
p h i d o b r i d g e s s ens i t i v e l y ref lect changes i n m e t a l - P -
m e t a l ang l e . A l t h o u g h the n u m b e r o f c o m p o u n d s e x a m 
i n e d to da ta is r e l a t i v e l y l i m i t e d , for spec i f i c c o m p o u n d 
types δ (P-31) increases (moves i n c r e a s i n g l y d o w n f i e l d ) 
as m e t a l - P - m e t a l a n g l e increases for P P h 2 b r i d g i n g a 
b o n d i n g m e t a l - m e t a l i n t e rac t i on . T h e δ (P-31) shi f ts o f 
P P h 2 g r oups b r i d g i n g n o n b o n d i n g m e t a l — m e t a l sys tems 
a p p e a r at a m u c h h i g h e r field a n d appea r to m o v e u p f i e l d 
as the m e t a l - P - m e t a l ang l e w i d e n s . T h e s e t r ends have 
d i a gnos t i c s t ruc tu ra l s i gn i f i cance . 
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4. A c e t y l i d e s are the m o s t v e r sa t i l e o f the h y d r o c a r b y l 
g r o u p s w i t h t e r m i n a l , s y m m e t r i c a l μ2, u n s y m m e t r i c a l 
μ2-Ί72> a n d ^ 3 - n 2 - b o n d i n g m o d e s b e i n g i d e n t i f i e d . 
S i d e w a y s - b o u n d μ2-ν2- a n d /Lt 3 -n 2 -acetyl ides, b e i n g r ead 
i l y access ib l e , offer a n e x c i t i n g o p p o r t u n i t y to p r o b e di f 
ferences i n patterns o f r e a c t i v i t y r e s u l t i n g f r om m u l t i s i t e 
c o o r d i n a t i o n . S u c h i n f o rma t i on is h i g h l y p e r t i n e n t to 
c l u s t e r - m e d i a t e d react ions o f o ther m u l t i s i t e - b o u n d , u n 
sa tura ted l i g a n d s s u c h as C O . It is no t ab l e that c a r b i d i c 
c a r b o n a toms i n c lus t e r c a rb i d e s m a y e x h i b i t e x t r eme 
sens i t i v i t y to n u c l e o p h i l i c attack as do σ-π-acetylides. 

5. Obse r va t i ons o f t r i p l y a n d d o u b l y b r i d g i n g h y d r o x o 
g roups i n o the rw i s e l o w - v a l e n t c a r b o n y l c lus te rs is par
t i c u l a r l y e x c i t i n g i n v i e w o f the p o t e n t i a l l y i m p o r t a n t 
r o l e o f s u c h l i g ands i n ca ta l y t i c r educ t i ons . M o l e c u l e s 
s u c h as R u 4 ( C O ) 1 0 ( C = C H P r ' X O H X P P l ^ ) are w o r t h y o f 
d e t a i l e d s tudy . 
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Chemistry of Tertiary Phosphine 
Complexes of Rhodium, Iridium, and 
Platinum 

D. P. ARNOLD, M. A. BENNETT, G. T. CRISP, and J. C. J E F F E R Y 

Research School of Chemistry, The Australian National University, P.O. Box 4, 
Canberra, A.C.T., Australia 2600 

The products of oxidative addition of acyl chlorides and 
alkyl halides to various tertiary phosphine complexes of 
rhodium(I) and iridium(I) are discussed. Features of 
interest include (1) an equilibrium between a five
-coordinate acetylrhodium(III) cation and its six
-coordinate methyl(carbonyl) isomer which is established 
at an intermediate rate on the NMR time scale at room 
témperature, and (2) a solvent-dependent secondary- to 
normal-alkyl-group isomerization in octahedral al-
kyliridium (III) complexes. The chemistry of monomeric, 
tertiary phosphine-stabilized hydroxoplatinum(II) com
plexes is reviewed, with emphasis on their conversion 
into hydrido-alkyl or -aryl complexes. Evidence for an 
electronic cis-PtP bond-weakening influence is pre
sented. 

T he stoichiometric reaction of acyl halides with RhCl (PPh 3 ) 3 has 
been studied in detail by a number of groups in relation to 

the potentially useful process of decarbonylation of acyl halides 
catalyzed by various planar d8 metal complexes (1, 2, 3, 4, 5). The 
reaction of acetyl chloride with RhCl (PPh 3 ) 3 involves initial oxidative 
addition to give a five-coordinate acetylrhodium(III) complex, subse
quent methyl migration to give a six-coordinate methylrhodium(III) 
complex, and final reductive elimination of methyl chloride (see 
Scheme I) (5). A similar sequence of reactions occurs in the corre
sponding iridium system, although the six-coordinate al-
kyliridium(III) complexes do not undergo reductive elimination as 
readily as the corresponding rhodium(III) complexes (6, 7, 8). The 

0065-2393/82/0196-0195$05.00/0 
© 1982 American Chemical Society 
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196 METAL PHOSPHINE COMPLEXES 

Scheme 1. Reaction of RhCl(PPh3)3 with acetyl chloride 

C O C H , 

Rh + C H , C O C l Rh 

CI ^ C l 

C O C O C H , 
L C O L I CI L I ^ C l 

^ R h ,-CH..C:I ^ Rh ^ Rh 

C l L C H , I L C l L 
CI 

α-branched a c y l c h l o r i d e s reac t e i the r w i t h I r C l ( P P h 3 ) 3 or I r C l ( P P h 3 ) 2 

( p r e p a r e d i n s i t u f r o m the c y c l o o c t e n e c o m p l e x [ I r C l ( C 8 H 1 4 ) 2 ] 2 + 
2 P h 3 P ) to g i v e n - a l k y l i r i d i u m ( I I I ) c o m p l e x e s . T h u s ( C H 3 ) 2 C H C O C l , 
C H 3 C H 2 C H ( C H 3 ) C O C l , ( C H 3 C H 2 ) 2 C H C O C l , a n d C e H 5 C H ( C H 3 ) C O C l 
g i v e , r e s p e c t i v e l y , the n - p r o p y l , η-butyl, n - p e n t y l , a n d 2 - p h e n e t h y l 
c o m p l e x e s l a - I d (8). W e have a s s u m e d that a n u n d e t e c t e d o c t ahed ra l 
s e c - a l k y l i r i d i u m ( I I I ) c o m p l e x is f o r m e d i n i t i a l l y , f o l l o w i n g S c h e m e I, 
a n d that th is i s o m e r i z e d b y a /3-hydride shi f t to the n - a l k y l . I n the 
o x i d a t i v e a d d i t i o n o f α-branched a c y l c h l o r i d e s to the d i m e r i c c y c l o -
o c t e n e - i r i d i u m ( I ) c o m p l e x [ I r C l ( C O ) ( C 8 H i 4 ) 2 ] 2 , i n t e r m e d i a t e sec-
a l k y l s c a n b e d e t e c t ed . Fo r e x a m p l e , 2 - m e t h y l p r o p a n o y l c h l o r i d e a n d 
b u t a n o y l c h l o r i d e g i v e , r e s p e c t i v e l y , the d i m e r i c i s o p r o p y l - a n d n -
p r o p y l - i r i d i u m ( I I I ) c o m p l e x e s H a a n d l i b b u t , o n h e a t i n g , a 3 : 2 
e q u i l i b r i u m m i x t u r e o f l i b a n d H a is o b t a i n e d (8). 

T h e s econdary - t o -no rma l a l k y l - g r o u p i s o m e r i z a t i o n u n d o u b t e d l y 
p roceeds v i a a n o l e f i n - h y d r i d e i n t e r m e d i a t e s i m i l a r to that i n v o k e d for 
the t h e r m a l d e c o m p o s i t i o n v i a /3-e l iminat ion o f t r ans i t i on -me ta l a l k y l s . 
W h a t factors d e t e r m i n e the d i r e c t i o n o f a d d i t i o n o f the i r i d i u m ( I I I ) 
h y d r i d e to the c o o r d i n a t e d o l e f i n a n d , i n p a r t i c u l a r , w h y does the 
p resence o f t r i p h e n y l p h o s p h i n e i n the c o o r d i n a t i o n sphere favor 
a n t i - M a r k o w n i k o v a d d i t i o n to g i v e e x c l u s i v e l y the n - a l k y l ? T h e a n 
swe r to th is q u e s t i o n m a y b e r e l e v a n t to h y d r o f o r m y l a t i o n s ince i t is 
w e l l k n o w n that p h o s p h i n e - m o d i f i e d c oba l t a n d r h o d i u m cata lysts 
g i v e h i g h rat ios o f s t ra ight- to b r a n c h e d - c h a i n a l c oho l s (9). It has b e e n 
sugges t ed that s ter ic r e p u l s i o n b e t w e e n the s e condary a l k y l a n d the 
p h e n y l r ings o f the m u t u a l l y t r a n s - t r i p h e n y l p h o s p h i n e l i g a n d s i n 
c o m p l e x e s o f T y p e I m a y favor the n - a l k y l . A n a d d i t i o n a l p o s s i b i l i t y is 
that the h y d r i d e l i g a n d b e c o m e s mor e h y d r i d i c i n charac te r i n ter t iary 
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11. ARNOLD ET AL. Tertiary Phosphine Complexes 197 

p h o s p h i n e c o m p l e x e s ( I R Ô + - Η δ " ) , w h i c h w o u l d favor a n t i -
M a r k o w n i k o v a d d i t i o n to the o l e f in . A s e c o n d p r o b l e m is that , un l e ss 
i r i d i u m ( I I I ) a ch i e v e s a n u n u s u a l c o o r d i n a t i o n n u m b e r o f s even , one o f 
the l i g a n d s i n I m u s t d i ssoc ia te r e v e r s i b l y to p r o v i d e a site for the 
o l e f i n ; a l t h o u g h the b u l k y t r i p h e n y l p h o s p h i n e seems a l i k e l y c a n d i 
date , no i n f o r m a t i o n is a v a i l a b l e . I n the case o f the d i m e r i c c o m p l e x e s 
I I , r e v e r s i b l e c l eavage o f the c h l o r i n e b r i d g e s m a y fu l f i l l th is p u r p o s e . 

Oxidative Addition of Acyl Chlorides to MCIL3 (M = Ir, L = PMePh2, 
PMe2Ph; M = Rh, L = PMe2Ph) 

W e w e r e i n t e r e s t ed i n p r e p a r i n g s e condary a l k y l c o m p l e x e s s i m i 
l a r to I c o n t a i n i n g te r t iary p h o s p h i n e s w h i c h are less s t e r i c a l l y de 
m a n d i n g a n d m o r e bas i c t h a n t r i p h e n y l p h o s p h i n e . U n f o r t u n a t e l y , the 
a p p r o a c h w h i c h has p r o v e d success fu l i n the case o f L = P P h 3 p r o v e d 
to h a v e o n l y l i m i t e d a p p l i c a t i o n . T h e r eac t i on o f I r C l ( P M e P h 2 ) 3 w i t h 
2 - m e t h y l p r o p a n o y l c h l o r i d e i n hot b e n z e n e g ives the n - p r o p y l -
i r i d i u m ( I I I ) c o m p l e x I e ( L = P M e P h 2 ; R = C h 2 C H 2 C H 3 ) , b u t as i n the 
case o f t r i p h e n y l p h o s p h i n e the p r e s u m e d i n t e r m e d i a t e i s o p r o p y l 
c o m p l e x c o u l d not b e d e t e c t e d or i so l a t ed . A d d i n g o f s t r a i gh t - cha in 
a c y l c h l o r i d e s R C O C 1 (R = C H 3 , C 2 H 5 , n - C 3 H 7 ) to I r C l ( P M e P h 2 ) 3 d i f 
fers s o m e w h a t f r o m that s h o w n i n S c h e m e I for c o r r e s p o n d i n g a d d i 
t ions to R h C l ( P P h 3 ) 3 (JO). T h e first p r o d u c t that c a n b e i s o l a t ed is a n 
o c t a h e d r a l a l k y l i r i d i u m ( I I I ) c o m p l e x I I I c o n t a i n i n g m u t u a l l y c i s -
p h o s p h i n e l i g a n d s . I n the case o f R = C 2 H 5 or n - C 3 H 7 , th is is i n 
e q u i l i b r i u m i n s o l u t i o n w i t h a five-coordinate a c y l i r i d i u m ( I I I ) c o m 
p l e x I V a lso c o n t a i n i n g c i s - p h o s p h i n e l i g a n d s , w h i c h is p r e s u m a b l y 
the i n i t i a l p r o d u c t o f o x i d a t i v e a d d i t i o n (see S c h e m e II). I n the case o f 
R = C H 3 , o n l y the s i x - coo rd ina t e m e t h y l c o m p l e x c a n b e d e t e c t e d , 
b o t h i n s o l u t i o n a n d i n the s o l i d state. I s ome r i z a t i on to the ther-
m o d y n a m i c a l l y s tab l e p r o d u c t c o n t a i n i n g m u t u a l l y t r a n s - p h o s p h i n e 
l i g a n d s o c curs s l o w l y i n d i c h l o r o m e t h a n e , b u t is a c c e l e r a t ed m a r k e d l y 
b y a d d i n g m e t h a n o l or salts s u c h as N H 4 P F e or L1CIO4 a n d is r epressed 
b y the a d d i t i o n o f L i C l . T h e s e observat ions sugges t that i n i t i a l loss o f 
C l " is r e q u i r e d for i s o m e r i z a t i o n to p r o c e e d (JO). 

A d d i n g a c y l c h l o r i d e s R C O C 1 to so lu t i ons o f M C l ( P M e 2 P h ) 3 

( M = R h , Ir) p r e p a r e d i n s i tu f r om [ R h C l ( C 2 H 4 ) 2 ] 2 or [ I r C l ( C 8 H 1 4 ) 2 ] 2 

a n d 6 e q u i v o f d i m e t h y l p h e n y l p h o s p h i n e g i ves s i x - coo rd ina te a c y l 
c o m p l e x e s M C l 2 ( C O R ) ( P M e 2 P h ) 3 (V) w h i c h do not r e a d i l y l ose 
P M e 2 P h to g i v e c o m p l e x e s o f T y p e I. A t t e m p t s to p r epa r e s u c h c o m 
p o u n d s u s i n g o n l y 4 e q u i v o f d i m e t h y l p h e n y l p h o s p h i n e a lso have 
b e e n u n s u c c e s s f u l . A l k y l m i g r a t i o n c a n b e i n d u c e d to o c c u r i n V b y 
a d d i n g N H 4 P F e , b u t o n l y w h e n R is a s t r a i gh t - cha in a l k y l g r o u p . T h e 
a m m o n i u m hexa f luo rophospha te abstracts one c h l o r i d e l i g a n d , p r o b a 
b l y that w h i c h is trans to the a c y l g r o u p , a n d creates a vacan t s i te for 
the m i g r a t i n g a l k y l g r o u p (see S c h e m e III ) . W h e n M = Ir , the p r o d u c t 
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198 METAL PHOSPHINE COMPLEXES 

R 
L I C O 

\ I y 
I r 

C l ^ I L 
C I 
ι 

R = C H 2 C H 2 C H 3 l a 

R = C H2C H2C H2C H3 l b 

R = C H2C H2C H2C H2C H3 I c 

R = C H 2 C H 2 C e H 5 I d 

R = C H2C H2C H3 Ie ; 
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Scheme II. Oxidative addition of acyl chlorides to IrCUPMePf^^ 
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200 METAL PHOSPHINE COMPLEXES 

Figure 1. Overall stereochemistry of the [RhCl(COCH3)(PMe2Ph)3] + 

cation. Important bond lengths and interbond angles are: Rh—P(l) 
2.388(1) A; Rh—P(2) 2.285(1) A; Rh—P(3) 2.384(1) A; Rh—Cl 2.391(1) 
A; Rh—C(7) 1.971(5) A; C(7)—C(8) 1.528(8) A; C(7)—0 1.184(6) A. 
P(l)—Rh—P(3) 167.90(5)°; P(2)—Rh—Cl 156.17(5)°; Cl—Rh—C(7) 

112.5(2)°. 

is the e x p e c t e d s i x - coo rd ina te , c a t i on i c c o m p l e x V I , b u t w h e n M = R h 
a n d R = C H 3 , the p r o d u c t is a five-coordinate a c e t y l c o m p l e x , 
[ R h C l ( C O C H 3 ) ( P M e 2 P h ) 3 ] P F e (VI I ) , i n the s o l i d state. A n X - r a y 
c r y s t a l l o g r a p h i c s t u d y shows c o n s i d e r a b l e d i s t o r t i on from i d e a l 
square p y r a m i d a l g e o m e t r y (see F i g u r e 1). I n p a r t i c u l a r , the P ( l ) -
R h - P ( 3 ) a n g l e [167.90(5)°] is a b o u t 12° l a r ge r t h a n the P ( 2 ) - R h - C l 
a n g l e [156.17(5)°], a n d the a c y l c a r b o n C ( 7 ) - R h - C l ang l e [112.5(2)°] 
is abou t 20° greater t h a n the average C ( 7 ) - R h - P ( n ) ang l e (92.8° 
for η = 1-3). T h e a c y l p l a n e C ( 7 ) - C ( 8 ) - 0 - R h is i n c l i n e d b y o n l y 
10.4° to the c o o r d i n a t i o n p l a n e P ( 2 ) - R h - C l - C ( 7 ) , r e s u l t i n g i n 
s i gn i f i cant n o n b o n d e d contacts b e t w e e n the a c y l g r o u p a n d the 
t r ans - equa to r i a l p h o s p h i n e a n d c h l o r i n e l i g a n d s . T h e s e const ra in ts 
p r e v e n t the c h l o r i n e l i g a n d f r om o c c u p y i n g a n i d e a l e q u a t o r i a l 
p o s i t i o n a n d cause i t to sh i f t t owards the vacan t c o o r d i n a t i o n s i te . 

T h e a c e t y l c o m p l e x V I I is i n e q u i l i b r i u m i n s o lu t i on w i t h a s ix-
c o o r d i n a t e m e t h y l r h o d i u m ( I I I ) c o m p l e x V I I I , ana l ogous to the 
i r i d i u m c o m p l e x V I . A n i n t e r e s t i n g feature e v i d e n t f r om v a r i a b l e -
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11. ARNOLD ET AL. Tertiary Phosphine Complexes 201 

t e m p e r a t u r e H - l a n d P -31 N M R s tud i es is that the m e t h y l g r o u p m i 
grates at a n i n t e r m e d i a t e rate o n the N M R t i m e sca le at r o o m t e m 
pera ture , i.e., ca . 1 0 2 - 1 0 3 s " 1 , w h i c h is 1 0 7 - 1 0 8 t imes faster t h a n t y p i c a l 
rate constants for the f o r w a r d r eac t i on i n the e q u i l i b r i u m 
R M n ( C O ) 5 ^ R C O M n ( C O ) 4 (10, 11). It seems r easonab l e that m e t h y l 
m i g r a t i o n i n v o l v e s a c o n c e r t e d m o v e m e n t o f the c h l o r i n e a t o m to the 
vacan t a p i c a l s i te o f the s qua r e p y r a m i d a n d o f the m e t h y l g r o u p to the 
v a c a t e d e q u a t o r i a l s i te . T h e depa r tu res f r o m i d e a l s qua r e p y r a m i d a l 
g e o m e t r y d i s c u s s e d a b o v e suggest that the s t ruc ture o f the a c e t y l c o m 
p l e x is c l ose to that o f the t r ans i t i on state for m e t h y l m i g r a t i o n , t h u s 
a c c o u n t i n g for the r a p i d i t y o f the process . A n o t h e r i m p o r t a n t c o n t r i b u t 
i n g factor m a y be r e d u c e d π-back-bonding to the C O g r o u p o f V I I I a n d 
to the a c e t y l g r o u p o f V I I r e l a t i v e to that i n u n c h a r g e d c o m p l e x e s , 
w h i c h c o u l d d e s t a b i l i z e the g r o u n d states r e l a t i v e to the t rans i t i on 
state for m e t h y l m i g r a t i o n . 

Isomerization of Secondary Alkyl Iridium (111) Complexes Containing 
Tertiary Phosphines 

A w i d e range o f o c t a h e d r a l l y c o o r d i n a t e d a l k y l - i r i d i u m ( I I I ) c o m 
p l exes I X , i n c l u d i n g s e condary a l k y l s , c a n b e m a d e i n h i g h y i e l d b y 
o x i d a t i v e a d d i t i o n o f the a p p r o p r i a t e a l k y l i o d i d e s , R l , to i r i d i u m ( I ) 
c o m p l e x e s I r X ( C O ) L 2 (X = C l , I; L = P M e 3 , P M e 2 P h ) . T h e c o m p l e x 
I r C l ( C O ) ( P M e P h 2 ) 2 adds m e t h y l h a l i d e s b u t no t e t h y l i o d i d e , whe reas 
I r C l ( C O ) ( P E t 3 ) 2 adds p r i m a r i l y a l k y l i od i d e s b u t fa i ls to reac t w i t h 
s econdary a l k y l i o d i d e s , so that these react ions are c l e a r l y sens i t i ve to 
s ter ic effects. O n h e a t i n g i n b e n z e n e or d i c h l o r o m e t h a n e , the s e cond 
ary a l k y l s i s o m e r i z e to the c o r r e s p o n d i n g η-alkyls, the r eac t i on b e i n g 
a c c o m p a n i e d b y h a l i d e - g r o u p s c r a m b l i n g a n d b y d e c o m p o s i t i o n . T h e 
same i s ome r i z a t i on c a n b e e f fec ted at r o o m t empe ra tu r e w i t h o u t c o m 
p l i c a t i n g s i d e react ions b y a d d i n g p r o t i c so l vents s u c h as m e t h a n o l to a 
d i c h l o r o m e t h a n e s o l u t i o n o f the s e condary a l k y l . T h e P-31 c h e m i c a l 
shi f ts o f the i s o m e r i c s e condary a n d n o r m a l a l k y l c o m p l e x e s o f T y p e 
I X are su f f i c i ent l y d i f ferent a n d the r e l axa t i on t imes are su f f i c i ent l y 
c l ose that the i s o m e r i z a t i o n c a n b e m o n i t o r e d b y P -31 N M R spec t ros 
copy . I n d i c h l o r o m e t h a n e c o n t a i n i n g va r i ous p r o t i c so lvents , i s o m e r i 
za t i on o f the i s o p r o p y l c o m p l e x e s I r C l I { C H ( C H 3 ) 2 } ( C O ) L 2 ( L = P M e 3 , 
P M e 2 P h ) to the η-propyl c o m p l e x e s is f i rst-order, the lat ter b e i n g the 
so le o r g a n o - i r i d i u m ( I I I ) c o m p l e x de t e c t ab l e at e q u i l i b r i u m . T h e o rde r 
o f ef f icacy o f so l vents i n p r o m o t i n g i s o m e r i z a t i o n is C F 3 C 0 2 H » 
C H 3 O H » C 2 H 5 O H > C H 3 C 0 2 H ~ C H 3 C H 2 C H 2 O H > ( C H 3 ) 2 C H O H 
(see T a b l e I), the so l vents at the top o f the l i s t b e i n g those that c a n b e 
e x p e c t e d to m o s t s t r ong l y so lvate a l e a v i n g h a l i d e i on . I n v i e w o f the 
h i g h t rans - in f luence o f σ-bonded a l k y l s , i t seems l i k e l y that the depa r 
tu re o f the i o d i d e i o n i n I X p romo t es i s o m e r i z a t i o n b y p r o v i d i n g a va -
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202 METAL PHOSPHINE COMPLEXES 

T a b l e I. Ra tes o f I s o m e r i z a t i o n o f 
I r C l I { C H ( C H 3 ) 2 } ( C O ) ( P M e 2 P h ) 2 to the 

C o r r e s p o n d i n g η-Propyl C o m p l e x i n Va r i ous 
S o l v e n t M i x t u r e s 

Solvent A 

C H 2 C 1 2 

C H 2 C 1 2 

C H 2 C 1 2 

C H 2 C 1 2 

C H 2 C 1 2 

C H 2 C 1 2 

T H F 
T H F 

Solvent Ba 

C F 3 C 0 2 H 
CH3OH 
C 2 H 5 O H 
C H 3 C 0 2 H 
n - C 3 H 7 O H 
( C H 3 ) 2 C H O H 
C H 3 O H 
H 2 0 

Rate(10*s-X) 

7 8 ± 
9 ± 
6 ± 0.5 
6 ± 0 . 5 
3 ± 0 . 5 

< 0 . 3 
7 ± 1 

0 Mole fraction of Β = 0.395. 
» Measured by P-31 N M R spectroscopy at 32°C. 
c Too fast to measure. 

can t s i te for /3-e l iminat ion. I n agreement , t r ea tmen t o f the i s o p r o p y l c o m 
p l exes I r C l I { C H ( C H 3 ) 2 } ( C O ) L 2 w i t h A g P F e i n a c e t o n i t r i l e g i ves i m m e 
d i a t e l y the η-propyl ca t i on [ I r C l ( C H 2 C H 2 C H 3 ) ( C O ) ( C H 3 C N ) L 2 ] P F e . 
Q u a l i t a t i v e l y , a d d i n g i o d i d e i o n s l o w s d o w n i s o m e r i z a t i o n o f 
I r C l I { C H ( C H 3 ) 2 } ( C O ) L 2 i n d i c h l o r o m e t h a n e - m e t h a n o l , a l t h o u g h 
the k i n e t i c s are no l o n g e r s i m p l e . I s o m e r i z a t i o n is c o n s i d e r a b l y 
s l o w e r i n t e t r a h y d r o f u r a n ( T H F ) - m e t h a n o l t h a n i n d i c h l o r o 
m e t h a n e - m e t h a n o l (see T a b l e I I ) , p e rhaps b e c a u s e T H F c a n oc
c u p y the s i te v a c a t e d b y the i o d i d e i o n . A d d i n g wa t e r acce le ra tes the 
i s o m e r i z a t i o n i n T H F , a g a i n b e c a u s e o f p r e f e r en t i a l s o l va t i on o f the 
l e a v i n g i o d i d e i o n b y water . T h e p r o p o s e d m e c h a n i s m o f i s o m e r i z a t i o n 
is s h o w n i n S c h e m e IV . A l l efforts to de t ec t the p r e s u m e d o l e f i n -
h y d r i d e i n t e r m e d i a t e h a v e b e e n u n s u c c e s s f u l . 

L = P M e 3 , P M e 2 P h 

R = C 2 H S , n - C 3 H 7 , n - C g H i 7 , C H ( C H 3 ) 2 , C H 2 C H ( C H 3 ) 2 , 
C H 2 C H 2 C H ( C H 3 ) 2 ) C H ( C 2 H 5 ) 2 , 
C H ( C H 3 ) ( n - C e H 1 3 ) , C H 2 C ( C H 3 ) 3 , c - C e H n 

T w o observat ions i n d i c a t e the i m p o r t a n c e o f s ter ic h i n d r a n c e i n 
s t a b i l i z i n g a five-coordinate c a t i on i c i n t e r m e d i a t e : (1) i s o m e r i z a t i o n is 
m o r e r a p i d for L = P M e 2 P h t h a n for L = P M e 3 (see T a b l e II ) ; (2) rates 
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11. ARNOLD E T A l . Tertiary Phosphine Complexes 203 

T a b l e I I . Ra tes o f I s o m e r i z a t i o n o f 
I r C l I { C H ( C H 3 ) 2 } ( C O ) L 2 ( L = P M e 2 P h , P M e 3 ) 
to the C o r r e s p o n d i n g n - P r o p y l C o m p l e x e s 

i n D i c h l o r o m e t h a n e - M e t h a n o l 0 

Rate ( i O 5 s-*) 
Mole Fraction — 

of Methanol L = PMe2Ph L = PMe3 

0.787 6 32 ± 3 
0 .395 78 ± 8 9 ± 1 
0 .316 13 ± 1 5 ± 0.5 

α Measured by P-31 N M R spectroscopy at 32°C. 
0 Too fast to measure. 

o f i s o m e r i z a t i o n inc r ease i n the o rde r C H ( C H 3 ) 2 < C H ( C H 3 ) ( C 2 H 5 ) < 
C H ( C 2 H 5 ) 2 , b u t fur ther ex t ens i on o f the c h a i n b e y o n d five c a r b o n 
a toms has l i t t l e effect {see T a b l e III ) . 

T h e n - a l k y l i r i d i u m ( I I I ) c o m p l e x e s o f T y p e I X also u n d e r g o rever 
s i b l e /3-e l iminat ion , b u t m u c h m o r e s l o w l y t h a n do the s econdary a l 
k y l s . F o r e x a m p l e , the c o m p l e x T r C l I ( C D 2 C H 3 ) ( C O ) ( P M e 2 P h ) 2 s c r am
b l e s d e u t e r i u m a toms b e t w e e n a - a n d j3-carbon a toms i n b e n z e n e -
m e t h a n o l o ve r 5 - 6 d at 70°C. 

Scheme IV Isomerization of IrCU{CH(CH3)2}(CO)L2 to IrCU(CH2-
CH2CH3)(CO)L2(L = PMe3, PMe2Ph) 

L = P M e P h 2 ; R = C H 3 , C 2 H 5 , n - C 3 H 7 

C H 3 C H 3 

\ / 
C H 

L I C O 

C l I L 

I 

C H 3 C H 3 

\ / 
C H 

i - L I C O 
- \ / 

I r + 

C l X L 

C H 2 C H 2 C H 3 

L I C O 

C l I L 

L I Η 

C l C O 

CH2CH2CH;} 

L I C O 
\ / 

Ir 
X \ 

C l L 

I 
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204 METAL PHOSPHINE COMPLEXES 

T a b l e I I I . Ra tes o f I s o m e r i z a t i o n o f 
Va r i ous S e c o n d a r y A l k y l i r i d i u m ( I I I ) 

C o m p l e x e s I r C l I R S e C ( C O ) ( P M e 3 ) 2 to the 
C o r r e s p o n d i n g n - A l k y l s 

Rsec Rate (ΙΟ5*-1)" 

C H ( C H 3 ) 2 9 ± 1 
C H ( C H 3 ) ( C 2 H 5 ) 15 ± 1 
C H ( C 2 H 5 ) 2 2 5 ± 2 
C H ( C H 3 ) ( n - C e H 1 3 ) 2 5 ± 2 

a Measured by P-31 N M R spectroscopy at 32°C 
in C H 2 C l 2 - C H 3 O H (mole fraction of C H 3 O H = 0.395). 

I t is n o t e w o r t h y that the p resence o f e l e c t r o n - w i t h d r a w i n g s u b -
s t i tuents s u c h as C N or C 0 2 C 2 H 5 o n the a - or /3-carbon a toms c o m 
p l e t e l y i n h i b i t s i s ome r i z a t i on . T h u s , the a l k y l s o b t a i n e d separa te l y b y 
a d d i n g C H 3 C H B r C 0 2 C 2 H 5 a n d B r C H 2 C H 2 C 0 2 C 2 H 5 to I r C l ( C O ) L 2 d o 
no t in t e r conve r t , e v e n i n the p r esence o f C F 3 C 0 2 H or A g P F e i n 
C H 3 C N . T h i s m a y b e a c o n s e q u e n c e o f the l o w af f inity o f i r i d i u m ( I I I ) 
for e l e c t r o p h i l i c o le f ins s u c h as e t h y l acry la te or a c r y l o n i t r i l e . 

W e c o n c l u d e that i n o c t a h e d r a l a l k y l i r i d i u m ( I I I ) c o m p l e x e s the 
p resence o f t e r t i a ry p h o s p h i n e s favors e x c l u s i v e l y the n - a l k y l o ve r the 
c o r r e s p o n d i n g s e conda ry a l k y l , i r r e s p e c t i v e o f the s i ze or b a s i c i t y o f 
the p h o s p h i n e . T h i s p re f e r ence is p r o b a b l y l a r g e l y e l e c t r o n i c i n o r i 
g i n , b u t s te r i c factors c a n n o t b e r u l e d out . A k e y s tep that generates a 
vacan t c o o r d i n a t i o n site for b o t h a l k y l - g r o u p m i g r a t i o n a n d i s o m e r i z a 
t i o n i n o c t a h e d r a l t e r t ia ry p h o s p h i n e c o m p l e x e s o f r h o d i u m ( I I I ) a n d 
i r i d i u m ( I I I ) is d i s soc i a t i on o f h a l i d e i on . 

A l k y l - or a r y l - i r i d i u m ( I ) c o m p l e x e s I r R ( C O ) L 2 (R = C H 3 , C e H 5 ; 
L = P M e 3 , P M e 2 P h ) w i l l o x i d a t i v e l y a d d s econdary a l k y l b r o m i d e s or 
i o d i d e s to g i v e o c t a h e d r a l l y c o o r d i n a t e d b i s ( a l k y l ) i r i d i u m ( I I I ) c o m 
p l exes , as e x e m p l i f i e d i n E q u a t i o n 1. 

C H 3 C H 3 

C H 

L C O I C O 

^ I r + ( C H 3 ) 2 C H I - * ^ I r ^ ( D 

C 6 H 5
/ L C 6 H 5 I L 

I 

( L = P M e 3 ) 

P r e l i m i n a r y observat ions i n d i c a t e that the r e s u l t i n g secondary a l k y l s 
i s o m e r i z e c l e a n l y to the c o r r e s p o n d i n g η - a l ky l s i n d i c h l o r o m e t h a n e -
m e t h a n o l , s u g g e s t i n g that the h y d r i d e l i g a n d i n the p r e s u m e d ca t i on i c 
h y d r i d o - o l e f i n i n t e r m e d i a t e m u s t r e t u r n to the o l e f in mo r e r a p i d l y 
t h a n i t unde r go e s r e d u c t i v e e l i m i n a t i o n w i t h the σ-alkyl or σ-phenyl 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

98
2-

01
96

.c
h0

11



11. ARNOLD ET AL. Tertiary Phosphine Complexes 205 

g r oup . T h i s m a y w e l l i n d i c a t e that the h y d r i d e a n d σ-bonded c a r b o n 
l i g a n d are m u t u a l l y trans i n the i n t e r m e d i a t e , a l t h o u g h i t s h o u l d b e 
n o t e d that p l a n a r i r i d i u m ( I ) σ-aryls a n d σ-alkyls I r R ( C O ) L 2 o x i d a -
t i v e l y a d d h y d r o g e n h a l i d e s to g i v e c i s - h y d r i d o - a r y l s o r - a l k y l s o f 
i r i d i u m ( I I I ) that are o f suf f i c ient t h e r m a l s t a b i l i t y to b e i s o l a t ed or 
d e t e c t e d s p e c t r o s c o p i c a l l y (12, 13). 

Mononuclear Hydroxo, Methoxo, and Hydrido Complexes of 
Platinum(ll) 

T h e r m a l l y u n s t a b l e , p l a n a r c i s - h y d r i d o - a l k y l s o f p l a t i n u m ( I I ) , 
c i s - P t H ( R ) ( P P h 3 ) 2 , h a v e b e e n p r e p a r e d r e c e n t l y b y the ac t i on o f the 
app rop r i a t e G r i g n a r d reagent w i t h trans- P t H C l ( P P h 3 ) 2 ; t h e y d e c o m 
pose b y i n t r a m o l e c u l a r r e d u c t i v e e l i m i n a t i o n o f a l k a n e (14). Rou t es to 
the c o r r e s p o n d i n g t rans isomers h a v e b e c o m e a v a i l a b l e as a conse
q u e n c e o f r e sea rch o n m o n o n u c l e a r h y d r o x o a n d m e t h o x o c o m p l e x e s 
o f p l a t i n u m ( I I ) . S e v e r a l years ago w e (15,16) o b s e r v e d the i r r e v e r s i b l e 
o x i d a t i v e a d d i t i o n o f wa t e r a n d m e t h a n o l to the c y c l o h e x y n e 
p la t inum(O) c o m p l e x P t ( C 6 H 8 ) ( d p p e ) ( d p p e = l , 2 - b i s ( d i p h e n y l p h o s -
p h i n o ) e thane ) to g i v e , r e s p e c t i v e l y , m o n o n u c l e a r h y d r o x o a n d 
m e t h o x o c o m p l e x e s o f p l a t i n u m ( I I ) (see E q u a t i o n 2): 

+ R O H (2) 

( R = H , C H 3 ) 

U n e x p e c t e d l y , the m e t h o x o c o m p l e x shows no t e n d e n c y to de 
c o m p o s e to a h y d r i d e b y / ^ e l i m i n a t i o n , a l t h o u g h i t does react i m m e d i 
a t e l y w i t h wa t e r to g i v e the h y d r o x o c o m p l e x . I n contrast , c y c l o h e x y n e 
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 ( 0 ) reacts w i t h m e t h a n o l to g i v e a 
h y d r i d o c o m p l e x , p r e s u m a b l y v i a a n u n d e t e c t e d i n t e r m e d i a t e 
m e t h o x i d e (see E q u a t i o n 3): 

> P t 

P P h 3 

P P h 3 

+ C H 3 O H 

P P h 3 

P t 

P h 3 P ^ X O C H 3 

- C H 2 0 

P P h 3 

/ P t x 
P h s P Η 

(3) 
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206 METAL PHOSPHINE COMPLEXES 

A w i d e range o f a l k y l - a n d a ry l -hydroxo -b i s ( t e r t i a r y p h o s p h i n e ) c o m 
p l exes o f p l a t i n u m ( I I ) has b e e n p r e p a r e d n o w (17, 18, 19, 20, 21), 
g e n e r a l l y b y the r ou t e s h o w n i n E q u a t i o n 4 or s ome va r i an t o f i t 

P t C l R L 2 [ P t R ( s o l v e n t ) L 2 ] Y P t ( O H ) R L 2 (4) 
solvent 

w h e r e Y = R F 4 or P F e ; s o l v en t = ace tone or m e t h a n o l ; L = va r i ous 
te r t iary p h o s p h i n e s . 

H y d r i d o - h y d r o x o c o m p l e x e s o f p l a t i n u m ( I I ) are b e l i e v e d to b e 
f o r m e d b y r e v e r s i b l e o x i d a t i v e a d d i t i o n o f wa t e r to b i s ( l i gand ) 
p la t inum(O) c o m p l e x e s c o n t a i n i n g b u l k y t e r t ia ry p h o s p h i n e s (22). A l 
t h o u g h the e q u i l i b r i u m favors the p la t inum(O ) c o m p l e x , trans -
[ P tH (OH) (P ( i s o -P r ) 3 ) 2 ] has b e e n i s o l a t ed a n d i d e n t i f i e d s p e c t r o s c o p i -
c a l l y (see E q u a t i o n 5): 

P t ( P ( i s o -P r ) 3 ) 2 + H 2 0 ^± P t H ( O H ) ( P ( i s o - P r ) 3 ) 2 (5) 

T h e h y d r o x o c o m p l e x e s b e h a v e as s t rong bases i n a q u e o u s or
g a n i c so l vents a n d react w i t h w e a k ac ids , i n c l u d i n g c a r b o n ac ids s u c h 
as n i t r o m e t h a n e , m e t h y l ke tones , a ce t y l ace t one , a c e t on i t r i l e , 
p h e n y l a c e t y l e n e a n d c y c l o p e n t a d i e n e ; th is p r o v i d e s a us e fu l synthes is 
u n d e r m i l d c ond i t i ons o f p l a t i n u m ( I I ) - c a r b o n σ-bonded c o m p l e x e s , as 
e x e m p l i f i e d i n E q u a t i o n 6 (18): 

P t ( O H ) ( C H 3 ) ( d p p e ) + H X - > P t X ( C H 3 ) ( d p p e ) + H 2 0 (6) 

H X = C H 3 N 0 2 , C H 3 C O R , ( C H 3 C O ) 2 C H 2 , C H 3 C N , C e H 5 C 2 H , C 5 H e . 

I n c o m p l e x e s o f the t y p e t r a n s - P t ( O H ) R L 2 , the h y d r o x o g r o u p b e 
c omes less r eac t i v e as R b e c o m e s m o r e e l e c t r o n - w i t h d r a w i n g (17). T h e 
r e v e r s i b i l i t y o f the r eac t i on i n E q u a t i o n 6 enab l e s h y d r o x o -
p l a t i n u m ( I I ) c o m p l e x e s a n d z e r o va l en t p l a t i n u m c o m p l e x e s s u c h as 
P t ( P E t 3 ) 3 to c a t a l y z e H - D e x c h a n g e o f o r gan i c c a r b o n y l c o m p o u n d s 
w i t h D 2 0 (22). I n a d d i t i o n , these c o m p l e x e s ca t a l y z e the a d d i t i o n o f 
wa t e r to s i m p l e a l k a n e n i t r i l e s to g i v e c a r b o x a m i d e s . T h e k e y spec i es 
i n th i s ca ta lys is are b e l i e v e d to b e N - b o n d e d c a r b o x a m i d o c o m p l e x e s , 
e.g., P t ( N H C O C H 3 ) ( C H 3 ) ( P P h 3 ) 2 , w h i c h c a n b e f o r m e d b y n u c l e o -
p h i l i c at tack o f the l a b i l e h y d r o x o l i g a n d o n a c o o r d i n a t e d n i t r i l e 
(16, 21,22) (see E q u a t i o n 7): 

P t — O H -2Ξί> [ P t — N C R ] O H • P t — N H C O R (7) 

( aux i l i a r y l i g a n d s omi t t ed ) 

I n the present context , the m o s t i n t e r e s t i n g r eac t i on o f the t rans-
P t ( O H ) R L 2 c o m p l e x e s is that w i t h m e t h a n o l at r o o m t e m p e r a t u r e , 
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11. ARNOLD ET AL. Tertiary Phosphine Complexes 207 

w h i c h g i ves , a m o n g o ther p r o d u c t s , t r a n s - h y d r i d o - a l k y l s or -ary ls o f 
p l a t i n u m ( I I ) , P t H ( R ) L 2 , p r e s u m b a l y the ^ - e l i m i n a t i o n o f f o rma l 
d e h y d e from i n t e r m e d i a t e m e t h o x o - c o m p l e x e s , e.g., E q u a t i o n (8): 

trans-Pt(OH)(CH3)(P(iso-Pr)3);
 C H s ° H 

3 h, room temperature 

trans - P t H ( C H 3 ) ( P ( i s o - P r ) 3 ) 2 w h i t e c rys ta ls ( 5 5 % y i e l d ) (8) 

I n s ome cases, these i n t e r m e d i a t e s c a n b e i so l a t ed , a l b e i t i n a n 
i m p u r e state. F o r e x a m p l e , t r e a t i n g the m e t h a n o l c a t i on trans-
[ P t ( C H 3 ) ( C H 3 O H ) ( P P h 3 ) 2 ] B F 4 w i t h m e t h a n o l i c s o d i u m m e t h o x i d e 
p r e c ip i t a t e s the m e t h o x i d e trans-Pt(OCH3)(CH3)(PPh3)2, w h i c h c a n 
b e i d e n t i f i e d b y H - l N M R spec t r oscopy , b u t th is c o m p o u n d de 
composes i n m e t h a n o l to g i v e trans-PtH(CH3)(PPh3)2 a n d o ther 
u n i d e n t i f i e d p r o d u c t s . T h e p r e v i o u s l y r e p o r t e d m e t h o x i d e 
P t ( O C H 3 ) ( C e H 5 ) ( P E t 3 ) 2 (23 ) d e c o m p o s e s s i m i l a r l y . W h e n the m e t h o x o 
l i g a n d is trans to a s t r ong l y e l e c t r o n - w i t h d r a w i n g σ-bonded 
c a r b o n l i g a n d , d e c o m p o s i t i o n b y /3-e l iminat ion is r e t a rded , e.g., 
P t ( O C H 3 ) ( C e F 5 ) ( P P h 3 ) 2 does no t d e c o m p o s e to a h y d r i d e o n h e a t i n g 
i n b e n z e n e (17 ) . 

P r e p a r i n g t r a n s - h y d r i d o - a l k y l s or -ary ls o f p l a t i n u m ( I I ) does not 
r e q u i r e p r i o r i so l a t i on o f a h y d r o x o c o m p l e x . T h e m a i n routes w e have 
u s e d are s h o w n i n E q u a t i o n s 9 - 1 1 , a n d s e l e c t e d s p e c t r o s c o p i c data , 
i n c l u d i n g some from the l i t e ra tu re , are i n T a b l e IV. 

f r a n s - P t C l ( C e H 5 ) ( P f - B u 2 M e ) 2
 N a Q C H ^ C H ' Q H > 

reflux 2 h 

trans - P t H ( C e H 5 ) ( P f - B u 2 M e ) 2 co lo r l ess n e ed l e s f r om 
C H 2 C l 2 / C H 3 O H (74%) (9) 

trans - P t ( N H C O C H 3 ) ( C H 3 ) ( P P h 3 ) 2
 N a O C H ' / C H ' O H 

reflux 1 h 

trans-PtH(CH3)(PPh3)2 co lo r l ess s o l i d (75%) (10) 

trans-PtCl(CeH5)(PEt3)2
 A g B F < > trans-[Pt(CeH 

C H 3 O H 

: 5 ) ( C H 3 O H ) ( P E t 3 ) 2 ] + 

N a B H 4 

- 4 0 ° t o - 2 0 ° C (11) 

trans - P t H ( C 6 H 5 ) ( P E t 3 ) 2 

co lor l ess n e e d l e s f r o m 
i sopentane at - 7 8 ° C (55%). 

A s e x p e c t e d , the t rans isomers are t h e r m a l l y m o r e s tab l e a n d less reac
t i v e t h a n the c o r r e s p o n d i n g c is i somers . T h u s , trans-PtH(CeH5)(PEt3)2 
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208 METAL PHOSPHINE COMPLEXES 

T a b l e IV . S e l e c t e d S p e c t r o s c o p i c D a t a for trans-PtH(R)L2 C o m p l e x e s 

vptHicm-1) Nujol 
(CH2Cl2) 

P tH (Ph ) ( PPh 3 ) 2 ° 1890(1966) - 5 . 7 1 ( 6 0 0 ) 
P tH (Ph ) ( PE t 3 ) 2 « 1940 - 6 . 6 7 ( 6 4 8 ) 
P t H ( M e ) ( P P h 3 ) 2 ° 1936(1968) - 3 . 7 7 ( 6 5 6 ) 
P t H ( C H 2 C H 2 C H 2 C N ) ( P P h 3 ) 2

6 1950 - 4 . 5 1 ( 6 3 6 ) 
P t H ( C e H 9 ) ( P P h 3 ) 2

c 1920 - 4 . 6 4 ( 6 0 8 ) 
P t H ( C H 2 C N ) ( P P h 3 ) 2

6 2 0 2 7 - 7 . 3 2 ( 7 4 6 ) 
P t H ( C F 3 ) ( P P h 3 ) 2

d 2 0 7 3 - 8 . 2 3 ( 5 4 4 ) 
P t H C l ( P E t 3 ) 2

e - ' 
P t H ( O N 0 2 ) ( P E t 3 ) 2

e - ' 
2 2 2 0 - 1 6 . 8 ( 1 2 7 5 ) P t H C l ( P E t 3 ) 2

e - ' 
P t H ( O N 0 2 ) ( P E t 3 ) 2

e - ' 2 2 4 2 - 2 3 . 6 ( 1 3 2 2 ) 
a This work. 
6 Ref. 28. 
c Ref. 16. 
d Ref. 29. 
e Ref. 30. 
'Ref. 31. 

is s tab le at r o o m t e m p e r a t u r e b u t d e c o m p o s e s i n n - d e c a n e at 70°C 
g i v i n g b e n z e n e , P t ( P E t 3 ) 3 , p l a t i n u m m e t a l , a n d an u n i d e n t i f i e d 
p l a t i n u m - c o n t a i n i n g c o m p l e x ; the d e c o m p o s i t i o n is r e t a r d e d b y 
t r i e t h y l p h o s p h i n e . T h e c o m p o u n d is i ne r t t owa rds e t h y l e n e , a c r y l o n i -
t r i l e , or d i m e t h y l ma l ea t e , b u t is d e c o m p o s e d r a p i d l y b y c a r b o n 
m o n o x i d e , g i v i n g b e n z e n e a n d u n i d e n t i f i e d c l u s t e r c o m p l e x e s . I n 
m a r k e d contrast w i t h the c i s i somers , the trans-[PtH(R)(PPh3)2] c o m 
p o u n d s react o n l y s l u g g i s h l y o n h e a t i n g w i t h d i p h e n y l a c e t y l e n e to 
g i v e P t ( C e H 5 C 2 C e H 5 ) ( P P h 3 ) 2 . D i m e t h y l a c e t y l e n e - d i c a r b o x y l a t e i n 
serts i n t o the P t — H b o n d o f trans-PtH(CeH4Br-p)(PEt3)2 to g i v e the 
e x p e c t e d σ-v inyl (see E q u a t i o n 12): 

t rans- P t H ( C e H 4 B r - p ) ( P E t 3 ) 2 + C H 3 0 2 C G s = C C 0 2 C H 3 - » 

P E t 3 

J ^CC^CHa 

* r \ J - ] t - c x ( 1 2 ) 

P E t 3 / C \ 
Η C 0 2 C H 3 

H y d r o x o c o m p l e x e s c o n t a i n i n g c i s -b iden ta t e ter t iary d i p h o s 
p h i n e s , s u c h as P t ( O H ) R ( d p p e ) (R = C H 3 , C e H 9 ) or P t ( O H ) ( C H 3 ) ( d p p p ) 
( d p p p = l , 3 - b i s ( d i p h e n y l p h o s p h i n o ) p r o p a n e ) are i n e r t t owa rds 
m e t h a n o l at r o o m t e m p e r a t u r e . I t seems l i k e l y that the e q u i l i b 
r i u m s h o w n i n E q u a t i o n 13 s t r ong l y favors the h y d r o x o c o m p l e x , 
b u t that r a p i d d e c o m p o s i t i o n o f the m e t h o x i d e i n the trans series 
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11. ARNOLD ET AL. Tertiary Phosphine Complexes 209 

shifts the e q u i l i b r i u m i n its favor. O n h e a t i n g i n m e t h a n o l , the c o m 
p l e x P t ( O H ) ( C H 3 ) ( d p p e ) g i ves a d i m e r i c c o m p l e x o f appa ren t f o r m u l a 
[P t (dppe ) ] 2 , w h i c h is p r o b a b l y c y c l o m e t a l a t e d a n d w h i c h m a y f o r r n v i a 
a n i n t e r m e d i a t e m e t h o x i d e or h y d r i d e . T r e a t i n g P t ( O H ) ( C H 3 ) ( P P) 
(P^P = d p p e , d p p p ) w i t h f o rm i c acid^at - 7 0 ° C g ives i n i t i a l l y the for-
mato c o m p l e x e s P t ( O C H O ) ( C H 3 ) ( P P) , w h i c h h a v e b e e n i d e n t i f i e d 
s p e c t r o s c o p i c a l l y . T h e y e l i m i n a t e C 0 2 , e v e n at - 7 0 ° C , to g i v e ther
m a l l y u n s t a b l e c i s - h y d r i d o - m e t h y l s (see S c h e m e V ) , w h i c h i n t u r n de 
c o m p o s e to g i v e as y e t u n i d e n t i f i e d c l u s t e r c o m p o u n d s . T h e H - l a n d 
P-31 N M R paramete rs for the h y d r i d o - m e t h y l s P t H ( C H 3 ) ( 0 ) are 
s i m i l a r to those r e p o r t e d for c i s - P t H ( C H 3 ) ( P P h 3 ) 2 (14). 

P t ( O H ) R L 2 + C H 3 O H ^± P t ( O C H 3 ) R L 2 + H 2 0 (13) 

It is w o r t h n o t i n g that the h y d r o x o c o m p l e x e s P t ( O H ) ( C H 3 ) ( P ~ P ) 
react w i t h C O to g i v e C - b o n d e d c a r b o x y l i c a c ids or h y d r o x y c a r b o n y l 
c o m p l e x e s P t ( C 0 2 H ) ( C H 3 ) ( P P) that are i s o m e r i c w i t h the formates 
d i s c u s s e d above . I n contrast w i t h the formates a n d o ther h y d r o x y c a r -
b o n y l s s u c h a s P t C l ( C 0 2 H ) ( P E t 3 ) 2 ( 2 4 ) ^ I r C l 2 ( C 0 2 H ) ( C O ) ( P M e 2 P h ) 2 

(25 ) , the c o m p l e x e s Ρ τ ( 0<^Η ) (ΟΗ 3 ) ( ίΠ τ * ) do not e l i m i n a t e C 0 2 o n 
h e a t i n g to g i v e P t H i C H ^ X P P) . T h i s represents another e x a m p l e o f 
the a b i l i t y o f the R P t ( P P ) m o i e t y to s t a b i l i z e g r oups that n o r m a l l y 

Scheme V. Preparation of cis-hydrido-methyls of platinum(II) con
taining dppe 

P h 2 Ph<J 
^ P C H 3 ^ C H 3 

HCO^H - œ , 

O H 0 2 C H 
P h 2 P h 2 

P h 2 

Χ , Ρ C H 3 

^ P ^ Η 
P h 2 

XI 

X : P -31 N M R ( C H 2 C 1 2 , - 7 4 ° C ) : δ (Ρ ' ) 47.7Jp» P 1841 H z 
δ (Ρ 2 ) 34 .9 , /Ρ,Ρ 4 1 4 1 H z 

X I : H - l N M R ( C D 2 C 1 2 , - 7 0 ° C ) : δ ( Ρ τ Η ) - 0 . 7 1 , d d , JPH 195, 15 H z 
; Κ Η 1 2 1 4 H z 

P-31 N M R ( C H 2 C 1 2 , - 7 5 ° C ) : δρ 48 .9 , 47 .5 ,7P , p 1 7 9 2 , 1 8 3 6 H z 
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210 METAL PHOSPHINE COMPLEXES 

u n d e r g o f ac i l e β-elimination react ions (cf., P t ( O C H 3 ) ( C e H 9 ) ( d p p e ) , as 
d i s c u s s e d ear l i e r ) , t h o u g h i t is not c l e a r w h y /3-e l iminat ion o f the 
formate s h o u l d take p l a c e so ea s i l y i n th is s y s t e m . 

Spectroscopic Data and the Cis Effect 

I n g ene ra l , the da ta s u m m a r i z e d i n T a b l e I V s h o w a n e x p e c t e d 
t r e n d : the P t — H s t r e t c h i n g f r equenc i e s (^ptH), c h e m i c a l shi f ts (ôptH) 
a n d c o u p l i n g constants (7«Η) for the t r a n s - h y d r i d o - a l k y l s a n d -ary ls are 
less t h a n those for the w e l l - k n o w n c o m p o u n d s t r a n s - P t H X L 2 (X = C l , 
O N 0 2 ) . S o m e a n o m a l i e s are e v i d e n t , e.g., for trans-PtHX(PPh3)2 

(X = C H 3 , C F 3 ) , ^ p t H ( C F 3 ) > I / p t H ( C H 3 ) a n d ôpt H (CF 3 ) > W C H 3 ) , 
whe r eas 7P ÎH (CF 3 ) < 7 p t H ( C H 3 ) . I n a series o f me ta - a n d pa ra -
s u b s t i t u t e d a r y l h y d r i d e s , trans-PtH(C^i^K-m o r -p ) ( P E t 3 ) 2 , w e find 
g o o d l i n e a r co r re la t i ons b e t w e e n Taft σ-parameters a n d b o t h a n d 
ô p t H , the c o r r e l a t i on for b o t h paramete rs b e i n g s o m e w h a t be t te r for the 
m e t a ser ies t h a n for the p a r a ser ies. I n contrast , c o r r e l a t i on b e t w e e n 

2820h*NMe 2 

Q-
- 3 

Ο 

<0 
X 

{ N 0 2 

2740 
1935 1945 1955 1965 

v p t _ H (hexane, cm"') 

Figure 2. Plot of'Jptp vs. vPtHfor trsms-PtH(C6H4X-m)(PEt3)2 
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11. ARNOLD E T A L . Tertiary Phosphine Complexes 211 

N 0 2 

1930 1940 1950 I960 

vpt-H(hexane, cm"') 

Figure 3. Plot of'Jnp vs. vPtHfor trims-PtH(C6H4X-v)(PEt3)2 

Taft σ-parameters a n d 7ptH * s p oo r a n d the s lopes o f the p l o t s are i n 
oppos i t e d i r e c t i ons for the m e t a a n d p a r a ser ies. I n the t r a n s - h y d r i d o -
a l k y l s a n d -ary ls o f p l a t i n u m ( I I ) , there fore , a t t empts to re la te 7ΡΙΗ v a l 
ues w i t h the s charac t e r o f o rb i t a l s u s e d b y p l a t i n u m ( I I ) a n d the c o va -
l e n c y o f the p l a t i n u m - l i g a n d b o n d trans to h y d r i d e are u n l i k e l y to 
s u c c e e d . T h i s is i n m a r k e d cont ras t w i t h the ex t ens i ve i n f o r m a t i o n 
abou t the trans i n f l u ence ser ies d e r i v e d from 7ptH> 2/ptcH3> Vmc» a n d l/ptp 
i n o ther c o m p l e x e s (26). It m a y b e that, w h e n t w o s t r ong l y σ-donating 
l i g a n d s s u c h as h y d r i d e a n d a r y l are m u t u a l l y trans, var ia t i ons i n J p t H 

arise b o t h f r o m changes i n s charac t e r a n d i n s - e l ec t ron dens i t y at 
p l a t i n u m . 

I n v i e w o f the poo r c o r r e l a t i on o f 7ptH w i t h Ppm or 6ptH i n the ser ies 
trans-PtH(CeH4X-ra o r - p ) ( P E t 3 ) 2 , w e w e r e s u r p r i s e d to find a n e x c e l 
l en t l i n e a r c o r r e l a t i on b e t w e e n 7ptp a n d ^ p t H f ° r b o t h m e t a a n d p a r a 
ser ies, the s m a l l e r / P t P v a lue s b e i n g assoc ia ted w i t h the m o r e 
e l e c t r o n - w i t h d r a w i n g m e t a or p a r a subs t i tuen t s (see F i g s 2 a n d 3). W e 
b e l i e v e that th is t r e n d p r o b a b l y ref lects s m a l l changes i n b o n d l eng ths 
(and , p r e s u m a b l y , b o n d strengths ) , s u c h that the m o r e e l e c t r o n -
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212 M E T A L P H O S P H I N E C O M P L E X E S 

w i t h d r a w i n g a r y l g r oups g i v e r ise to shorter P t — H b o n d s a n d l onge r 
P t—Ρ b o n d s . I n a s t r u c t u r a l c o m p a r i s o n o f the c o m p l e x e s trans-
P t C l X ( P M e P h 2 ) 2 (X = C H 3 , C 2 F 5 ) (27), w e f o u n d the pen ta f luo roe thy l 
to h a v e s i gn i f i c an t l y l onge r P t—Ρ b o n d s a n d w e t en ta t i v e l y have a t t r i 
b u t e d th is obse r va t i on to a s ter i c effect assoc ia t ed w i t h the s i gn i f i c an t l y 
shorter P t — C b o n d l e n g t h i n the pen ta f luo roe thy l . I n v i e w o f the cor re 
l a t i on s h o w n i n F i g u r e s 2 a n d 3, h o w e v e r , i t seems more l i k e l y that w e 
are d e a l i n g w i t h a n e l e c t r o n i c c is effect for w h i c h there is at p resent no 
adequa t e theo r e t i c a l e x p l a n a t i o n . 
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12 
Palladium-Triarylphosphine 
Complexes as Catalysts for Vinylic 
Halide Reactions 

R. F. H E C K 
Department of Chemistry, University of Delaware, Newark, DE 19711 

Palladium acetate-triarylphosphine complexes catalyze 
the addition of vinylic groups from vinylic halides to 
olefinic compounds in the presence of amines. Conju
gated dienes are major products from α,β-unsaturated 
acids, esters, or nitriles while unactivated olefinic com
pounds react best in the presence of secondary amines 
where allylic amines are major products. The reactions 
are usually regio- and stereospecific. The synthetic util
ity of the reaction is illustrated with a wide variety of 
examples. 

Palladium-triarylphosphine complexes are catalysts for the reac
tion of aryl, heterocyclic, benzyl, and vinylic halides with 

olefins and amines (I). The usual catalyst is a combination of pal
l a d i u m ^ ) acetate with two equivalents of a triarylphosphine. The 
complex that is formed is reduced in situ in the reaction mixtures to an 
active Pd(0) phosphine complex (see Equations 1, 2, 3, and 4 which 
depict catalyst formation). This species then oxidatively adds the or
ganic halide (see Equation 2) and the adduct in turn adds to the 
olefinic reactant (see Equation 3). The organic group adds mainly or 
often exclusively to the less-substituted olefinic carbon. This addition 
product is generally unstable because sp3 carbon-hydrogen bonds 
usually wi l l be in positions beta to the palladium group, and /3-hydride 
elimination of the palladium hydride group wi l l occur. The elimina
tion produces olefin-π-complexes initially. After dissociation or dis
placement of the hydridopalladium halide group from the π complex, 
the hydride decomposes into the Pd(0) phosphine complex and hy
drogen halide. The hydrogen halide is neutralized by the amine pres
ent. The Pd(0) complex then reacts with the organic halide again and 
the cycle is repeated. 

0065-2393/82/0196-0213$05.00/0 
© 1982 American Chemical Society 
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214 METAL PHOSPHINE COMPLEXES 

P d ( O A c ) 2 L 2 ° ' e < i n > P d L n + o l e f i n i c acetates 
L, - H O A c 

η = 2, 3 , or 4 (1) 

R X + P d L „ - » R P d L 2 X + ( n - 2 ) L (2) 

Η 
\ / 

R P d L 2 X + C = C 

Η 
I I 

R — C — C — P d L 2 X 
L I I 

- L 

H — P d — X 
R Î R 

(3) 

\ = C ^ 4- [ H P d L 2 X ] 

H P d L 2 X + R 3 N P d L n + R 3 N H + X " (4) 
X = B r , I 
L = P A r 3 or i f X = I, so l vent , o l e f in , e tc . 
R = a r y l , h e t e r o c y c l i c , b e n z y l , or v i n y l i c g r o u p 

W e are p r e s en t l y c o n c e n t r a t i n g o n u s i n g v i n y l i c h a l i d e s i n th is 
r eac t i on . T h e v i n y l i c h a l i d e react ions are o f ten m o r e c o m p l i c a t e d t h a n 
the bas i c r eac t i on s h o w n i n E q u a t i o n s 1 t h r o u g h 4 (2). T h e first c o m 
p l i c a t i o n o c c u r s i n the o x i d a t i v e a d d i t i o n s tep . I f the v i n y l i c h a l i d e 
ex is ts i n i s o m e r i c forms, the o x i d a t i v e a d d i t i o n o c cu r s w i t h c o m p l e t e 
r e t en t i on o f s t e r eochemis t r y . A d d i n g the v i n y l i c p a l l a d i u m c o m p l e x to 
the o l e f i n o c cu r s to p l a c e the o r gan i c g r o u p o n the l e a s t - subs t i tu t ed 
o l e f i n i c c a r b o n or o n the m o r e d i s tan t c a r b o n i f one is s u b s t i t u t e d w i t h 
a s t r ong l y e l e c t r o n - w i t h d r a w i n g g r o u p (see E q u a t i o n s 5, 6, a n d 7). T h e 
β-hydride e l i m i n a t i o n takes p l a c e l a r g e l y or e x c l u s i v e l y to f o rm the 
con juga t ed d i e n e π-complex. D i s s o c i a t i o n o f the π-complex or d i s 
p l a c e m e n t o f the d i e n e f r o m the π-complex n o w m a y o c cu r , e s p e c i a l l y 
i f c a r b o n y l , n i t r i l e , or a r y l g r oups are con juga t ed w i t h the d i e n e s y s t e m 
(see E q u a t i o n 6). I f loss o f the h y d r i d o p a l l a d i u m g r o u p o ccurs , the 
d o u b l e b o n d o r i g i n a t i n g f r om the v i n y l i c h a l i d e w i l l r e t a i n the 
s t e r eochemis t r y o f that h a l i d e a n d the s e c o n d d o u b l e b o n d w i l l b e 
f o r m e d w i t h s t e r e o c h e m i s t r y r e s u l t i n g from a s y n a d d i t i o n o f t h e v i -
n y l p a l l a d i u m g r o u p f o l l o w e d b y a s y n e l i m i n a t i o n o f the h y d r i d o p a l 
l a d i u m g r o u p . I f t he r e is a c h o i c e o f h y d r o g e n s for the s y n e l i m i n a t i o n , 
the t h e r m o d y n a m i c a l l y m o r e s tab le d o u b l e b o n d i somers are p r e 
f e r r ed . H o w e v e r the d i s soc i a t i on o f the h y d r i d e g r o u p or the d i s p l a c e 
m e n t o f the d i e n e f r om the 7 r-complexes is o f ten less favorab le t h a n the 
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12. HECK Palladium-Triarylphosphine Complexes 

P d L X 

215 

P d L 2 X + R ' 

R 

(5) 

R ' + H P d U X (6) 

X- (7) 

r e a d d i t i o n o f the h y d r i d e to the d i e n e g r o u p to f o r m 7 r - a l l y l i c p a l 
l a d i u m h a l i d e c o m p l e x e s . O n l y w h e n the d i e n e s are c on juga t ed w i t h 
ester , n i t r i l e , c a rboxy l a t e , or a r y l g r oups does the loss o f the h y -
d r i d o p a l l a d i u m g r o u p from the 7 r - comp lex o c c u r e a s i l y . I n the o the r 
cases, the π-allylic p a l l a d i u m h a l i d e i n t e rmed i a t e s are u s u a l l y res is
tant to fur ther r eac t i on w i t h o u r n o r m a l base t r i e t h y l a m i n e . H o w e v e r 
w e c a n cause a ca ta l y t i c r eac t i on to o c c u r i f a n u c l e o p h i l i c s e condary 
a m i n e is u s e d i n s t e a d o f t r i e t h y l a m i n e . T h i s v a r i a t i on p r o d u c e s te r t iary 
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216 METAL PHOSPHINE COMPLEXES 

a l l y l i c a m i n e s b y n u c l e o p h i l i c at tack o f the s e condary a m i n e o n the 
π-allylic c o m p l e x (see E q u a t i o n 7). T w o a m i n e p r o d u c t s are poss i b l e 
s ince the n u c l e o p h i l e m a y attack at e i the r o f the t e r m i n a l ca rbons o f 
the a l l y l i c s y s t em . T h e p o s i t i o n o f r ea c t i on is v e r y sens i t i ve to the s ter ic 
e n v i r o n m e n t o f the a l l y l i c ca rbons a n d o f ten the n u c l e o p h i l i c attack is 
q u i t e s e l e c t i v e a n d o n l y a s i n g l e a l l y l i c a m i n e is f o rmed . 

T h i s r eac t i on is v e r y g ene ra l a n d u s e f u l for f o r m i n g m a n y 
p o l y f u n c t i o n a l a l i p h a t i c c o m p o u n d s s ince the a m i n e p r o d u c t s are c o n 
v e r t e d e a s i l y i n t o o ther t ypes o f c o m p o u n d s . 

Be f o r e d i s c u s s i n g e x a m p l e s o f the react ions , i t s h o u l d b e p o i n t e d 
ou t that mos t t ypes o f v i n y l i c h a l i d e s u s e d i n th i s r eac t i on are e a s i l y 
a v a i l a b l e . T h e U V - c a t a l y z e d a d d i t i o n o f H B r to t e r m i n a l ace ty l enes 
forms the 1 -b romo- l - a l kenes . T h e c is i s omer is f o r m e d a lmos t e x c l u 
s i v e l y i f the a d d i t i o n is c a r r i e d out at d r y i c e t empe ra tu r e . T h e 2 -b romo 
or 2 - i o d o - l - a l k e n e s are o b t a i n e d f r o m r e a c t i n g a q u e o u s h y d r o g e n 
h a l i d e s w i t h a l k y n e s . T h e 2 - s u b s t i t u t e d - 1 - b r o m o - l - a l k e n e s are a v a i l 
a b l e b y the b r o m i n a t i o n - b a s e d e h y d r o b r o m i n a t i o n reac t ions . 

Chain Extension and Functionalization with the Vinylic 
Substitution Reaction 

T h e major v a l u e o f the v i n y l i c h a l i d e - o l e f i n - a m i n e r eac t i on is for 
s y n t h e s i z i n g p o l y f u n c t i o n a l a l i p h a t i c c o m p o u n d s . T h e c o m p o u n d s are 
c o n s t r u c t e d f r om the v i n y l i c h a l i d e , the o l e f i n i c reac tant w i t h the nec 
essary subs t i tuen t s , a n d a s e condary a m i n e (or t e r t ia ry a m i n e i f act ivat 
i n g g r oups are p resent i n the app rop r i a t e pos i t ions ) . It is p o s s i b l e to 
have va r i ous f unc t i ona l g r o u p s present i n e i the r the h a l i d e or the 
o l e f i n i c c o m p o u n d a n d there is a c h o i c e o f w h i c h part o f the m o l e c u l e 
is the o l e f i n i c reac tant a n d w h i c h par t is the v i n y l i c h a l i d e . 

It is u s e f u l to c lass i fy f u n c t i o n a l i z e d o le f ins i n t o g roups a c c o r d i n g 
to the n u m b e r o f c a r b o n a toms they a d d to the v i n y l i c d o u b l e b o n d o f 
the h a l i d e i n the r eac t i on . U s e f u l reactants are l i s t e d i n T a b l e I. 

S o m e success has b e e n a c h i e v e d u s i n g a l l o f the abov e o l e f i n i c 
c o m p o u n d s i n react ions w i t h v i n y l i c h a l i d e s a n d a m i n e s to a d d the 
n u m b e r o f ca rbons i n d i c a t e d , s e l e c t i v e l y to f o rm one i s o m e r i c p r o d u c t 
or one w h i c h is s epara t ed e a s i l y f r om a m i x t u r e that m a y h a v e b e e n 
f o r m e d . N u m e r o u s o ther s i m i l a r reagents m a y b e i m a g i n e d , b u t e i ther 
t h e y h a v e not b e e n t r i e d or success fu l react ions w e r e not f o u n d . 

T a b l e I I shows a s i m i l a r c lass i f i ca t ion o f f u n c t i o n a l i z e d v i n y l i c 
h a l i d e s . 
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12. H E C K Palladium-Triarylphosphine Complexes 217 

T a b l e I. F u n c t i o n a l i z e d O l e f i n s U s e f u l i n the V i n y l i c 
S u b s t i t u t i o n R e a c t i o n 

2 Carbons 

C H 2 = C H 2 
C H 2 = C H S R (3) 

Ο 

C H 2 = C H N 

3 Carbons 

C H 2 = C H C 0 2 R ( H ) 
C H 2 = C H C N 
C H 2 = C H C O N H 2 

C H 2 = C H C H ( O R ) 2 

C H ^ C H C H . O H 
C H 2 = C H C H 2 N R 2 

6 Carbons 

T h e c h o i c e as to w h i c h f ragment o f the m o l e c u l e to b e s y n t h e s i z e d 
s h o u l d b e the v i n y l i c h a l i d e a n d w h i c h s h o u l d b e the o l e f i n w i l l d e 
p e n d o n seve ra l factors. I n the cases w h e r e e l i m i n a t i o n to f o rm con ju 
ga ted d i enes is the f avo red r eac t i on , e i ther po s s i b l e c o m b i n a t i o n o f 
v i n y l i c h a l i d e a n d o l e f i n m a y p r o d u c e the same d i e n e ; h o w e v e r , di f 
ferent i n t e rmed i a t e s are i n v o l v e d a n d i n some ins tances d i f ferent 
p r o d u c t s m a y b e f o rmed . T h e s i tua t i on is m o r e c o m p l e x w h e n a l l y l i c 
a m i n e s are p r o d u c e d s ince these p r o d u c t s a l w a y s w i l l b e d i f ferent 
from the t w o d i f ferent c o m b i n a t i o n s o f reactants . F o r e x a m p l e , Z -

T a b l e I I . F u n c t i o n a l i z e d V i n y l i c B r o m i d e s U s e f u l i n the V i n y l i c 
S u b s t i t u t i o n R e a c t i o n 

2 Carbons 3 Carbons 4 Carbons 5 Carbons 

R O C H 2 C H = C H B r 
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218 METAL PHOSPHINE COMPLEXES 

1-bromo- l -hexene a n d e t h y l e n e w i t h m o r p h o l i n e p r o d u c e m a i n l y 
Z - 2 - m o r p h o l i n o - 3 - o c t e n e (84%) w h i l e v i n y l b r o m i d e a n d 1-hexene 
w i t h m o r p h o l i n e g i v e m a i n l y Ε-l-morpholino-2-octene (84%) (2). 

T h e r e is a lso the p o s s i b i l i t y that one c o m b i n a t i o n o f reactants w i l l 
g i v e m o r e i s o m e r i c p r o d u c t s t h a n the other. F o r e x a m p l e , th i s m a y 
o c c u r w h e n e l e c t r o n - d o n a t i n g subs t i tuen t s are present i n the o l e f i n i c 
reactant . T h i s effect is seen i n the r e c i p r o c a l react ions o f m e t h y l 
j 3 -b romomethacry la t e w i t h 1-hexene a n d o f Z - 1 - b r o m o - l - h e x e n e w i t h 
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m e t h y l m e t h a c r y l a t e . I n the first c o m b i n a t i o n , th ree mo r e i somers are 
f o r m e d t h a n i n the s e c o n d c o m b i n a t i o n b e c a u s e the a d d i t i o n to 
1-hexene o c cu r s a b o u t 8 0 % o n the t e r m i n a l c a r b o n a n d 2 0 % o n the 
s e c o n d c a r b o n , w h i l e Z - l - b r o m o - 1-hexene adds e x c l u s i v e l y to the ter
m i n a l c a r b o n o f m e t h y l m e t h a c r y l a t e (4). O t h e r factors to c ons i d e r i n 
c h o o s i n g reactants are r e l a t i v e rates o f r eac t i on (note the l a rge dif fer
ence i n the abov e examp les ) a n d the a v a i l a b i l i t y o f reactants . 

C o n t r o l o f the s e l e c t i v i t y o f the a d d i t i o n o f ten is best a c h i e v e d b y 
c h o o s i n g the p r o p e r reactants . T h e major i n f luence is s ter ic . T h e or
g a n i c po r t i on o f the o r g a n o p a l l a d i u m i n t e r m e d i a t e n o r m a l l y adds to 
the l e s s - h i n d e r e d , d o u b l e - b o n d c a r b o n o f the o l e f i n . T h e s econdary 
e l e c t r o n i c effect is to cause the o r gan i c g r o u p to a d d to the mo r e 
e l e c t r on -de f i c i en t d o u b l e - b o n d c a r b o n . T h e s t ruc ture o f the v i n y l i c 
h a l i d e a lso m a y in f luence the s e l e c t i v i t y o f the a d d i t i o n . B o t h v i n y l 
b r o m i d e a n d 2 - b r o m o p r o p e n e ( and o ther i n t e r n a l v i n y l i c ha l i des ) a d d 
s e l e c t i v e l y to the t e r m i n a l d o u b l e - b o n d c a r b o n o f 1-hexene. H o w 
eve r j 8 -a lky l - subs t i tu t ed v i n y l i c h a l i d e s g i v e m i x t u r e s o f a d d u c t s w i t h 
the t e r m i n a l a d d u c t s g e n e r a l l y p r e d o m i n a t i n g (2) (see T a b l e I I I ) . 

T a b l e I I I . V i n y l i c S u b s t i t u t i o n P r o d u c t i o n s from 1 -Hexene a n d 
V a r i o u s V i n y l i c B r o m i d e s a n d M o r p h o l i n e 

Terminal 
Internal % Yield of 

Addition of Terminal Adducts 
Vinylic Groups 

Bromide to 1-Hexene Amines Dienes 

^ \ B r > 2 0 84 4 

> 2 0 64 16 

^ B r 1.8 34 18 

1.8 42 15 

^ x B r 

B r 

^ x B r 1.7 31 13 

4.6 — 72 C H 3 0 2 C — f ^ ^ B r ( E t 3 N ) 
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H 

+ isomers 

It is i n t e r e s t i n g a n d o f p r e p a r a t i v e v a l u e that a l t h o u g h 1-
b r o m o - 2 - m e t h y l - l - p r o p e n e a n d s i m i l a r h a l i d e s a d d to 1-hexene at b o t h 
d o u b l e - b o n d carbons , o n l y one o f the t w o ^ a l l y l i c i n t e rmed i a t e s re
acts w i t h the a m i n e . T h e r e su l t is that a m i x t u r e o f six i s o m e r i c d i ene s 
is f o rmed , b u t o n l y one a l l y l i c a m i n e is p r o d u c e d . The r e f o r e the reac
t i on is u s e f u l s ince the d i ene s a n d the a m i n e are separa ted eas i l y (2). 

H 

T h e reason for the s e l e c t i v e f o rmat i on o f the h i g h l y h i n d e r e d N - t e r t i a r y 
a l k y l a m i n e i s omer appears to b e that the t e r t ia ry π-allylic c a r b o n is 
m o r e s u s c e p t i b l e to n u c l e o p h i l i c at tack b y the a m i n e t h a n the s e cond 
ary c a r b o n , p r e s u m a b l y b e c a u s e o f the w e a k e r p a l l a d i u m - t e r t i a r y car
b o n b o n d . S i m i l a r r esu l t s h a v e b e e n o b s e r v e d i n seve ra l r e l a t e d reac
t ions. 
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Reactions of Functionalized Olefins 

C o n s i d e r i n g f u n c t i o n a l i z e d o le f ins first, o n l y three t w o - c a r b o n 
reactants are l i s t e d abov e . E t h y l e n e i t s e l f c a n g i v e o n l y t e r m i n a l d o u 
b l e b o n d s w h e n e l i m i n a t i o n is fac i l e a n d t r i e t h y l a m i n e funct ions as the 
base . I f n u c l e o p h i l i c s e conda ry a m i n e s are necessary , e t h y l e n e p ro 
d u c e s i n t e r n a l a m i n e s a l m o s t e n t i r e l y . A r y l h a l i d e s react w e l l w i t h 
e t h y l e n e to p r o d u c e s ty rene de r i v a t i v e s . 

T ros t has u s e d v i n y l th ioe thers to a d d t w o carbons w i t h t e r m i n a l 
f u n c t i o n a l i z a t i o n (3). V i n y l e thers a n d v i n y l acetate g i v e m i x t u r e s o f 
p r o d u c t s w h i l e i s o p r o p e n y l acetate reacts s e l e c t i v e l y w i t h a r y l h a l i d e s 
a n d at l east one v i n y l i c h a l i d e . 

O A c ι 

W e have l o o k e d at add i t i ons to N - v i n y l p h t h a l i m i d e b r i e f l y . A r y l 
a n d v i n y l i c h a l i d e s a d d eas i l y , b u t w e have not ye t f o u n d a g o o d 
m e t h o d to h y d r o l y z e these adduc t s to a l d e h y d e s . 

A d d i t i o n s to f u n c t i o n a l i z e d th r e e - ca rbon o le f ins h a v e b e e n s tud 
i e d ex t ens i v e l y . W e have u s e d m e t h y l ac ry la t e as a s t a n d a r d o l e f in 
s ince i t a l w a y s reacts o n l y at the t e r m i n a l c a r b o n a n d the α,/3-double 
b o n d i n the p r o d u c t is a l w a y s trans. T h e s t e reospec i f i c i t y o f i ts reac
t ions w i t h v i n y l i c h a l i d e s var ies w i t h s t ruc ture . T h e s i m p l e 1-
h a l o - l - a l k e n e s w i t h m e t h y l ac ry la te u n d e r n o r m a l c ond i t i ons g i v e m i x 
tures o f E , Z - a n d Ε,Ε-dienoates. T h e r eac t i on is m o r e s e l e c t i v e w i t h 
the b r o m i d e s t h a n w i t h the i o d i d e s a n d the s t e r eose l e c t i v i t y increases 
w i t h i n c r e a s i n g t r i p h e n y l p h o s p h i n e concen t ra t i on . T h i s o c cu rs be 
cause the excess p h o s p h i n e d i sp l a c e s the h y d r i d o p a l l a d i u m h a l i d e 
g r o u p f r om the d i e n e π-complex be fore r e a d d i t i o n to f o rm the π-
a l l y l i c spec i es o c curs (see E q u a t i o n 6). T h e d i s u b s t i t u t e d v i n y l i c 
b r o m i d e s react s t e r eospec i f i c a l l y w i t h m e t h y l ac ry la t e (4). 

A c r y l i c a c i d m a y b e u s e d i n p l a c e o f its esters i n these react ions 
w i t h l i t t l e or no d i f f e rence i n y i e l d p r o v i d e d a n ex t ra e q u i v a l e n t o f the 
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7 9 % 

. ITf M Pd(OAc)2 + 8PPh3 [ 

C 0 2 C H { 100°C, 21 h 

1 3 % 
C 0 2 C H 3 " r 

E t 3 N H + B r " 

B r 2Pd(OAc)2 + 6P(o-toi)3 r 

+ ^ X C 0 2 C H 3 ' 3 J N 125°C,24h 

C C X C H , 

+ E t o N H + B r " 

8 0 % 

Pd(OAc)2 + 6P(o-tol)3 

+ ^ \ C 0 2 C H o + E t 3 N 125°C,6days 

C 0 2 C H 3
+ E t 3 N H + B r " 

7 7 % 

a m i n e is a d d e d to n e u t r a l i z e the c a r b o x y l i c a c i d . M e t h a c r y l a t e esters 
a n d a c i d react s i m i l a r l y b u t m o r e s l o w l y t h a n the acry la tes a n d a n 
a d d i t i o n a l i s omer is f o r m e d g ene ra l l y . I n these react ions the 
α-methylene i somers o f ten are f o r m e d . C r o t o n a t e esters (or ac id ) a lso 
react s l o w l y g i v i n g the t h r e e - s u b s t i t u t e d esters. 

A c r y l o n i t r i l e reacts eas i l y w i t h a r y l a n d v i n y l i c h a l i d e s , b u t p r o d 
uc t m i x t u r e s are g e n e r a l l y m o r e c o m p l e x t h a n the ones f r om the re
l a t e d react ions w i t h ac ry la t e esters. A s i gn i f i can t a m o u n t o f n i t r i l e 
i somers w i t h c is-a,/3-double b o n d s are f o r m e d a n d these i somers are 
not seen i n the acry la t e ester react ions . A c r y l a m i d e appears s i m i l a r to 
the ac ry l a t e esters, h o w e v e r w e have not s t u d i e d its react ions i n d e t a i l . 

A v e r y u s e f u l t h r e e - ca rbon o l e f i n is a c r o l e i n d i m e t h y l ace ta l (5 ) . 
A c r o l e i n i t s e l f c anno t b e u s e d be cause i t p o l y m e r i z e s and/or reacts 
w i t h a m i n e s u n d e r the n o r m a l r eac t i on c ond i t i ons . W i t h p i p e r i d i n e or 
m o r p h o l i n e as the base , a c r o l e i n aceta ls react i n g o o d y i e l d w i t h a 
w i d e va r i e t y o f v i n y l i c b r o m i d e s to g i v e d i e n a l aceta ls and/or a m i -
n o e n a l aceta ls . T h e s e p r o d u c t m i x tu r e s , after b e i n g t r ea t ed w i t h excess 
a q u e o u s o x a l i c a c i d a n d b e i n g s t eam d i s t i l l e d , y i e l d E , E - c o n j u g a t e d 
d i ena l s , u s u a l l y i n g o o d y i e l d s . M e t h a c r o l e i n aceta ls a n d 3-
buten -2 -one e t h y l e n e k e t a l a lso react w e l l , b u t the c r o t o n a l d e h y d e 
aceta ls d o not. 
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H 
I 

C H ( O C H 3 ) 2 + 
Pd(OAc) 2 + 2P(o-tol)3 

100°C, 24 h 

(C0 2 H) 2 

H 2 0 , KXTC 

H 

C H O 

7 6 % 

. B r Pd(OAc) t + 2P(o-tol)3 t 

100°C, 18 h 

( C O f H ) t 

H t O , 100°C 

C H O 

A l l y l i c a l c oho l s are ano ther g r o u p o f v a l u a b l e th r e e - ca rbon o le f ins 
(6). T h e s e reactants g e n e r a l l y are u s e f u l for p r e p a r i n g 4-enals a n d 
4-enones. E l i m i n a t i n g the h y d r i d o s u b s t i t u e n t o n the c a r b o n b e a r i n g 
the h y d r o x y l g r o u p i n the i n i t i a l o r g a n o p a l l a d i u m c o m p l e x - a l l y l i c a l 
c o h o l a d d u c t is u s u a l l y m o r e favorab le t h a n e l i m i n a t i n g the a l l y l i c 
h y d r i d o g r o u p . M i x t u r e s o f p r o d u c t s are o b t a i n e d u s u a l l y , b u t o f ten 
the c a r b o n y l p r o d u c t s are separa t ed e a s i l y so that the reac t ions are 
p r e p a r a t i v e l y use fu l . F o r e x a m p l e , Z - l - b r o m o - l - p r o p e n e , m e t h a l l y l 
a l c o h o l , a n d m o r p h o l i n e react to f o rm a m i x t u r e o f p r o d u c t s c o n t a i n i n g 
the m o r p h o l i n e e n a m i n e o f Z - 2 - m e t h y M - h e x e n a l . It is not necessary 
to iso late the e n a m i n e , b u t the en t i r e r eac t i on m i x t u r e c a n b e a d d e d to 
excess 5 % a q u e o u s o x a l i c a c i d a n d s t eam d i s t i l l e d . I n th is w a y a 3 8 % 
y i e l d o f Z - 2 - m e t h y l - 4 - h e x e n a l is o b t a i n e d b a s e d o n the v i n y l i c h a l i d e . 
T h e p r o d u c t is e n t i r e l y the Z - i s omer . 

H 

3 8 % 

O t h e r e x a m p l e s f o l l o w : 
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H 

W e h a v e e n c o u n t e r e d i s omer p r o b l e m s w i t h the a l l y l i c a l c o h o l 
react ions , as w o u l d b e e x p e c t e d , w i t h some reactants . F o r e x a m p l e , 
c r o t y l a l c o h o l a n d 1 -b r omo - l - p r opene w i t h p i p e r i d i n e g i v e a m i x t u r e 
o f t w o i s o m e r i c a m i n o a l c oho l s a n d t w o e n a m i n e s (6) . 

H 

2 3 % 
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T h e reac t ions o f t e r t i a ry a l l y l i c a m i n e s w i t h v i n y l i c h a l i d e s are 
r e l a t e d c l o s e l y to the a l l y l i c a l c o h o l react ions s ince e n a m i n e s are of ten 
major p r o d u c t s . W e h a v e jus t b e g u n w o r k i n th is a r ea a n d h a v e f ew 
resu l t s to r epor t yet . W e h a v e seen some s i gn i f i cant d i f ferences i n the 
p r o d u c t s f o r m e d from te r t i a ry a l l y l i c a m i n e s a n d from the r e l a t e d a l 
l y l i c a l c oho l s . A t y p i c a l e x a m p l e is the r e a c t i on o f 2 - b r o m o p r o p e n e 
w i t h N - a l l y l p i p e r i d i n e a n d p i p e r d i n e w h e r e a 4 2 % y i e l d o f a s i n g l e 
e n a m i n e is o b t a i n e d (6). T h e r e l a t e d r eac t i on w i t h a l l y l a l c o h o l g i ves a 
m i x t u r e o f r e g i o i s o m e r i c e n a m i n e s . 

F o u r - c a r b o n - c h a i n extens ions h a v e b e e n v e r y success fu l w i t h c o n 
j u g a t e d d i enes as the f u n c t i o n a l i z e d o le f ins . W e h a v e u s e d a f ew o ther 
c o m p o u n d s a lso , b u t t h ey are o f l i m i t e d v a l u e , s u c h as N-
3 - b u t e n y l p h t h a l i m i d e . T h e last c o m p o u n d is o n l y u s e f u l w i t h a r oma t i c 
or c e r t a in v i n y l h a l i d e s w h e r e m i x t u r e s o f a l l y l i c a m i n e s w o u l d not b e 
f o r m e d . A t y p i c a l d i e n e e x a m p l e is the r eac t i on o f v i n y l b r o m i d e w i t h 
b u t a d i e n e a n d p i p e r i d i n e w h i c h g i ves E - N - ( 2 , 5 - h e x a d i e n y l ) - p i p e r -
i d i n e i n 7 0 % y i e l d (7). T h e p r o d u c t o f th i s r e a c t i o n c a n b e r e a c t e d 
a g a i n a n d u s e d to e x t e n d the c a r b o n c h a i n s b y s ix a toms (see b e l o w ) . 
T h e r eac t i ons o f c on juga t ed d i e n e s c a n b e u s e d to p r o d u c e c o n j u g a t e d 
t r i enes a l so (4). 

H 
I 

B r 

Pd(OAc), + 2P(o-tol)3 

100°C, 23 h * 

+ B r " 
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12. H E C K Palladium-Triarylphosphine Complexes 227 

^ C 0 2 C H 3
 + E t 3 N 

Pd(OAc)2 + 2P(o-tol)3 

100°C, 48 h 

8 1 % 

C 0 2 C H 3 

+ E t 3 N H + B r ~ 

F i v e - c a r b o n - a t o m - c h a i n extens ions have b e e n a c h i e v e d w i t h 
three k i n d s o f u n s a t u r a t e d c o m p o u n d s : 1,4-dienes, 2 ,4 -d i eno i c a c i d s or 
esters, a n d N - 2 , 4 - d i e n y l a m i n e s . T h e 1,4-dienes are g e n e r a l l y u s e f u l 
w i t h a r oma t i c h a l i d e s , b u t g i v e m i x t u r e s o f i s o m e r i c a m i n e s w i t h m o s t 
v i n y l i c h a l i d e s b e cause o f e l i m i n a t i o n a n d r e a d d i t i o n o f p a l l a d i u m 
h y d r i d e i n b o t h p o s s i b l e d i r e c t i ons to p r o d u c e t w o di f ferent 7 r - a l l y l i c 
i n t e rmed i a t e s . E x c e p t i o n s o c c u r i n cases w h e r e s y m m e t r i c a l c o m 
p o u n d s are b e i n g f o r m e d a n d w h e r e b o t h d i r e c t i ons o f e l i m i n a t i o n 
l e a d to the same p r o d u c t (8). F o r e x a m p l e : 

2 , 4 -Pen tad i eno i c a c i d reacts w e l l w i t h a r oma t i c h a l i d e s to g i v e 
5 -a r y l - pen tad i eno i c a c i d s . T h e o n l y v i n y l i c h a l i d e s t u d i e d so far is 
E - 2 - b r o m o s t y r e n e . T h i s h a l i d e gave a 5 7 % y i e l d o f E , E , E - 7 -
p h e n y l h e p t a t r i e n o i c a c i d . N - ( 2 , 4 - P e n t a d i e n y l ) p i p e r i d i n e is v e ry us e fu l 

Pd(QAc)2 + 2P(o-tol)3 

100°C, 3 days 

7 0 % 

C 0 2 H 
+ 2 E t 3 N 

Pd(QAc)2 + 2P(o-tol)3 

100°C, 4 h 

C 0 2 H 

5 7 % 
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228 METAL PHOSPHINE COMPLEXES 

for s y n t h e s i z i n g 2 ,6 -d iena ls w i t h spec i f i c s t e r eochemis t r y at P o s i t i o n 6. 
A l t h o u g h the y i e l d s are not h i g h , th i s r eac t i on p r o v i d e s a v e ry s i m p l e 
m e t h o d for p r e p a r i n g these c o m p o u n d s . Fo r e x a m p l e , v i o l e t l e a f a l 
d e h y d e , 2 - E , 6 - Z - n o n a d i e n a l , is e a s i l y m a d e v i a th i s r eac t i on (10). T h e 
i n t e r m e d i a t e i n the r eac t i on is b e l i e v e d to b e a d i e n a m i n e . 

H 

+ amines 

O n l y one , s i x - ca rbon u n i t for c h a i n l e n g t h e n i n g has b e e n s t u d i e d . 
T h i s is E - ( N - 2 , 5 - h e x a d i e n y l ) p i p e r i d i n e , p r e p a r e d as d e s c r i b e d ea r l i e r 
i n th i s chapte r . T h i s c o m p o u n d reacts w i t h b r o m o b e n z e n e to g i v e a 
5 5 % y i e l d o f the 6 - p h e n y l d e r i v a t i v e (8). T h e r eac t i on w i t h Z -

H 

1-bromo-1-hexene a lso a p p e a r e d n o r m a l a n d h y d r o l y s i s gave a l o w 
y i e l d o f the e x p e c t e d 2 , 7 - d o d e c a d i e n a l i n a p r e l i m i n a r y e x p e r i m e n t . 
(10). T h i s p r o d u c t s h o u l d be ea s i l y r e d u c i b l e to Z - 7 - d o d e c e n - l - o l , a 
p h e r o m o n e o f seve ra l insec ts . 

10%(CO,H), 

100°C, Η,Ο 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
19

6.
ch

01
2

In Catalytic Aspects of Metal Phosphine Complexes; Alyea, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1982. 



12. HECK Palladium-Triarylphosphine Complexes 229 

Reactions of Functionalized Vinylic Bromides 

M u c h less has b e e n d o n e w i t h the f u n c t i o n a l i z e d h a l i d e s t h a n 
w i t h the f u n c t i o n a l i z e d o le f ins . T h e o n l y t w o - c a r b o n c o m p o u n d i n th is 
g r o u p is v i n y l b r o m i d e (or i od i d e ) . T h i s is a v e r y use fu l reac tant w i t h 
s e condary a m i n e s b e cause t e r m i n a l a l l y l i c a m i n e s are u s u a l l y major or 
e x c l u s i v e p r o d u c t s . W e have u s e d th is h a l i d e for s y n t h e s i z i n g the 
p h e r o m o n e o f the R e d B o l l w o r m M o t h , 9 , 1 1 - d o c e c a d i e n - l - o l as f o l 
l o w s (9). O f the f our th r e e - ca rbon f u n c t i o n a l i z e d v i n y l i c h a l i d e s l i s t e d , 

- O H 

H 
I 

o 
ο 

Pd(OAc), + 2P(o-tol). 

VXfC, 7 h * 

O H d) CH,I T 

(2) OH" ' 
(3) Δ 

8 2 % 
O H 

8 3 % , EIZ = 2.6 

o n l y the first three have b e e n s t u d i e d so far a n d these have b e e n 
s t u d i e d o n l y b r i e f l y . A n e x a m p l e o f the use o f £ -methy l 3-
b r o m o - 2 - m e t h y l p r o p e n o a t e has b e e n g i v e n e a r l i e r i n th i s chap te r . T h e 
3 -b romoac ry l a t e esters u n d e r g o e l i m i n a t i o n u n d e r o u r r eac t i on c o n d i 
t ions a n d canno t b e u s e d ; h o w e v e r the r e l a t e d b r o m o a l d e h y d e 
aceta ls c a n b e u s e d . T h e b r o m o a c r o l e i n ace ta l is u n s t a b l e a n d not 
v e r y u s e f u l , b u t b r o m o m e t h a c r o l e i n ace ta l reacts n o r m a l l y (4). T h e 
p y r a n y l e ther o f 3 - b r o m o a l l y l a l c o h o l has b e e n u s e d to p r o d u c e a 5 0 % 
y i e l d o f the p y r a n y l e ther o f m e t h y l 6 -hydroxyso rba te (9). 

( C H 3 0 ) 2 C H ' 

B r 

C 0 2 C H 3 

+ E t , N 
Pd(OAc)j + 2P(o-tol)3 

100°C, 13 h 

( C H 3 0 ) 2 C H 

C 0 2 C H 3 + E t s N H + B r -

9 0 % 

T H P O . .Br 

+ / ^ X C 0 2 C H 3 

T H P O 

Pd(OAc) 2 + 2PPhj 
+ E t 3 N 1 W > C , 2 0 h 

• C 0 2 C H 3 

+ E t , N H + B r -

5 0 % 
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230 M E T A L P H O S P H I N E C O M P L E X E S 

We have i n v e s t i g a t e d 4 - b r o m o - 3 - m e t h y l - 3 - b u t e n - l - o l as a four-
c a r b o n - c h a i n ex t ende r that incorpora tes a n i soprene u n i t . F i r s t exper 
imen t s suggest th is reagent w i l l b e u s e f u l for p r e p a r i n g sesqu i t e rpenes 
f r om m y r c e n e . 

H 
I 

O H Ο 
Ο 

Pd(QAc)2 + 2P(o-tol)3 ^ 
100°C, 48 h 

H H 
\ + / 
y 1 

+ tetraenols + 
O H X Ο 

B r " 

4 1 % 

T h e five-carbon u n i t , l - b r o m o - l , 4 - p e n t a d i e n e , is e a s i l y a v a i l a b l e 
f r om the p a l l a d i u m - c a t a l y z e d r eac t i on o f a l l y l b r o m i d e w i t h a c e t y l ene 
( J I ) , b u t w e h a v e not y e t s t u d i e d its react ions . 

T h i s v e r y b r i e f s u r v e y o f the p a l l a d i u m - t r i a r y l p h o s p h i n e -
c a t a l y z e d r eac t i on o f v i n y l i c h a l i d e s w i t h o le f ins a n d a m i n e s is i n 
t e n d e d to s h o w the w i d e a p p l i c a b i l i t y o f the r eac t i on to s y n t h e s i z i n g 
n u m e r o u s types o f p o l y f u n c t i o n a l a l i p h a t i c ( and aromat ic ) c o m p o u n d s . 
W e have m u c h m o r e to do i n seve ra l areas, b u t i t is a l r e a d y c l e a r that 
the r eac t i on w i l l b e v e r y v a l u a b l e for s y n t h e s i z i n g n u m e r o u s types o f 
o r gan i c c o m p o u n d s . 
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13 
Binuclear Organoplatinum Complexes 
as Models for Catalytic Intermediates 

M. P. BROWN, J. R. FISHER, and S. J. FRANKLIN 

Donnan Laboratories, University of Liverpool, U.K. 

R. J. P U D D E P H A T T and M. A. T H O M S O N 

Department of Chemistry, University of Western Ontario, London, Canada, 
N6A 5B7 

Attempts have been made to mimic proposed steps in 
catalysis at a platinum metal surface using well
-characterized binuclear platinum complexes. A series of 
such complexes, stabilized by bridging bis(diphenyl-
phosphino) methane ligands, has been prepared and 
structurally characterized. Included are diplati-
num (I) complexes with Pt-Pt bonds, complexes with 
bridging hydride, carbonyl or methylene groups, and 
binuclear methylplatinum complexes. Reactions of these 
complexes have been studied and new binuclear oxida
tive addition and reductive elimination reactions, and a 
new catalyst for the water gas shift reaction have been 
discovered. 

Mononuclear platinum complexes often have been used as models 
for catalytic intermediates since systematic studies of syn

thesis, reactivity, and mechanism are often convenient and because 
metallic platinum is a very important catalyst. However, using b inu
clear or polynuclear platinum complexes as models for proposed inter
mediates in heterogeneous catalysis has not been studied, probably 
because planned routes to such complexes have not been available. 
This chapter describes our first studies in this area. 

Desirable Functional Groups in Binuclear Complexes 

In an oversimplification, we can identify the following two ways 
in which the nature of heterogeneous catalytic reactions may differ 
from homogeneous catalytic reactions with mononuclear catalysts. 

0065-2393/82/0196-0231$05.00/0 
© 1982 American Chemical Society 
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232 METAL PHOSPHINE COMPLEXES 

Table I. Bonding Modes of Some Important Functional Groups 
in Terminal or Bridging Situations 

Ligand Terminal Ligand Bridging Ligand 

H 

/ \ 
H y d r i d e P t - H P t P t 

Ο 

I 
/ \ 

C a r b o n M o n o x i d e P t - O s O P t P t 
C H 2 

/ \ 
C a r b e n e P t = C H 2 P t P t 

C H 2 — C H 2 

C H 2 / \ 
A l k e n e Pt—I I P t P t P t - J 

C H 2 

Η Η 
C H \ / 

A l k y n e Pt—III C = C 
C H / \ 

P t P t 
H 3 

C 
/ \ 

A l k y l P t - C H 3 P t P t 

1. L i g a n d s m a y b i n d to m o r e t h a n one m e t a l cen te r b y 
b r i d g i n g a n d the r e a c t i v i t y o f the c o o r d i n a t e d l i g a n d w i l l 
there fore b e di f ferent . W e set out to p r e p a r e c o m p l e x e s 
w i t h the b r i d g i n g f unc t i ona l g roups s h o w n i n T a b l e I a n d 
to c o m p a r e the i r r e a c t i v i t y w i t h those h a v i n g t e r m i n a l 
l i g a n d s . 

2. C o o p e r a t i v e effects i n w h i c h , for e x a m p l e , a reagent is 
a c t i v a t e d b y c o o r d i n a t i o n to one m e t a l c en te r a n d t h e n 
i n d u c e d to react w i t h a l i g a n d o n a n adjacent m e t a l 
c en t e r or i n a b r i d g i n g p o s i t i o n c a n o c c u r . A s ea rch for 
s u c h m o d e l react ions has b e e n i n i t i a t e d . 

Some Diplatinutn(l) Complexes 

W e have u s e d the l i g a n d b i s ( d i p h e n y l p h o s p h i n o ) m e t h a n e ( dppm) 
to s t a b i l i z e b i n u c l e a r p l a t i n u m c o m p l e x e s . W h e n c h e l a t i n g , th i s l i g a n d 
forms a s t r a i n e d f o u r - m e m b e r e d r i n g a n d i t there fore t ends to b r i d g e 
b e t w e e n m e t a l a toms. O u r first p l a t i n u m ( I ) c o m p l e x was p r e p a r e d b y 
the f o l l o w i n g r eac t i on ( E q u a t i o n 1), P P = d p p m (1 ,2 ) . 
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13. BROWN ET AL. Binuclear Organoplatinum Complexes 233 

P > < C 1 • C l - L f ^ l (1) 

ι π 

C o m p l e x I I was o r i g i n a l l y p r e p a r e d b y G l o c k l i n g a n d P o l l o c k b y 
a d i f ferent route b u t was c h a r a c t e r i z e d i n c o r r e c t l y as [Pt 2(/n-
C l ) 2 ( d p p m ) 2 ] . W e d e v e l o p e d c r i t e r i a to d i s t i n g u i s h b e t w e e n c h e l a t i n g 
a n d b r i d g i n g d p p m l i g a n d s i n s u c h c o m p l e x e s b a s e d o n the H - l a n d 
P -31 N M R spec t ra . T h e c r i t e r i o n is p a r t i c u l a r l y s i m p l e b a s e d o n the 
i n t e n s i t i e s o f sa te l l i t es a s soc i a t ed w i t h the C H 2 P 2 p ro t ons i n the H - l 
N M R s p e c t r u m d u e to c o u p l i n g to 1 9 5 P t (I = i , n a t u r a l a b u n d a n c e 
33 .8% ) . F o r a t e r m i n a l l i g a n d the n o r m a l i n t e n s i t i e s are 1 : 4 : 1 b u t for 
a b r i d g i n g l i g a n d i n t e n s i t i e s are 1 : 8 : 1 8 : 8 : 1 , a n d the i n n e r sa te l l i t es 
h a v e a l m o s t h a l f t he i n t e n s i t y o f the c e n t r a l p e a k (2). T h e R a m a n 
s p e c t r u m g i ves a s t r ong b a n d at 150 c m - 1 d u e to the P t - P t b o n d . T h e 
p r e s e n c e o f th i s b o n d was d e m o n s t r a t e d b y a n X - r a y s t ruc tu re de te r 
m i n a t i o n (3,4). 

T h e P t - C l b o n d s i n C o m p l e x I I are l a b i l e a n d severa l d e r i va t i v e s 
w e r e p r e p a r e d b y metathes is (e.g., see E q u a t i o n 2) (2, 5) . 

Ρ Ρ 
I I 

x — P t — p t — χ 

υ 
ΙΠ,Χ = Br 
IV,X = Ι 

2X-
-2 C l - I I 2 L, 2[PFJ-

-2C1-

P Ρ 

L — P t — i t — L 
I I 

p _ ^ p 

V, L = N H 3 

VI, L = PMe 2 Ph 

[ P F 6 ] 2 (2) 

M a n y s m a l l unsa tu ra t ed reagents react b y a d d i n g to the P t - P t 
b o n d o f C o m p l e x I I rather t h a n d i s p l a c i n g c h l o r i d e (see E q u a t i o n 3) 
(6). 

I I 

A 
ρ P j χ ι 
Pt P t 

i \ C l 

V I I , X = s o 2 ) (i) = s o 2 

V I I I , X = S, (i) = S , 
I X , X = C H 2 , (i) = C H 2 N 2 

(3) 
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234 METAL PHOSPHINE COMPLEXES 

T h e synthes is o f the b r i d g i n g m e t h y l e n e c o m p l e x ( IX) is no tewor 
t h y (see T a b l e I) b u t the c o m p l e x is s tab le a n d iner t , s h o w i n g no 
c a r b e n e - l i k e r eac t i v i t y . It is b e l i e v e d that the P t - P t b o n d is c o m 
p l e t e l y b r o k e n i n f o r m i n g V I I - I X , b a s e d o n N M R paramete r s (8) a n d 
b y ana l ogy w i t h the c a r b o n y l d e r i v a t i v e d i s c u s s e d b e l o w , w h i c h was 
c h a r a c t e r i z e d b y X - r a y s t ruc ture d e t e r m i n a t i o n . 

Carbonyl Derivatives 

C a r b o n m o n o x i d e c a n react w i t h C o m p l e x I I e i ther b y a d d i n g to 
the P t - P t b o n d or b y d i s p l a c i n g c h l o r i d e (see S c h e m e 1). 

I n n o n p o l a r so l ven ts s u c h as C H 2 C 1 2 the b r i d g i n g c a r b o n y l (X) is 
f o r m e d p r e f e r en t i a l l y . It has a r e m a r k a b l y l o w c a r b o n y l s t r e t c h i n g fre
q u e n c y o f 1638 c m " 1 a n d a n X - r a y s t ruc ture d e t e r m i n a t i o n o f the corre 
s p o n d i n g b i s ( d i p h e n y l a r s i n o ) m e t h a n e c o m p l e x s h o w s that there is no 
P t - P t b o n d (3 ,9,10) . T h e c o m p l e x there fore is c o n s i d e r e d as a d i m e t a l -
l a t e d f o r m a l d e h y d e d e r i v a t i v e . 

I n p o l a r so lvents s u c h as m e t h a n o l the i o n i c d e r i v a t i v e (XI ) is 
p r e f e r r e d i n the e q u i l i b r i u m m i x t u r e (9). A n X - r a y s t ruc tu ra l i n v e s t i g a 
t i on o f the P F e sa l t (XI I ) has c o n f i r m e d the p resence o f a P t - P t b o n d 
a n d the P t - P t b o n d appears to b e s l i g h t l y s t ronger t h a n i n the parent 
(II) (11). T h e r e is a lso e v i d e n c e for the d i c a r b o n y l d i c a t i o n i c c o m p l e x 

Scheme 1. 

I I + C O ^ 

Ρ Ρ 

O C — P t — P t — C O 
I I 

ρ ρ 

2 C l - , X I I I 
co 

- C l 

C l — P t — P t — C O 

. υ 
iPF 6 -

" , π 

C l — P t — P t — C O 

I I 
Ρ Ρ 

c i - X I 

[PFe] X I I 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
19

6.
ch

01
3

In Catalytic Aspects of Metal Phosphine Complexes; Alyea, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1982. 
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[X I I I ] i n th is s y s t em , b u t th is c a n b e p r e p a r e d i n p u r e f o rm m o r e 
r e a d i l y as the hexa f luorophosphate sa l t b y d i s p l a c e m e n t o f a m m o n i a 
f r om C o m p l e x V b y c a r b o n m o n o x i d e (5). 

T h e easy i s o m e r i z a t i o n o f Χ ^ X I i s p a r t i c u l a r l y i n t e r e s t i n g s i n c e 
b r i d g i n g a n d t e r m i n a l l y b o n d e d c a r b o n m o n o x i d e a d s o r b e d o n 
p l a t i n u m surfaces m a y b e e x p e c t e d to u n d e r g o a n ana l ogous r eac t i on 
e v e n m o r e eas i l y . 

Hydride Derivatives 

R e d u c t i o n o f m o n o m e r i c C o m p l e x I w i t h s o d i u m b o r o h y d r i d e 
g ives the b i n u c l e a r c a t i on i c h y d r i d e [ P t 2 H2 ( / x -H )^ -dppm) 2 ] [ PF e ] 
( E q u a t i o n 4, P P = d p p m ) (12, 13). 

N a B H 4 

H 

Ρ Ρ 
Η Ι 

1/ \ l 
P t P t 

' ι r 

I P F 6 -

p " ~ > 

Η I 
k Ht 

H 

c i - X I V 

H 

[ P F 6 ] X V 

(4) 

A t r o o m t e m p e r a t u r e C o m p l e x X V is no t fluxional o n the N M R 
t i m e sca le , a n d separate s i gna ls are seen for the b r i d g i n g a n d t e r m i n a l 
h y d r i d e l i g a n d s (see F i g u r e 1). H o w e v e r , at h i g h e r t empe ra tu r es the 
s i gna l s b r o a d e n a n d finally c oa l e s c e d u e to the e x c h a n g e b e t w e e n 
b r i d g i n g a n d t e r m i n a l h y d r i d e s . O t h e r b i n u c l e a r h y d r i d e s h a v e b e e n 
i s o l a t ed r e c e n t l y b u t these h a v e s t ruc tures i n w h i c h the b r i d g i n g a n d 
t e r m i n a l h y d r i d e s are m u t u a l l y c is a n d e x c h a n g e is t h e n m u c h faster 
t h a n i n C o m p l e x X V a n d r e l a t e d c o m p l e x e s (4). T h e s e e x c h a n g e p ro 
cesses c o u l d b e r e l a t e d to the p rocess i n w h i c h h y d r o g e n a toms m i 
grate o n a p l a t i n u m sur face . 

H y d r i d e l i g a n d s i n C o m p l e x X V c a n b e r e p l a c e d c o n s e c u t i v e l y b y 
c h l o r i d e l i g a n d s b y r e a c t i n g w i t h H C 1 or w i t h c h l o r i n a t e d so lvents (see 
E q u a t i o n 5). 

It is i n t e r e s t i n g that C o m p l e x X V I has a b r i d g i n g c h l o r i d e a n d 
t e r m i n a l h y d r i d e l i g a n d s , whe r eas C o m p l e x X V I I has b r i d g i n g h y 
d r i d e a n d t e r m i n a l c h l o r i d e l i g a n d s . C o m p l e x X V I I c a n b e r e v e r s i b l y 
d e p r o t o n a t e d to g i v e the d i p l a t i n u m ( I ) c o m p l e x (II) (12, 13). 
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236 METAL PHOSPHINE COMPLEXES 

X V 
HC1/CH2C12 [ P F 6 ] X V I 

CC1 4/CHC1 3| (5) 

[ P F J X V I I 

C o m p l e x X V u n d e r g o e s a n i n t e r e s t i n g b i n u c l e a r r e d u c t i v e e l i m i 
n a t i o n r eac t i on l o s i n g H 2 u p o n r e a c t i n g w i t h l i g a n d s s u c h as t e r t ia ry 
p h o s p h i n e s (see E q u a t i o n 6) (15), b u t p y r i d i n e a n d s i m p l e a l k enes 
s u c h as e t h y l e n e w i l l not i n d u c e th is r eac t i on . 

W h e n L = P P h 3 , R e a c t i o n 6 f o l l o w s o v e r a l l s econd-o rder k i n e t i c s , 
first o rder i n b o t h C o m p l e x X V a n d P P h 3 . T h u s a n assoc ia t i ve m e c h a 
n i s m is i n d i c a t e d b u t no i n t e rmed i a t e s c o u l d b e d e t e c t e d . A d d i n g 
P P h 3 to C o m p l e x X V s h o u l d o c c u r y i e l d i n g a c o m p l e x that w o u l d not 
b e e l e c t r o n d e f i c i en t a n d there fo re w o u l d no t c o n t a i n a b r i d g i n g h y 
d r i d e l i g a n d . It is thus no t p o s s i b l e to d e t e r m i n e i f t h e r e d u c t i v e e l i m i 
na t i on o f H 2 o c curs at a s i n g l e p l a t i n u m cen te r or i n a t rue b i n u c l e a r 
process . T h e t e r m b i n u c l e a r r e d u c t i v e e l i m i n a t i o n is u s e d to d e s c r i b e 
the o v e r a l l r eac t i on o f E q u a t i o n 6 a n d is not i n t e n d e d to in f e r a m e c h a 
n i s m o f r e a c t i on , a n d th is a p p l i e s a lso to Reac t i ons 7, 8, a n d 9 d i s c u s s e d 
b e l o w . 

Ρ Ρ 

X V + L — H 2 + [ H — P t — P t — L ] [ P F 6 ] (6) 

Ρ Ρ 

X V I I I , L = P M e 2 P h X X , L = η ' -dppm 
X I X , L = P P h 3 X X I , L = 4 - M e C e H 4 N C 

X V + C O ^ H 2 + [ H — P t — P t — C O ] [ P F 6 ] (7) 

Ρ Ρ 

ΧΧΙΙ 
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13. B R O W N E T A L . Binuclear Organoplatinum Complexes 237 

Figure 1. H-l NMR spectra of Complex XV in the PtH region: (a) 
spectrum at -15°C; (b) spectrum at 65°C; Hb = bridging hydride with 
8:18:8 intensity pattern; 8(Hb) - 5.76 ppm, 'J(PtH) 545 Hz; Ht = 
terminal hydride with 1:1:4:1:1 intensity pattern; &(Ht) - 6.85 ppm, 

'J(PtH) 1150 Hz, 2J(PtH) 108 Hz. 

T h e r e v e r s i b l e r e a c t i o n w i t h c a r b o n m o n o x i d e ( E q u a t i o n 7) (16, 
17) is p a r t i c u l a r l y i n t e r e s t i n g . 

S i n c e s e v e ra l c a t i o n i c c a r b o n y l s reac t w i t h wa t e r to g i v e c a r b o n 
d i o x i d e a n d a m e t a l h y d r i d e (18), i t is p r e d i c t e d that C o m p l e x X V or 
XXI I s h o u l d b e cata lysts for the wa t e r gas sh i f t r eac t i on . P r e l i m i n a r y 
resu l t s i n d i c a t e that th i s is cor rec t a n d cata lys is o c cu rs s l o w l y at 100°C 
i n a q u e o u s m e t h a n o l , w i t h the s l o w step i n the ca ta l y t i c c y c l e b e i n g 
the r e a c t i o n o f C o m p l e x XXI I w i t h w a t e r to r egenera t e C o m p l e x X V 
w i t h the e v o l u t i o n o f C 0 2 . 

T h e s l o w s tep is d e d u c e d from the r e l u c t a n c e o f C o m p l e x XXI I to 
react w i t h w a t e r or O H " i n m o d e l react ions to regenera te X V u n d e r 
m i l d c ond i t i ons . T h i s is p r o b a b l y b e cause the s i n g l e p o s i t i v e cha rge i n 
C o m p l e x XXII is s p r e a d o v e r t w o p l a t i n u m centers a n d the c a r b o n y l 
g r o u p is there fore not su f f i c i ent l y a c t i v a t e d t owards n u c l e o p h i l i c at
tack. I n contrast the d i c a t i o n [ P t 2 ( C O ) 2 ^ - d p p m ) 2 ] 2 + , XIII, reacts r e a d 
i l y w i t h wa t e r to g i v e XXI I a n d c a r b o n d i o x i d e . 

B i n u c l e a r r e d u c t i v e e l i m i n a t i o n s f o l l o w e d b y o x i d a t i v e a d d i t i o n 
m a y a l so b e i n v o l v e d i n r eac t i ons s u c h as E q u a t i o n 8. 

X V + H X 

H 

P Ρ 
χ 

Pt P t 

1 \ 
Ρ Ρ J 

Η 

[ P F 6 ] + H 2 (8) 

XXIII , X = S M e XXIV, X = P P h 2 
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238 m e t a l p h o s p h i n e c o m p l e x e s 

Reac t i ons w i t h a c t i v a t ed a l k y n e s a lso i n v o l v e r e d u c t i v e e l i m i n a 
t i o n o f H 2 ( E q u a t i o n 9) (17). 

X V + R C = C R - g M £ k -
H P t 

R R 

+ H 2 (9) 

C l 

XXV, R = C F 3 

XXVI, R = C 0 2 M e 

I n th is case a r eac t i on s e q u e n c e i n v o l v i n g r e d u c t i v e e l i m i n a t i o n o f 
H 2 f r om C o m p l e x XV f o l l o w e d b y inse r t i on o f a l k y n e i n t o the r e m a i n 
i n g P t - H b o n d , a d d i t i o n o f a l k y n e to the P t - P t b o n d o f the p r o p o s e d 
d i p l a t i n u m ( I ) i n t e r m e d i a t e , a n d t h e n abs t rac t i on o f c h l o r i d e f r o m the 
so l ven t is p r o b a b l e . W o r k is i n progress to iso late a n d charac t e r i z e 
p r o p o s e d i n t e r m e d i a t e s i n th is s equence , as w e l l as to s t u d y the reac
t ions i n n o n c h l o r i n a t e d so l vents . 

Methylplatinum Complexes 

B o t h m o n o n u c l e a r a n d b i n u c l e a r forms o f [ P t M e 2 ( d p p m ) ] a n d 
[ P t C l M e ( d p p m ) ] c a n b e p r e p a r e d (see S c h e m e 2). T h e c i s - d i m e r 
(XXVII) is the less s tab le f o rm a n d is c o n v e r t e d to m o n o m e r i c 
[ P t M e 2 ( d p p m ) ] (XXVIII) w h e n h e a t e d i n the p r e s e n c e o f d i m e t h y l -
su l f i d e . T h e m o n o m e t h y l d e r i va t i v e s C o m p l e x e s XXIX a n d XXX c a n 
b e i n t e r c o n v e r t e d i n s o l u t i o n b u t C o m p l e x XXX is mo r e s tab l e i n s o l u 
t i on ( e spec i a l l y i n p o l a r so lvents ) a n d is i s o l a t ed eas i l y as e i the r the 
c h l o r i d e or the hexa f luo rophospha te salt . A b i n u c l e a r m e t h y l ( h y d r i d o ) 
d e r i v a t i v e (XXXI) c a n b e p r e p a r e d b y r e d u c i n g C o m p l e x XXX w i t h 
s o d i u m b o r o h y d r i d e . 

[ P F 6 ] 
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S c h e m e 2. 
M è 2 

M e v /S>. Me M e 
Pf Pt dppm ^Pf 

M e S ^ M e M e P 
M e 2 

Jheat 

M e . P 
M e L i ^ ^ . ^ 

P . 

F " 

. M e 
X X V I I 

X X V I I I 

XXIX 

T h i s c o m p l e x has r e m a r k a b l e t h e r m a l s t ab i l i t y , b e i n g i n d e f i n i t e l y sta
b l e at r o o m t empe ra tu r e , c o m p a r e d w i t h m o n o n u c l e a r m e t h y l ( h y -
d r i d o ) p l a t i n u m c o m p l e x e s s u c h as cis-[PtHMe(PPh3)2] w h i c h de 
c omposes at ca . - 2 0 ° C (19). T h i s m a y b e b e c a u s e the m e t h y l a n d 
h y d r i d o g roups are h e l d m u t u a l l y trans i n C o m p l e x X X X I . 

S e v e r a l react ions , s u c h as that o f C o m p l e x X X V I I w i t h H + , h a v e 
l e d to f o rmat i on o f a n orange c o m p l e x i o n [ P t 2 M e 3 ( ^ - d p p m ) 2 ] + . T h i s 
c o m p l e x does not c o n t a i n a b r i d g i n g m e t h y l g r o u p , b u t p r o b a b l y c o n 
ta ins a c o o r d i n a t e P t - * P t b o n d (20, 21). T h e s t ruc ture is C o m p l e x 
X X X I I , F i g u r e 2. It is a s s u m e d that the e l e c t r o n - r i c h d i m e t h -
y l p l a t i n u m cen t e r donates a p a i r o f e l e c t r ons to the v a c a n t o r b i t a l 

P h - Ph ^ C H 2 

Me- -Pt-

ν 
1/ 

Ph 

•Pt 

I 
Me 

Figure 2. The structure of the [Pt2-
Μβ3(μ-άρρπί)2Υ cation, (XXXII), 
as the hexafluorophosphate salt 
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240 METAL PHOSPHINE COMPLEXES 

o f the m o n o m e t h y l p l a t i n u m center . T h e P t - P t b o n d d i s tance ( r (Pt-Pt ) ) 
is 2 .79 À w h i c h is l onge r t h a n is f o u n d i n the p l a t i n u m ( I ) c o m p l e x e s 
s u c h as C o m p l e x II, h a v i n g r ( P t - P t ) 2 .651 Â (21) . 

Conclusions 

M a n y o f the f unc t i ona l g r oups i n T a b l e I h a v e b e e n i d e n t i f i e d i n 
react ions o f b i n u c l e a r p l a t i n u m c o m p l e x e s s t a b i l i z e d b y the l i g a n d 
d p p m , a n d seve ra l reac t ions ( i n c l u d i n g one ca t a l y t i c react ion) i n v o l v 
i n g b o t h p l a t i n u m centers h a v e b e e n d i s c o v e r e d . T h u s the m o d e l i n g o f 
i n t e rmed i a t e s a n d react ions i n v o l v e d i n cata lys is b y p l a t i n u m m e t a l 
has b e e n success fu l . H o w e v e r , g e n e r a l l y w e h a v e not f o u n d e n h a n c e d 
c h e m i c a l r e a c t i v i t y o f the b i n u c l e a r c o m p l e x e s c o m p a r e d w i t h 
m o n o n u c l e a r ana logs a n d , i n some cases, r e a c t i v i t y is c o n s i d e r a b l y 
l owe r . T h u s u s e f u l ca ta lys is b y b i n u c l e a r p l a t i n u m c o m p l e x e s appears 
u n l i k e l y . T h e m o s t e n c o u r a g i n g aspec t is that m a n y n e w s t ruc tu ra l 
t ypes have b e e n d i s c o v e r e d a n d there is e v e r y c h a n c e that a greater 
n u m b e r a w a i t d i s c o v e r y . 
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14 
Novel Reactions of Dinuclear Metal 
Complexes 
Reactions and Structures of Palladium Complexes 
Containing Bis(diphenylphosphino)methane as a 
Bridging Ligand 

ALAN L. B A L C H 

Department of Chemistry, University of California, Davis, CA 95616 

The reaction chemistry interconverting various binu
clear palladium complexes involving bis(diphenylphos-
phino) methane (dpm) is summarized. Small molecules 
(CO, CNR, SO2, electronegatively substituted acety
lenes, and diazonium ions) readily insert into the 
Pd-Pd bond of the Pd(I) dimers, Pd2(dpm)2X2 

( X = halide or pseudohalide) to form molecular 
A-frames. Adding geminal dihalides to Pd2(dpm)3 occurs 
by two-center, three-fragment oxidative addition, e.g., 
the reaction of diiodomethane gives Pd2(dpm)2(μ-CΗ2)Ι2. 
Dimers, Pd2(dpm)2X2 Y2, are formed by adding halogens 
or methyl halides to Pd2(dpm)3. 

T he current high level of interest in binuclear metal complexes 
arises from the expectation that the metal centers in these 

complexes wi l l exhibit reactivity patterns that differ from the well -
established modes of reactivity of mononuclear metal complexes. The 
diphosphine, bis(diphenylphosphino)methane (dpm), has proved to 
be a versatile ligand for l inking two metals while allowing for consid
erable flexibility in the distance between the two metal ions involved 
(i ). This chapter presents an overview of the reaction chemistry and 
structural parameters of some palladium complexes of dpm that dis
play the unique properties found in some binuclear complexes. Pal
ladium complexes of dpm are known for three different oxidation 
states. Palladium(O) is present in Pd 2 (dpm) 3 (2). Although the struc
ture of this molecule is unknown, it exhibits a single P-31 N M R reso-

0065-2393/82/0196-0243$05.00/0 
© 1982 American Chemical Society 
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244 METAL PHOSPHINE COMPLEXES 

III 

Figure 1. Idealized structural types for planar metal centers bridged 
by bis(diphenylphosphino)methane (4); I, side-by-side dimer; II, 

molecular A-frame, III, face-to-face dimer. 

nance at 14.5 p p m i n c h l o r o f o r m - d i r e l a t i v e to 8 5 % H 3 P 0 4 (the same 
so l v en t a n d re ference are u s e d t h r o u g h o u t un l ess noted) a n d the d p m 
l i g a n d s are a s s u m e d to o c c u p y b r i d g i n g sites. P a l l a d i u m ( I ) d i m e r s o f 
the t y p e Pd 2 ( dpm ) 2 X2 (X = h a l i d e or p s e u d o h a l i d e ) adop t the s i de -by -
s ide , m e t a l - m e t a l b o n d e d g e o m e t r y (3) w h i c h is one o f the three 
charac t e r i s t i c s t ruc tures (see F i g u r e 1) that are f o u n d for t w o p l a n a r 
m e t a l c en te rs b r i d g e d b y trans-dpm l i g a n d s (4). T h e P d - P d d i s t a n c e 
i n P d 2 ( d p m ) 2 B r 2 is 2 .699 Â a n d i t is cons is tent w i t h the p resence o f a 
s i n g l e b o n d b e t w e e n the t w o me ta l s (3). P a l l a d i u m ( I I ) c o m p l e x e s i n 
c l u d e m o n o m e r i c c o m p l e x e s w i t h c h e l a t i n g d p m , P d ( d p m ) C l 2 (5), a n d 
P d ( d p m ) ( S C N ) 2 (6), a n d b i n u c l e a r c o m p l e x e s that adop t e i the r the 
face-to-face or A - f r a m e s t ruc tures s h o w n i n F i g u r e 1. S o m e o f these 
w i l l b e d e s c r i b e d later i n th i s chapte r . 

Insertion into the Pd-Pd Bond in Pd2(dpm)2X2 

A v a r i e t y o f s m a l l m o l e c u l e s inser t i n t o the m e t a l - m e t a l b o n d o f 
P d 2 ( d p m ) 2 X 2 v i a R e a c t i o n 1. T h e d i a r s i n e a n a l o g P d 2 ( d a m ) 2 C l 2 , f o r m e d 
f r om b i s ( d i p h e n y l a r s i n o ) m e t h a n e (dam), reacts s i m i l a r l y . T h e p r o d -
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14. B A L C H Novel Reactions of Dinuclear Metal Complexes 2 4 5 

P h C H , P h P h C H , 

P h — Ρ ' - P h 

P h 

P h — Ρ Ρ—Ph 

X — P d P d — Χ + A 

P h — Ρ Ρ—Ph 
/ \ / \ 

P h C H 2 P h 

X 
\ 

P h — : 
/ 

P h 

X 
1 / 

P d P h 

P — P h 

C H 2 ^ P h 

(1) 

ucts h a v e the s t ruc tu re o f a m o l e c u l a r A - f r ame , a t y p i c a l e x a m p l e o f 
w h i c h is s h o w n i n F i g u r e 2. Subst ra tes that inser t i n t o the P d - P d b o n d 
i n c l u d e c a r b o n m o n o x i d e (4, 7, 8), i s o c yan ide s (4, 7), s u l f u r d i o x i d e (9, 
JO) , a t o m i c su l fu r ( f rom c y c l o o c t a s u l f u r or ep i su l f i des ) (10), e l e c -
t r o n e g a t i v e l y s u b s t i t u t e d ace t y l enes (11), a n d d i a z o n i u m ions (12). 
R e a c t i o n 1 causes the p a l l a d i u m ions to m o v e a b o u t 0.5 À fur ther apart 
i n f o r m i n g the A - f r ame . W e i n t e r p r e t th i s as a r u p t u r e o f the P d - P d 
b o n d . T h e v a r i a b i l i t y i n the P d - P d separa t i on c a n b e seen b y inspec t -

Inorganic Chemistry 

Figure 2. The molecular structure ο/Ρά2(άρΜ)2(μ-8)αΐ2 (10) 
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2 4 6 METAL PHOSPHINE COMPLEXES 

Figure 3. Dimensions of the planar X2Pd2(prA) portions of molecular 
A-frames: A , Pd2(dpm)2(prC2{CF3 }2)Cl2; B, Pd2(dpm)2(prS02)Cl2, mole
cule A; C, Pd2(dpm)2(prS02)Cl2, molecule B; D , Pd2(dpm)2(/JJS)C12; 

E , [Pd2(dpm)2(prCNCH3) (CNCH3)2]+. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
19

6.
ch

01
4

In Catalytic Aspects of Metal Phosphine Complexes; Alyea, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1982. 



14. B A L C H Novel Reactions of Dinuclear Metal Complexes 247 

i n g F i g u r e 3, w h i c h shows the d i m e n s i o n s o f p l a n a r Χ 2 Ρ ά 2 ( μ - Α ) por 
t ions o f a n u m b e r o f i nse r t i on p r o d u c t s that h a v e b e e n c h a r a c t e r i z e d b y 
X - r a y c r y s t a l l o g r a p h y . T h e s u l f u r d i o x i d e a d d u c t , P d 2 ( d p m ) 2 

( M - S 0 2 ) C 1 2 , is p a r t i c u l a r l y i n t e r e s t ing . It c r y s t a l l i z e s w i t h t w o i n d e p e n 
den t m o l e c u l e s i n the l a t t i c e . T h e s e t w o spec i e s have g e n e r a l l y s i m i l a r 
d i m e n s i o n s excep t for the P d - S - P d b o n d ang l e s a n d the P d - P d 
separat ions. W e a t t r i bu te the va r i a t i on i n these paramete rs to p a c k i n g 
forces that c a n d e f o r m th is po r t i on o f the m o l e c u l e a n d take the p l a s t i c 
i t y o f the m o l e c u l e as a n a d d i t i o n a l i n d i c a t i o n o f the w e a k n e s s o f a n y 
P d - P d in t e rac t i on . U n l i k e the o ther A - f rames w h i c h have a s i ng l e 
a t o m b r i d g e b e t w e e n the t w o me ta l s , t h e a c e t y l e n e a d d u c t , 
P d 2 ( d p m ) 2 ( / i - C 2 { C F 3 } 2 ) C l 2 , has a two -a t om b r i d g e b e t w e e n the m e t a l s . 
I n o rder to a c c o m m o d a t e th is l onge r b r i d g e , the p a l l a d i u m atoms h a v e 
m o v e d fur ther apart t h a n a n y o the r p a i r o f d p m - b r i d g e d m e t a l i o n s . 
T h e s t ruc tu ra l pa ramete r s o f t h e b r i d g i n g l i g a n d i t s e l f i n d i c a t e that the 
a c e t y l e n e has b e e n r e d u c e d to a c i s - d i m e t a l a t e d o l e f i n . 

A s s i g n i n g i o r m a l o x i d a t i o n states i n these A - f r ame spec i es is a 
mat ter o f some con t r ove r sy a n d m a y best b e le f t to pe r sona l pre fer
ences . X - r a y p h o t o e l e c t r o n spec t r a o f a g r o u p o f c o m p l e x e s o f the t y p e 
P d 2 ( d p m ) 2 X 2 a n d Pd 2 ( dpm) 2 ( /x -A )X 2 r e v e a l no major changes i n b i n d 
i n g energ i es o f the m e t a l or l i g a n d a toms (13). It is mos t i m p o r t a n t to 
e m p h a s i z e the obse r va t i on that b o t h the reactants a n d p r o d u c t s o f 
R e a c t i o n 1 b e h a v e as 16 -e l e c t ron m e t a l c o m p l e x e s e x h i b i t i n g p l a n a r 
g e ome t r y a n d fac i l e l i g a n d s u b s t i t u t i o n . 

S o m e aspects o f the r e a c t i v i t y o f the A - f rames f o r m e d b y R e a c t i o n 
1 h a v e b e e n e x p l o r e d . C a r b o n m o n o x i d e a n d s u l f u r d i o x i d e are r e a d i l y 
lost f r om the r e spec t i v e adduc t s u p o n m i l d h e a t i n g or e x p o s u r e to 
v a c u u m . T h e inser t ions o f i s o cyan ides or s u l f u r h a v e not b e e n re 
ve r s ed . H o w e v e r the o x i d a t i o n o f P d 2 ( d p m ) 2 ( / x - S ) C l 2 to P d 2 ( d p m ) 2 -
^ - S 0 2 ) C 1 2 c a n b e e f f ec ted b y u s i n g m - c h l o r o p e r b e n z o i c a c i d as o x i 
dant . A c e t y l e n e a d d i t i o n is p h o t o r e v e r s i b l e ; pho t o l y s i s o f P d 2 ( d p m ) 2 -
( / L t - C 2 { C 0 2 C H 3 } 2 ) C 1 2 forms d i m e t h y l a c e t y l e n e d i c a r b o x y l a t e a n d 
P d 2 ( d p m ) 2 C l 2 (14). P d 2 ( d p m ) 2 X 2 is a ca ta lys t for c o n v e r t i n g d i m e t h y l -
a c e t y l ene d i c a r b o x y l a t e i n t o h e x a m e t h y l m e l l i t a t e , a n d P d 2 ( d p m ) 2 -
( / i - C 2 { C 0 2 C H 3 } 2 ) X 2 , w h i c h forms d u r i n g the r eac t i on , is p r e s u m e d to 
b e a n i n t e r m e d i a t e . 

P d 2 ( d p m ) 2 C l 2 shows u n i q u e spec i f i c i t y o f r e a c t i v i t y t o w a r d s m a l l 
m o l e c u l e s . It does not react w i t h d i n i t r o g e n or n i t r i l e s a n d is unaf
f e c t ed b y m o l e c u l a r o x y g e n e v e n i n r e f l u x i n g b e n z e n e so lu t i on . T in ( I I ) 
c h l o r i d e , w h i c h inserts i n t o o ther m e t a l - m e t a l b o n d s , adds to 
P d 2 ( d p m ) 2 C l 2 a c c o r d i n g to R e a c t i o n 2. T h e s t ruc ture o f the p r o d u c t , 
s h o w n i n F i g u r e 4, i nd i ca t e s that the p resence o f the S n C l 3 " l i g a n d has 
l i t t l e effect o n the P d - P d b o n d (15). 

T h e a b i l i t y o f P d 2 ( d p m ) 2 C l 2 to inser t s m a l l m o l e c u l e s i n t o its 
m e t a l - m e t a l b o n d is net charac t e r i s t i c o f mos t o ther m e t a l - m e t a l 

American Chemical 
Society Library 

1155 16Ui St. N. W. 
Washington, o. C> 20038 
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248 METAL PHOSPHINE COMPLEXES 

P h C H 2 P h 

P h — Ρ Ρ—Ph 

C l — P d — P d — C l + S n C l , 

P h — Ρ Ρ—Ph 
/ \ / \ 

P h C H 2 P h 

P h C H 2 P h 

Ph—Ρ Ρ—Ph 

C l — P d — P d — S n C L 

P h — Ρ Ρ—Ph 

P h C H 2 P h 

(2) 

b o n d e d c o m p o u n d s . T h e p l a t i n u m a n a l o g , P t 2 ( d p m ) 2 C l 2 , unde r goe s 
s i m i l a r reac t ions (7, 16, 17, 18). B e c a u s e b o t h o f these m o l e c u l e s are 
c o o r d i n a t i v e l y u n s a t u r a t e d , substrates h a v e r e a d y access to the 
m e t a l - m e t a l b o n d . N e v e r t h e l e s s o ther spec i e s possess ing c o o r d i n a t i o n 
unsa tu ra t i on ad jacent to a m e t a l b o n d d o not e x p e r i e n c e s i m i l a r inser
t ions . Fo r e x a m p l e I a n d II, w h i c h is o b t a i n e d from I b y a d d i n g 
P h 2 P ( C H 2 ) 2 P P h ( C H 2 ) 2 P P h 2 , are u n r e a c t i v e t o w a r d inse r t i on o f car 
b o n m o n o x i d e , i s o cyan ides , or s u l f u r d i o x i d e . T h e P-31 N M R spec 
t r u m o f II, s h o w n i n F i g u r e 5, es tab l i shes the b r i d g i n g na tu r e o f the 
t r i p h o s p h i n e l i g a n d (19). 

Figure 4. The molecular structure of Pd2(dpm)2(SnCl3)Cl. The phenyl 
rings have been removed in order to clarify the figure. 
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250 METAL PHOSPHINE COMPLEXES 

C H . 
Ν 

C H . N C - - P d -

N 
C H 3 

C H , 
Ν 
C 

I 

- P d — 
I 

c 
Ν 
C H , 

- C N C H , 

P h 

Ρ 
/ 

C H 2 

\ 
C H 2 

C H 2 P h 

P h C H 

P h - V 

/ χ 1 

P h C H , 

P d -

C H 2 

- 4 -
\ 

•Ph 

P h 

- C H 2 

/ \ 
- P h 

P h 

II 

Two-Center, Three-Fragment Oxidative Addition Reactions of 
Pdaipmh (20) 

P d 2 ( d p m ) 3 unde r goe s a ser ies o f u n u s u a l o x i d a t i v e a d d i t i o n s v i a 
R e a c t i o n 3. I n these reac t ions three f ragments f r om the subst ra te are 
a d d e d to the t w o m e t a l ions a n d one o f the f ragments serves to b r i d g e 

P h C H , P h 

P h — Ρ Ρ—Ph 
X 

P d 2 ( d p m ) 3 + X 2 B V 
p h — : 

/ 
'd + d p m 

' — P h 

(3) 

P h CHo P h 

the t w o me ta l s . P h e n y l i s o c y a n i d e d i c h l o r i d e reacts w i t h P d 2 ( d p m ) 3 to 
f o r m P d 2 ( d p m ) 2 ( / i - C N P h ) C l 2 , w h i c h m a y b e o b t a i n e d a l so b y a d d i n g 
p h e n y l i s o c y a n i d e to P d 2 ( d p m ) 2 C l 2 . O x a l y l c h l o r i d e reacts w i t h 
P d 2 ( d p m ) 3 to f o rm c a r b o n m o n o x i d e a n d P d 2 ( d p m ) 2 ^ - C O ) C l 2 , w h i c h is 
i d e n t i c a l to the p r o d u c t f o r m e d b y a d d i n g c a r b o n m o n o x i d e to 
P d 2 ( d p m ) 2 C l 2 . 
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14. B A L C H Novel Reactions of Dinuclear Metal Complexes 251 

P h C H 2 P h 

Ph—Ρ Ρ—Ph 
X X 

X P d P d 

Ph—Ρ Ρ—Ph 
/ \ / \ 

P h C H 2 P h 

πι 

M o r e i n t e r e s t i n g l y d i i o d o m e t h a n e reacts w i t h P d 2 ( d p m ) 3 to f o rm 
the m e t h y l e n e - b r i d g e d c o m p l e x I I I ( X = I). D i b r o m o m e t h a n e reacts 
s i m i l a r l y to f o rm I I I ( X = Br ) , b u t f o r tuna te l y , u n d e r these c ond i t i ons , 
d i c h l o r o m e t h a n e does not reac t w i t h P d 2 ( d p m ) 3 , so i t m a y b e u s e d as 
the so l ven t for these reac t ions . C o m p l e x I I I is e x p e c t e d to possess a n 
A - f r ame s t ruc ture s i m i l a r to that o f P d 2 ( d p m ) 2 ^ S 0 2 ) C l 2 a n d 
P d 2 ( d p m ) 2 ^ - S ) C l 2 . U n l i k e m o s t o ther μ-methylene c o m p l e x e s s u c h as 
( n 5 - C 5 H 5 ) 2 R h 2 ( C O ) 2 ( / x - C H 2 ) (21) a n d ( C O ) 8 F e 2 ( / x - C H 2 ) (22) , I I I is 
not e x p e c t e d to possess a m e t a l - m e t a l b o n d . S t r u c t u r e I I I ( X = I), 
w h i c h has b e e n i s o l a t ed as y e l l o w crys ta ls , s h o w s a s ing l e t i n i ts P -31 
N M R s p e c t r u m at 18.5 p p m a n d e x h i b i t s the H - l N M R s p e c t r u m s h o w n 
i n F i g u r e 6. I n th is s p e c t r u m the m e t h y l e n e b r i d g e b e t w e e n the t w o 
p a l l a d i u m ions o c c u r s as the u p f i e l d q u i n t e t w i t h c o u p l i n g o f the f our 
e q u i v a l e n t p h o s p h o r u s n u c l e i i . T h e t w o m e t h y l e n e pro tons o f the d p m 
l i g a n d s are i n e q u i v a l e n t ; c o n s e q u e n t l y t h ey o c c u r as a n A B pa t t e rn 
fur ther s p l i t b y c o u p l i n g to t w o pa i r s o f v i r t u a l l y c o u p l e d p h o s p h o r u s 
n u c l e i . T h e s e features o f the d p m m e t h y l e n e pro tons are d i a g n o s t i c for 
the ex i s t ence o f a m o l e c u l a r A - f r a m e (10). A n a p p a r e n t l y s i m i l a r 
p l a t i n u m c o m p l e x , P t 2 ( d p m ) 2 ( / u , - C H 2 ) C l 2 , has b e e n o b t a i n e d b y re
a c t i n g d i a z o m e t h a n e w i t h P t 2 ( d p m ) 2 C l 2 (17). 

T h e s e m e t h y l e n e - b r i d g e d c o m p l e x e s I I I are e x t r e m e l y r obus t , 
a i r - s tab l e subs tances . W e h a v e sought w i t h o u t success to effect inser 
t ions i n t o the P d - C b o n d s . T h e c o m p l e x e s are u n r e a c t i v e t o w a r d car
b o n m o n o x i d e (at 5 a tm at 30°C) or s u l f u r d i o x i d e . R e a c t i o n w i t h 
m e t h y l i s o c y a n i d e or p y r i d i n e r esu l t s i n d i s p l a c e m e n t o f the t e r m i n a l 
h a l i d e i o n s a n d p r o d u c e s ca t i ons that h a v e b e e n i s o l a t e d as h e x a -
fluorophosphate sa l ts : [ P d 2 ( d p m ) 2 ( M - C H 2 ) ( C N C H 3 ) 2 ] [ P F 6 ] 2 ( K C N ) = 
2 2 1 7 c m " 1 ) a n d [ P d 2 ( d p m ) 2 ( M - C H 2 ) ( p y ) 2 ] [ P F e ] 2 . T r e a t m e n t o f I I I w i t h 
fluoroboric or t r i f luoroace t i c a c i d s l o w l y resu l t s i n the p ro t ona t i on o f 
the m e t h y l e n e g r o u p w h i c h is c o n v e r t e d i n t o a t e r m i n a l m e t h y l g r o u p . 
T h e r e s u l t i n g b r o w n c o m p l e x , w h i c h has b e e n i s o l a t ed as its te t ra-
fluoroborate salt has b e e n s h o w n b y H - l a n d P -31 N M R spec t r o s copy 
a n d X - r a y c r y s t a l l o g r a p h y to h a v e S t r u c t u r e I V . 
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3.8 3.6 3.4 
" r ~T~ r 

3.2 
Τ _ Γ ~ Γ 

3.0 2.8 2.6 2.4 2.2 PPM 

Figure 6. The H-l NMR spectrum of Pd2(dpm)2( μ-ΟΗ2)Ι2. The quintet 
at 245 ppm is due to the Pd-CH2-Pd group and the multiplet at 
2.8-θ. 1 and 3.6-3.8 ppm are due to the methylene protons of the 
dpm ligands. The quartet at 3.84 ppm is due to ethyl ether which 

is an impurity. 

P h C H 9 P h 

Ph—Ρ Ρ—Ph 

A . I 
P d P d 

/ I I X C H 3 

Ph—Ρ Ρ—Ph 

P h C H 9 P h 

IV 

Addition of Halogens and Methyl Halides to Pd^dpm)3 (20) 

A d d i n g ha l ogens to P d 2 ( d p m ) 3 o c cu r s s t epw i s e . T h e case o f i o d i n e 
a d d i t i o n is r ep resen ta t i v e a n d m a y b e s u m m a r i z e d i n Reac t i ons 4, 5, 
a n d 6. A d d i t i o n a l l y , P d ( d p m ) I 2 reacts w i t h P d 2 ( d p m ) 3 v i a E q u a t i o n 7. 
W h i l e P d 2 ( d p m ) 3 , P d 2 ( d p m ) 2 I 2 , a n d P d ( d p m ) I 2 are s tab le c o m p o u n d s 

P d 2 ( d p m ) 3 + I 2 - » P d 2 ( d p m ) 2 I 2 + d p m 

Pd2 (dpm) 2 I 2 + I 2 —» P d 2 ( d p m ) 2 I 4 

(4) 

(5) 
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P d 2 ( d p m ) 2 I 4 2 P d ( d p m ) I 2 (6) 

P d 2 ( d p m ) 3 + 2 P d ( d p m ) I 2 2 P d 2 ( d p m ) 2 I 2 + d p m (7) 

that m a y b e i s o l a t ed i n c r y s t a l l i n e f o rm, P d 2 ( d p m ) 2 I 4 is a n u n s t a b l e 
i n t e r m e d i a t e tha t has b e e n o b s e r v e d a n d i d e n t i f i e d b y l o w -
t e m p e r a t u r e H - l a n d P-31 N M R s p e c t r o s c o p i c s tud i es . O u r a b i l i t y to 
de tec t th is i n t e r m e d i a t e o ccurs b e c a u s e the rate o f R e a c t i o n 5 exceeds 
that o f R e a c t i o n 6. T a b l e I shows the spe c t r o s cop i c charac te r i s t i c s o f 
these spec i e s . O b s e r v i n g J P _ H at ~ 5 H z a n d the c o u p l i n g o f the 
m e t h y l e n e pro tons to t w o pa i rs o f trans a n d there fore v i r t u a l l y c o u p l e d 
p h o s p h o r u s n u c l e i i nd i c a t e s that th is i n t e r m e d i a t e has S t ruc tu r e V , a 
face-to-face d i m e r . 

P h C H 2 P h 

Ph—Ρ Ρ—Ph 

P d P d 

P h — Ρ Ρ—Ph 
/ \ / \ 

P h C H 2 P h 

T a b l e I. N M R Pa rame t e r s for P a l l a d i u m C o m p o u n d s 

lH-(CH2)a 

Compound δ ppm JW-H) (Hz) 
3 1 P B 8 ppm 

P d 2 ( d p m ) 3 3.0 b r o a d s i ng l e t 14 .5 C 

P d 2 ( d p m ) 2 I 2 4.27 4.05 (q ) d - 1 0 . 3 
P d 2 ( d p m ) 2 I 4 5.2 4.0 (q) - 0.7 
P d ( d p m ) I 2 4.55 10.3 (t) - 6 2 . 7 

a In CD 2 C1 2 solution. 
6 In CHC1 3 solution, proton decoupled. 
c In C e H e solution. 
d t = triplet, q = quintet. 

A d d i n g m e t h y l i o d i d e or m e t h y l b r o m i d e to P d 2 ( d p m ) 3 p r o d u c e s 
the P d 2 ( d p m ) 2 ( C H 3 ) 2 X 2 as the o n l y p r o d u c t i s o l a t ed so far. T h e H - l 
N M R pa rame te r s for P d 2 ( d p m ) 2 ( C H 3 ) 2 I 2 , δ 4.1 (qu inte t ) w i t h J P _ H 4.1 
H z , a n d the obse rva t i on o f a s i n g l e P -31 resonance at 17.0 p p m , i n d i 
cates that th is c o m p l e x has a d i m e r i c s t ruc ture rather t h a n a m o n o m e r i c 
s t ruc ture w i t h a c h e l a t i n g d p m l i g a n d . I n contrast to V w h i c h r e a d i l y 
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rearranges to m o n o m e r i c P d ( d p m ) I 2 , V I shows no t e n d e n c y to p r o d u c e 
the m o n o m e r P d ( d p m ) I ( C H 3 ) , a spec i e s that w e h a v e not as y e t b e e n 
a b l e to detect . I n d i c h l o r o m e t h a n e s o lu t i on Pd 2 (dpm )2 (CH 3 )2X2 b e 
haves as a 1: 1 e l e c t r o l y t e . T r e a t m e n t o f P d 2 ( d p m ) 2 ( C H 3 ) 2 X 2 w i t h a m 
m o n i u m hexa f luo rophospha te p r o d u c e s the c r y s t a l l i n e salts 
[ P d 2 ( d p m ) 2 ( M - X ) ( C H 3 ) 2 ] [ P F e ] . T h e H - l N M R spec t r a o f these 
h e x a f l u o r o p h o s p h a t e salts i n d i c a t e that t h e y possess the A - f r a m e 
S t ruc tu r e V I . I n o rde r to e x p l a i n the H - l N M R spec t r a o f P d 2 ( d p m ) 2 -

P h C H 2 P h 

Ph—Ρ 
C H 3 

P — P h 

P h — P ] 
/ \/ 

P h C H 2 

P d 

C H , 

P F R 

' — P h 

VI 

( C H 3 ) 2 X 2 a n d t h e i r t e m p e r a t u r e d e p e n d e n c e , w e p r o p o s e that the 
A - f r ame P d 2 ( d p m ) 2 ( M - X ) ( C H 3 ) 2

+ unde r goes the r a p i d h a l o g e n ex
c h a n g e i l l u s t r a t e d i n R e a c t i o n 8. T h e o c c u r r e n c e o f th i s r e a c t i o n is 

P h C H 2 P h 
\ / 

P h — Ρ Ρ—Ph 

+ 

C H , C H , 

d 

P h — Ρ Ρ—Ph 
/ \ / \ 

P h C H 2 P h 

VI 

P h C H 2 P h 
\ /<, / 

Ph—Ρ Ρ—Ph 

+ x ^ 

X 
/ 

C H , 
/ 3 I / 

P d P d 

X 

/ 
C H , 

Ph—Ρ Ρ—Ph 
/ \ / \ 

P h C H 2 P h 

(8) 

s u p p o r t e d b y the o b s e r v a t i o n that t race a m o u n t s o f h a l i d e i o n r e n d e r 
the m e t h y l e n e p ro tons o f V I e q u i v a l e n t o n the N M R t i m e sca l e . P r e 
c e d e n t for s u c h a r e a c t i o n ex ists i n the r e l a t e d c h e m i s t r y o f r h o d i u m 
d i n u c l e a r c o m p o u n d s w h e r e w e h a v e o b s e r v e d R e a c t i o n 9 (J) . 

F u r t h e r s tud ies o n the r eac t i on c h e m i s t r y o f these b i n u c l e a r c o m 
p l exes are i n progress . 
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P h C H 2 P h 

Λ / 
P h — Ρ Ρ—Ph 

| / C i | / C o 

R h R h 

0 ( / | c i I 
P h — Ρ Ρ—Ph 

P h 

P h C H , P h 
+ 

P h — Ρ Ρ—Ph 

O C 
R h , 

" V 
R h 

CO 

P h — Ρ 

+ c i - (9) 

P h C H 2 

Acknowledgments 

P h C H , 

' — P h 

I a m grate fu l for the expe r t e x p e r i m e n t a l ass i s tance o f L i n d a B e n -
ne r , C h u n g - L i L e e , K a t i e L i n d s a y , a n d M a r i l y n O l m s t e a d a n d for the 
financial s u p p o r t o f the N a t i o n a l S c i e n c e F o u n d a t i o n a n d the U C D 
N M R F a c i l i t y . 

Literature Cited 

1. Olmstead, M. M.; Lindsay, C. H.; Benner, L. S.; Balch, A. L. J. Or
ganometal. Chem. 1979, 179, 289. 

2. Stern, E . W.; Maples, P. K. J. Catal. 1972, 27, 134. 
3. Colton, R.; McCormick, M. J. ; Pannan, C. D. J. Chem. Soc. Chem. Com

mun. 1977, 823. 
4. Benner, L. S.; Balch, A. L. J. Am. Chem. Soc. 1978, 100, 6099. 
5. Steffen, W. L.; Palenik, G. J. Inorg. Chem. 1976, 15, 2432. 
6. Palenik, G. J. ; Mathew, M.; Steffen, W. L.; Beran, G. J. Am. Chem. Soc. 

1975, 97, 1059. 
7. Olmstead, M. M.; Hope, H.; Benner, L. S.; Balch, A. L. J. Am. Chem. Soc. 

1977, 99, 5502. 
8. Holloway, R. G.; Penfold, B. R.; Colton, R.; McCormick, M. J. J. Chem. 

Soc. Chem. Commun. 1976, 485. 
9. Benner, L. S.; Olmstead, M. M.; Hope, H.; Balch, A. L. J. Organometal. 

Chem. 1978, 153, C31. 
10. Balch, A. L.; Benner, L. S.; Olmstead, M. M. Inorg. Chem. 1979, 18, 2996. 
11. Balch, A. L.; Lee, C-L.; Lindsay, C. H.; Olmstead, M. M. J. Organometal. 

Chem. 1979, 177, C22. 
12. Rattray, A. D., Sutton, D. Inorg. Chim. Acta 1978, 27, L85. 
13. Brant, P.; Benner, L. S.; Balch, A. L. Inorg. Chem. 1979, 18, 3422. 
14. Lee, C.-L.; Balch, A. L., unpublished data. 
15. Olmstead, M. M.; Benner, L. S.; Hope, H.; Balch, A. L. Inorg. Chim. Acta 

1979, 32, 193. 
16. Brown, M. P.; Puddephatt, R. J.; Rashidi, M.; Seddon, K. R. J. Chem. Soc. 

Dalton 1978, 1540. 
17. Brown, M. P.; Fisher, J. R.; Puddephatt, R. J.; Seddon, K. R. Inorg. Chem. 

1979, 18, 2808. 
18. Brown, M. P.; Keith, A. N.; Manojlovic-Muir, Lj.; Muir, K. W.; Pud

dephatt, R. J. ; Seddon, K. R. Inorg. Chim. Acta 1979, 34, L223. 
19. Lindsay, C. H.; Benner, L. S.; Balch, A. L. Inorg. Chem. 1980, 19, 3503. 
20. Lindsay, C. H.; Balch, A. L., unpublished data. 
21. Herrmann, W. Α.; Krüger, C.; Goddard, R.; Bernal, I. J. Organometal. 

Chem. 1977, 140, 73. 
22. Sumner, C. E. , Jr.; Riley, P. E. ; Davis, R. E.; Pettit, R. J. Am. Chem. Soc. 

1980, 102, 1752. 

RECEIVED August 10, 1980. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
19

6.
ch

01
4

In Catalytic Aspects of Metal Phosphine Complexes; Alyea, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1982. 



15 
Hydrogenation Catalysis of Olefins by 
a Rhodium Hydride Complex of 
PhP(CH 2CH 2CH 2PPh 2) 2 

In Situ Generation of RhH(ttp) 

JAMES NIEWAHNER1 and D E V O N W. M E E K 
Department of Chemistry, The Ohio State University, Columbus, OH 43210 

The complex RhCl(ttp), where ttp = PhP(CH2CH2CH2-
PPh2)2, in the presence of either triethylaluminum or 
diethylaluminum chloride, is an effective homogeneous 
catalyst for hydrogenation of 1-olefins and 1-octyne. The 
rates of hydrogenation of substituted olefins are consid
erably slower than for terminal olefins. H-1 and P-31 
NMR spectra were used to identify several different 
chemical species [including RhH(ttp)] in these catalyti-
cally active solutions. The observed rate of hydrogena
tion of 1-octene to n-octane at 20 ± 0.3°C and under a 
constant H2 pressure of 750 torr is 6.4 x 104M-1 min-1, 
i.e. 25 times more rapid than the Wilkinson catalyst, 
RhCl(PPh3)3, under comparable conditions. The rate ex
pression is first order in the rhodium complex, first order 
in H2, and zero order in the olefin. A mechanism in
volving RhR(ttp), RhH(ttp) associated with an ethyl-
aluminum species, and H2 is proposed to account for 
the observations. The analogous system containing 
Et2AlCl and the rhodium complex of PhP(CH2CH2CH2-
PCy2)2, where Cy = the cyclohexyl group, also catalyzes 
1-octene at a rate comparable with that of 
RhCl(ttp) + Et2AlCl; however, in this case, the rate de
pends on the concentration of the olefin. 

1Current address: Department of Physical Sciences, Northern Kentucky University, 
Highland Heights, KY 41076. 

0065-2393/82/0196-0257$05.00/0 
© 1982 American Chemical Society 
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A great d e a l o f r e sea rch has c e n t e r e d a r o u n d cata lys is b y trans-
s i t i on -me ta l c o m p l e x e s (J ) s ince W i l k i n s o n a n d co -worke r s re

p o r t e d the r a p i d h o m o g e n e o u s hydrogénation o f o le f ins c a t a l y z e d b y 
R h C l ( P P h 3 ) 3 (2). It n o w is g e n e r a l l y a c c e p t e d that the f o rmat i on o f a 
c o o r d i n a t i v e l y u n s a t u r a t e d m e t a l h y d r i d e is a necessary c o n d i t i o n for 
hydrogénation b y t r ans i t i on -me ta l c o m p l e x e s (3, 4). D u b o i s a n d M e e k 
(5) h a v e s h o w n that the c o m p l e x R h C l ( t t p ) , w h e r e t tp i s 
P h P ( C H 2 C H 2 C H 2 P P h 2 ) 2 , c a t a l y z e d the hydrogénation o f 1-octene 
w h e n N a B H 4 a n d e t h a n o l w e r e a d d e d . T h e c o m p l e x R h C l ( t t p ) dif fers 
s i gn i f i c an t l y from W i l k i n s o n ' s ca ta lys t i n that the t r iden ta te l i g a n d re
m a i n s b o n d e d (6), whe r eas s ome t r i p h e n y l p h o s p h i n e d issoc iates w h e n 
W i l k i n s o n ' s ca ta lys t is u s e d (7). T h e ca ta l y t i c a c t i v i t y o f R h C l ( t t p ) was 
p r e s u m e d (5) to b e d u e to R h H ( t t p ) , w h i c h was gene ra t ed i n s i tu . I n 
a d d i t i o n to N a B H 4 , c o m p o u n d s s u c h as A l E t 3 a n d L i N ( C H 3 ) 2 a lso h a v e 
b e e n u s e d to generate m e t a l h y d r i d e s f r om h a l i d e c o m p l e x e s v i a the 
β-elimination m e c h a n i s m (8, 9) . A l s o , the effect o f L e w i s a c i d s o n the 
h o m o g e n e o u s hydrogénation o f o le f ins c a t a l y z e d b y t r ans i t i on -me ta l 
c o m p l e x e s has b e e n e x a m i n e d (8, 10, 11). 

I n th is chap te r , w e d e s c r i b e the na tu r e o f the spec i e s g ene ra t ed i n 
s o l u t i o n w h e n A l E t 3 or A l E t 2 C l is a d d e d to R h C l ( t t p ) i n t o l u e n e . W e 
a lso d e s c r i b e the k i n e t i c s o f the ca t a l y t i c hydrogénation o f va r i ous 
o r gan i c substrates b y R h C l ( t t p ) a n d A l E t 2 C l a n d p ropose a m e c h a n i s m 
that is cons i s t en t w i t h the observa t i ons . 

Experimental 

General Procedure. Solutions containing the a luminum alkyls and 
RhCl(ttp) are air-sensitive, and they were handled under a nitrogen atmo
sphere using either Schlenk glassware or a glovebag. Toluene and 1-octene 
were d is t i l l ed from sodium benzophenoneketyl into a dry flask under an atmo
sphere of nitrogen. Other olefins were stirred at least 24 h w i th L i A l H 4 and 
were vacuum dis t i l l ed into a dry flask. Cyclohexanone and 1-octyne were 
stored over L i n d e 4A molecular sieves for 1 week, transferred v ia a syringe to a 
flask and freeze-pump-thawed three times using dry ice and 1-propanol. 
Tr i e thy la luminum, A l E t 3 , was syringed from stock bottles under an atmo
sphere of nitrogen in a glovebag. D i e thy la luminum chlor ide, A l E t 2 C l , used in 
the k inet ic study was transferred i n a dry box from stock bottles into vials that 
contained a septum port and valve (available from Pierce Chemica l Co.). The 
reagent then was syringed into the reaction flask under an atmosphere of 
nitrogen in a glovebag. 

Materials. The complex RhCl(ttp) was prepared as described previously 
(6) . Cyclohexanone was obtained from Mal l inkrodt ; cyclohexene and 
1-pentene were obtained from M C B . A l l other olefins and 1-octyne were pur
chased from ChemSampCo . The a luminum alkyls were obtained from A ld r i ch 
as 2 5 % w/w solutions in toluene. Neat l iqu ids used in the H - l N M R work were 
obtained from these solutions by removing the toluene under vacuum. 
L i t h i u m dimethylamide, L i N ( C H 3 ) 2 , was obtained from Alpha/Ventron as a 
10% w/w slurry i n hexane. Hydrogen was passed through an Englehard Deoxo 
purifier and activated a lumina before use. 
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15. N I E W A H N E R A N D M E E K Hydrogénation Catalysis of Olefins 259 

Spectra. P-31 and H - l N M R spectra were obtained w i th a Bruker H X 9 0 
Fourier transform spectrometer us ing sp inn ing 10-mm tubes, a deuter ium lock 
from the deuterated solvent, and external 8 5 % H 3 P 0 4 as the reference. IR 
spectra were obtained using a P e r k i n - E l m e r M o d e l 337 grating spectrometer 
that covered the range from 4000 c m - 1 to 400 c m - 1 . 

K inet ics . Most hydrogénation experiments were carried out at constant 
hydrogen pressure using an automatic gas-measuring instrument designed by 
Robert Fagan of the Department o f Chemistry, at The Oh io State University. 
Some experiments were carried out using simple manometric methods 
wherein the pressure of hydrogen decreased as the reaction proceeded. Solu
tions were thermostated at 20 ± 0.3°C. The system volume for reactions car
r ied out at constant pressure was about 125 mL—about 0 .5mM in rhodium, 
640 m M in olefin, and 25 m M in A l E t 2 C l . The total pressure was kept at about 
775 torr; p (H 2 ) = 750 torr, ρ (solvents) = 25 torr. For reactions carried out at 
constant volume, the vo lume of the system was about 400 m L . 

No hydrogen consumption was observed for solutions containing al l of the 
reagents except RhCl(ttp), thereby exc luding any significant catalysis by 
A l E t 2 C l itsel f under these conditions. Solutions were prepared under a nitro
gen atmosphere in a glovebag, c losed to the atmosphere, and then transferred 
to the hydrogénation apparatus and vacuum l ine. The solutions then were 
freeze (-196°C)-pump-thawed twice before the hydrogénation experiment. 

Results and Discussion 

P-31 a n d H - l N M R Spec t r a . S O L U T I O N S O F R h C l ( t t p ) A N D 
A l E t 3 . T h e P -31 {H-1 } N M R s p e c t r u m o f a t o l u e n e s o l u t i o n o f 
R h C l ( t t p ) a n d A l E t 3 is s h o w n i n F i g u r e 1. T h i s pa t t e rn is t y p i c a l o f 
c o m p l e x e s i n w h i c h the Rh( t tp ) p o r t i on is p l a n a r a n d the three phos 
p h o r u s a toms o f the t tp l i g a n d are i n a m e r i d i o n a l a r r angemen t . S p i n -
s p i n s o u p l i n g b e t w e e n the t e r m i n a l p h o s p h o r u s , the c en t r a l p h o s 
pho rus , a n d the r h o d i u m a t om , a l l o f w h i c h h a v e a s p i n o f a c coun ts 
for the o b s e r v e d s p e c t r u m (12). T a b l e I g i ves the P -31 {H-1 } N M R da ta 
for th is a n d o ther so lut ions c o n t a i n i n g R h C l ( t t p ) a n d the a l u m i n u m 
a l k y l s . T h e H - l N M R s p e c t r u m for th i s s o l u t i o n , g i v e n i n F i g u r e 2 , 
d e f i n i t e l y shows a r h o d i u m h y d r i d e resonance at - 5 . 2 p p m . A l s o , there 
are t w o sets o f e t h y l resonances d u e to the e t h y l g r oups o n a l u m i n u m ; 
h o w e v e r , the pos i t i ons o f these resonances are no t the same as those o f 
free A l E t 3 or A l E t 2 C l . T a b l e I I s u m m a r i z e s the H - l N M R data o f these 
e t h y l resonances , w h i c h are t h o u g h t to ar ise f r om e i ther A l E t 3 or 
A l E t 2 C l c o o r d i n a t e d to the R h H ( t t p ) spec i e s t h r o u g h the h y d r i d e as 
w e l l as the r h o d i u m a tom. T h e h y d r i d e is p r e s u m e d to c o m e from a 
/3-hydride e l i m i n a t i o n o f e t h y l e n e f r om R h E t ( t t p ) , w h i c h is f o r m e d b y 
a n i n i t i a l a l k y l a t i o n r eac t i on . S i n c e the u p f i e l d set o f e t h y l resonances 
is not present after a d d i n g e t h y l e n e , i t is a s s i gned to a n e t h y l a l u m i n u m 
spec i es that is c o o r d i n a t e d to the h y d r i d o l i g a n d . T h i s a lso a ccoun ts for 
the resonance p o s i t i o n o f the h y d r i d e ( - 5 . 2 p p m ) as c o m p a r e d w i t h 
that o b s e r v e d for R h H ( P P h 3 ) 3 ( - 7 . 9 p p m ) . (Strauss a n d S h r i v e r i n Ref . 
7 r epor t ( R h - H ) = - 7 . 9 p p m . W e observe the same va lue . ) T h e d o w n -
field set o f e t h y l resonances is a ss i gned to a n e t h y l a l u m i n u m c o m -
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260 METAL PHOSPHINE COMPLEXES 

120 Hz 
ι R h - P 0 

( C H 3 0 ) 3 P 0 

+ 13.57 ppm • 5.00 ppm 

Figure 1. P-31, broad-band, proton-decoupled spectrum of RhCl(ttp) 
in the presence of a twentyfold molar ratio of Et3Al in toluene. The 
(CH30)3PO signal is the secondary standard, which is superimposed on 

the spectrum. 

p o u n d c o o r d i n a t e d to the r h o d i u m . T h i s e t h y l a l u m i n u m c o m p o u n d 
m u s t b e i n e q u i l i b r i u m w i t h A l E t 3 s ince the p o s i t i o n o f the e t h y l reso
nances m o v e s c l o se r to that o f free A l E t 3 o n a d d i n g mo r e A l E t 3 . It 
has b e e n s h o w n that the i n t e r n a l c h e m i c a l sh i f t o f the e t h y l reso
nances , i .e. the di f ferences i n c h e m i c a l shi f t b e t w e e n the m e t h y l a n d 
m e t h y l e n e protons , decreases u p o n c o o r d i n a t i o n to L e w i s bases (13, 
14). A l i p h a t i c e thers a n d t e t r ahyd ro fu ran ( T H F ) (13 ,14 ) gave a n in te r 
n a l c h e m i c a l sh i f t o f - 1 . 2 5 p p m as c o m p a r e d w i t h - 0 . 7 8 p p m for A l E t 3 

i t s e l f at 0 . 5 M . W e c a l c u l a t e i n t e r n a l c h e m i c a l shi f ts o f - 1 . 0 9 p p m a n d 
- 1 . 2 4 p p m for the t w o sets o f e t h y l resonances o b s e r v e d for so lut ions 
o f R h C l ( t t p ) a n d A l E t 3 i n t o l u e n e . T h e s e are a ss i gned to the 
e t h y l a l u m i n u m spec i e s w h i c h is assoc ia ted w i t h the r h o d i u m a t o m 
a n d the h y d r i d o l i g a n d , r e s p e c t i v e l y . A v a l u e o f - 0 . 8 4 p p m is o b t a i n e d 
for A l E t 3 at 5 m M i n t o l u e n e . T h u s i t appears that a t o l u e n e s o l u t i o n o f 
R h C l ( t t p ) a n d A l E t 3 c a n b e c h a r a c t e r i z e d b y E q u a t i o n 1. T h e exact 
na tu r e o f the e t h y l a l u m i n u m spec i e s is not k n o w n b e c a u s e o f the 

E t A l 
/ 

[ 

\ 

( t t p ) R h - H - A l E t ?± E t A l + ( t t p ) R h - H - A l E t (1) 
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e q u i l i b r i u m b e t w e e n c o o r d i n a t e d a n d free e t h y l a l u m i n u m spec i es 
a n d the l i k e l i h o o d that A l E t 2 C l is one o f the p r o d u c t s i n the r eac t i on 
b e t w e e n R h C l ( t t p ) a n d A l E t 3 . H e n c e , the e t h y l a l u m i n u m spec i es is 

\ / 
i n d i c a t e d b y E t A l . 

A d d i n g e t h y l e n e to a s o l u t i o n o f R h C l ( t t p ) a n d A l E t 3 r esu l ts i n a 
n e w set o f P -31 {H-1 } N M R paramete rs as s h o w n i n T a b l e I. F u r t h e r 
m o r e , the H - l N M R s p e c t r u m no l o n g e r e x h i b i t s the R h - H resonance 

at - 5 . 2 p p m , a n d the set o f e t h y l resonances a s s i gned to R h - H - A l E t is 
\/ 

not o b s e r v e d . T h u s , th i s n e w r h o d i u m spec i es is t h o u g h t to b e E t A l -

R h E t ( t t p ) . 
A d d i n g e i the r 1-pentene or 1-octene to a t o l u e n e s o lu t i on o f 

R h C l ( t t p ) a n d A l E t 3 r esu l ts i n a m i x t u r e o f t w o c o m p o u n d s that are 
s h o w n b y the P -31 {H-1 } N M R spec t ra . O n e c o m p o u n d is a s s i gned as 

\ / w \ / 
E t A l - R h H ( t t p ) - A l E t , whe r eas the o ther is E t A l - R h R ( t t p ) . A s the a l k y l 
g r o u p R is v a r i e d , w e d i d no t obse r ve s i gn i f i cant d i f ferences i n the 
P-31 N M R parame te r s ; h ence , the p en t ene so lu t ions m a y c o n t a i n b o t h 
R h ( C 2 H 5 ) ( t t p ) a n d R h ( C 5 H n ) ( t t p ) . A n a l o g o u s l y , the oc tene so lu t ions 
m a y c o n t a i n b o t h R h ( C 2 H 5 ) ( t t p ) a n d R h ( C 8 H 1 7 ) ( t t p ) . I n a l l o f these 
cases, assoc ia t i on b e t w e e n the e t h y l a l u m i n u m spec i es a n d the 
r h o d i u m c o m p l e x is p r o p o s e d . T h e c h e m i c a l equa t i ons r e p r e s e n t i n g 
these react ions are as f o l l o w s : 

E t A l ^ 

I ^ \ / 
RhC l ( t t p ) + xs A l E t 3 ^ ( t t p ) R h - H - A l E t + C 2 H 4 (2) 

E t A l ^ E t A l ^ 

( t t p ) R h - H - A l E t + o le f in ^ ( t t p )Rh-R + A l E t (3) 

S O L U T I O N S O F R h C l ( t t p ) A N D A l E t 2 C l . T h e P-31 {H-1 } N M R 
s p e c t r u m o f a s o lu t i on o f R h C l ( t t p ) a n d A l E t 2 C l shows three spec i es , 
cf. T a b l e I. T h e major c o m p o n e n t has the same spec t r a l paramete rs as 

\ / 
the c o m p o u n d t h o u g h t to b e E t A l - R h E t ( t t p ) . S i n c e the H - l N M R 
s p e c t r u m o f s u c h a s o lu t i on does not s h o w a h y d r i d e resonance u p f i e l d 
from t e t r a m e t h y l s i l a n e ( T M S ) , p r o b a b l y ne i the r o f the o ther c o m p o 
nents is a r h o d i u m h y d r i d e spec i e s . T h e reason for no t o b s e r v i n g the 
r h o d i u m h y d r i d e resonance i n the p resence o f A l E t 2 C l is not u n d e r 
s t ood at th i s t i m e . H o w e v e r w e find that R h H ( P P h 3 ) 3 i n the p resence o f 
A l E t 3 shows no h y d r i d e r esonance u p f i e l d from T M S . A d d i n g 
1-pentene or 1-octene to so lut ions c o n t a i n i n g R h C l ( t t p ) a n d A l E t 2 C l 
r esu l t s i n a c l e a n N M R s p e c t r u m that conta ins o n l y one set o f p a r a m -
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eters, w h i c h is cons is tent w i t h r h o d i u m - a l k y l c o m p o u n d s o f the t ype 

\ / 
E t A l - R h R ( t t p ) , v i d a sup ra . T h e e t h y l a l u m i n u m resonances i n the H - l 
N M R s p e c t r u m r e su l t i n a n i n t e r n a l c h e m i c a l sh i f t o f - 0 . 8 9 p p m sug 
ges t ing o n l y s l i gh t c o o r d i n a t i o n b e t w e e n a l u m i n u m a n d r h o d i u m . T h i s 
is cons is tent w i t h greater s te r i c h i n d r a n c e b e t w e e n the a l u m i n u m 
spec i es a n d r h o d i u m w h e n e t h y l is a t tached to r h o d i u m t h a n w h e n 
h y d r i d e is a t tached . 

B a s e d o n the P-31 {H-1 } a n d the H - l N M R spec t ra a n d the fact 
that so lut ions o f R h C l ( t t p ) a n d e i ther A l E t 3 or A l E t 2 C l ca ta l y ze the 
hydrogénation o f o le f ins , the f o l l o w i n g ca ta l y t i c c y c l e is t h o u g h t to b e 
i n v o l v e d . T h e assoc ia t ion o f the e t h y l a l u m i n u m spec i es w i t h the 
r h o d i u m c o m p l e x is o m i t t e d for c l a r i t y . 

RhC l ( t tp ) + A l E t 3 —> RhH( t tp ) + A l E t 2 C l + C 2 H 4 (4) 

RhC l ( t t p ) + A l E t 2 C l RhEt ( t tp ) + A l E t C l 2 (5) 

RhEt ( t tp ) ^ RhH( t tp ) + C 2 H 4 (6) 

a lkene RhH( t tp ) ^ >. a lkane 

^ RhR(t tp ) * * ~ H 2 

C a r b o n - 1 3 N M R S p e c t r u m . A s o lu t i on o f R h C l ( t t p ) a n d A l E t 2 C l 
to w h i c h C 2 H 4 has b e e n a d d e d g ives a C - 1 3 N M R s p e c t r u m w i t h a 
l o w - i n t e n s i t y , b r o a d resonance at 76 .61 p p m d o w n f i e l d f r om T M S . 
T h i s p o s i t i o n co r r esponds to a c o o r d i n a t e d e t h y l e n e (15). T h e b r o a d 
resonance suggests that the e t h y l e n e is u n d e r g o i n g e x change . T h i s 
c o n c l u s i o n , i n c on junc t i on w i t h the H - l N M R data , suggests a n 
e q u i l i b r i u m i n v o l v i n g e t h y l e n e , the r h o d i u m spec i es , a n d A l E t 2 C l , i .e. 

E tÀ Î -RhEt ( t tp ) + C 2 H 4 ^± II — R h E t ( t t p ) + E t A l ^ (7) 
C H 2 

K i n e t i c s a n d M e c h a n i s m . T h e k i n e t i c s t u d y was c a r r i e d ou t 
u s i n g A l E t 2 C l s ince w e h a d d i f f i cu l t y i n o b t a i n i n g r e p r o d u c i b l e resu l ts 
w i t h A l E t 3 . T h i s p r o b l e m is t h o u g h t to arise f r om the greater a i r sen
s i t i v i t y o f A l E t 3 as c o m p a r e d w i t h A l E t 2 C l . F i g u r e 3 shows a t y p i c a l 
p l o t o f h y d r o g e n c o n s u m p t i o n vs . t i m e for the hydrogénation o f 
1- oc t ene u n d e r cons tant -pressure c ond i t i ons . T h e fact that the rate 
does not t a i l off t o w a r d the e n d o f the r eac t i on , b u t p r o c e eds s t e a d i l y at 
a constant rate u n t i l the o l e f in is h y d r o g e n a t e d c o m p l e t e l y — t h e n stops 
i m m e d i a t e l y — i s i n d i c a t i v e o f ze ro -order o l e f i n d e p e n d e n c e . T h i s b e 
hav i o r was o b s e r v e d for b o t h 1-octene a n d 1-octyne, b u t no t for 
2- o le f ins . 
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266 METAL PHOSPHINE COMPLEXES 

MMOLES of H 2 

CONSUMED 

1 2 3 4 5 
MINUTES 

Figure 3. A plot of hydrogen consumption vs. time for the hydrogéna
tion of 1-octene at constant pressure 

E F F E C T O F H Y D R O G E N P R E S S U R E . Reac t i ons c a r r i e d ou t at di f 
ferent pressures o f h y d r o g e n r e s u l t e d i n essen t i a l l y the same s e cond -
o rde r rate constant , k = 6 . 2 x 1 0 4 M - 1 m i n - 1 (first o rde r i n r h o d i u m 
c o m p l e x a n d first o rde r i n hyd rogen ) , as s h o w n i n T a b l e I I I . T h e s o l u 
b i l i t y o f h y d r o g e n i n t o l u e n e was c a l c u l a t e d f r om da ta a v a i l a b l e i n the 
In t e rna t i ona l C r i t i c a l Tab l e s . A l l th ree react ions r e s u l t e d i n l i n e a r 

T a b l e I I I . E f f ec t o f P r e s s u r e o f H y d r o g e n 0 

[RhCUttp)] x 10* P(Ht)f k, M 1 min 
(torr) (torr) 

4 . 9 4 8 1 2 4 0 5 . 9 
5 .4 6 5 1 4 1 4 7 . 3 
5 .4 7 6 7 5 3 7 5 . 5 

a v g = 6 .2 

[AlEt 2Cl] = 2.5 x 10" 2, [1-Octene] = 0.637M, 20°C. 
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15. NiEWAHNER A N D M E E K Hydrogénation Catalysis of Olefins 267 

p lo t s o f the t y p e s h o w n i n F i g u r e 4, w h i c h s h o w that the h y d r o g e n 
d e p e n d e n c e is first order . T h e rate constants c a l c u l a t e d from L n Ρ ( H 2 ) 
vs . t i m e p lo t s are the same as those o b t a i n e d f r o m p lo t s o f o l e f i n c o n 
cen t ra t i on vs . t i m e . T h e lat ter m e t h o d is less c o m p l i c a t e d . 

E F F E C T O F O L E F I N C O N C E N T R A T I O N . T a b l e I V l i s ts da ta for 
react ions c a r r i e d ou t at d i f f erent concent ra t ions o f 1-octene. T h e s e da ta 
are cons is tent w i t h the ze ro -order b e h a v i o r o f o l e f i n w h i c h is i m p l i e d 
i n F i g u r e 4. 

E F F E C T O F R H O D I U M C O N C E N T R A T I O N . I n c r e a s i n g the c o n c e n 
t ra t i on o f the r h o d i u m c o m p l e x , R h C l ( t t p ) , increases the rate o f the 
r eac t i on as s h o w n i n T a b l e V . T h e s e da ta (see F i g u r e 5) g i v e a l i n e a r 
p l o t that passes t h r o u g h the o r i g i n . T h u s , the r eac t i on is first o rde r i n 
to ta l r h o d i u m concen t ra t i on . 

Ln P ( H 2 ) 

4.35L 

4 .00 . , , , , L. 

I 2 3 4 5 6 
M I N U T E S 

Figure 4. A plot of Ln P(H2) vs. time for hydrogénation of 1-octene at 
constant volume 
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268 METAL PHOSPHINE COMPLEXES 

T a b l e IV . E f f e c t o f O l e f i n C o n c e n t r a t i o n 0 

[l-Octene] k, M " 1 rain"1 x I 0 " 4 

0.127 7.3 
0 .319 5.3 
0 .319 7.8 
0 .637 6.3 
0 .637 5.6 
0 .956 7.1 
0 .956 7.0 
1.27 7.0 
1.27 5.5 

a v g = 6.5 
a [RhCl(ttp)] = 5.0 χ ΙΟ"4, [AlEt 2Cl] = 2.5 x 

10" 4; P(H2) = 750 torr, 20°C. 

E F F E C T O F A l E t 2 C l C O N C E N T R A T I O N . T h e a i r s ens i t i v i t y o f the 
a l u m i n u m a l k y l s has c a u s e d d i f f i cu l t y i n q u a n t i t a t i v e l y d e t e r m i n i n g 
the effect o f the c oncen t r a t i on o f the A l E t 2 C l o n the r eac t i on rate. U s i n g 
n e w bot t l es o f A l E t 2 C l , concent ra t i ons o f A l E t 2 C l greater t h a n 
3.7 x 1 0 ~ 3 M , a n d a n A l : R h rat io > 3 p r o d u c e d no o b s e r v a b l e c h a n g e 
i n the rate w i t h i n c r e a s i n g concent ra t i ons o f A l E t 2 C l . O l d e r s u p p l i e s o f 
A l E t 2 C l , i n the p resence o f R h C l ( t t p ) a n d 1-olefins, d i d not ca ta l y z e 
hydrogénation o f 1-octene u n t i l the c oncen t r a t i on o f A l E t 2 C l was a b o u t 
2 x 1 0 " 3 M a n d the A l : R h rat io was abou t 1 0 : 1 . T h u s , u s i n g R h C l ( t t p ) 
at concent ra t i ons o f 1 0 ~ 3 M , the rate o f r e a c t i on b e c a m e i n d e p e n d e n t o f 
the concen t ra t i on o f A l E t 2 C l , as l o n g as its c oncen t ra t i on was greater 
t h a n a b o u t 2 x 1 0 " 2 M . 

M E C H A N I S M . A c ons i d e ra t i on o f the N M R data a n d the k i n e t i c 
da ta l eads us to p r opose the f o l l o w i n g m e c h a n i s m for the ca ta l y t i c 
hydrogénation o f o le f ins b y R h C l ( t t p ) a n d excess A l E t 2 C l . 

T a b l e V . E f f e c t o f R h o d i u m C o n c e n t r a t i o n a 

[RhCl(ttp)] x J O 4 

Rate 
(M min~l) k, M-lmin-1 x J O " 4 

1.43 
3.00 
4.71 
5.85 
6.56 

0 .028 
0 .074 
0 .090 
0 .126 
0.131 

5.6 
7.2 
5.6 
6.3 
5.8 

a v g = 6.1 

« [l-Octene] = 0.637, [AlEt 2Cl] = 2.5 x ΙΟ"2; P(H,) = 750 torr, 20°C. 
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15. N I E W A H N E R A N D M E E K Hydrogénation Catalysis of Olefins 269 

RATE, M min" 
0.13 L 

0.11 

0.091 

0.07 

0.05 

0.03 

0.01 
1.00 2.00 3.00 4.00 5.00 6.00 

(jRhCllttp)] χ I04 

Figure 5. A plot of the total rhodium concentration vs. the rate of 
the reaction 

R h C l ( t t p ) + A l E t 2 C l ?± R h E t ( t t p ) + A l E t C l 2 

κ. 
R h E t ( t t p ) ^ R h H ( t t p ) + C 2 H 4 

κ, 
R h H ( t t p ) + a l k e n e ^ RhR ( t t p ) 

RhR ( t t p ) + Η 2 -^ · R h H ( t t p ) + a l k a n e 

T h e r e su l t an t rate l a w i s : 

-d[Ht] 
dt 

Ks [o le f in] 

[ A l E t C l . M C . H j [ C 2 H 4 ] r o l e f i n l 
« ^ . [ A l E t a C l ] + K 2

 + 1 + K 3 [ o l e f a n j 

k [ R h ] r [ H 2 ] . 

T h e o b s e r v e d rate l a w , -d[H2]/dt = fcobSd[Rh]r[H2], r e q u i r e s that the 
a b o v e t e r m i n b racke t s b e e i the r one or a constant . T h i s is cons is tent 
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270 METAL PHOSPHINE COMPLEXES 

w i t h the P -31 N M R data o f so lu t ions c o n t a i n i n g R h C l ( t t p ) , A l E t 2 C l , 
a n d o l e f i n w h i c h w e h a v e i n t e r p r e t e d to i m p l y the p r o d u c t i o n o f o n l y 
R h E t ( t t p ) ; t hus K 3 w o u l d b e large . A l s o , the concen t ra t i on o f C 2 H 4 is 
k n o w n to b e e i the r v e r y s m a l l or z e ro b e c a u s e o n l y 1 m o l o f C 2 H 4 c a n 
b e f o r m e d p e r m o l e o f R h C l ( t t p ) ( thus, 0 . 5 m M ) , a n d the f r e e z e - p u m p -
t h a w process w o u l d r e m o v e mos t , i f not a l l , that is p r o d u c e d b y the 
s t o i c h i o m e t r i c r eac t i on . 

S U B S T R A T E S H Y D R O G E N A T E D . T a b l e V I l i s ts the va r i ous s u b 
strates h y d r o g e n a t e d c a t a l y t i c a l l y b y so lut ions o f R h C l ( t t p ) a n d 
A l E t 2 C l a n d the r e l a t i v e rates b a s e d o n 1-octene b e i n g a s s i gned a 
v a l u e o f 100. T h e rates i n d i c a t e , as is e x p e c t e d , that i n t e r n a l a n d mor e 
h i n d e r e d o le f ins react s l o w e r t h a n t e r m i n a l , u n h i n d e r e d o le f ins . A f t e r 
e x p o s u r e to h y d r o g e n , the so lu t ions w e r e a n a l y z e d b y g a s - l i q u i d 
c h r o m a t o g r a p h y ( G L C ) , a n d they c o n t a i n e d o n l y the sa tura ted a l k a n e 
i n a l l b u t one case. I n the case o f 1-octene, 9 6 % o f the o l e f i n was 
r e d u c e d to η-octane a n d 4 % was i s o m e r i z e d to a n i n t e r n a l o l e f i n . T h e 
η-octane was o b t a i n e d q u a n t i t a t i v e l y f r om 1-octyne, e v e n t h o u g h i t 
s h o u l d pass t h r o u g h 1-octene a n d p o s s i b l y b e i s o m e r i z e d l i k e 
1-octene. A l s o , the rate o f hydrogénation o f 1-octyne d e c r e a s e d as the 
t i m e i n c r e a s e d b e t w e e n p r e p a r a t i o n o f the s o lu t i on a n d hydrogénation. 
T h e s e t w o facts suggest that 1-octyne forms a n i n t e r m e d i a t e w i t h the 
r h o d i u m c o m p l e x that is d i f ferent f r o m the i n t e r m e d i a t e that is f o r m e d 
b y 1-octene. 

L I F E T I M E O F T H E C A T A L Y S T . T h e rate o f react ions u s i n g s o l u 
t ions o f p r e v i o u s l y u s e d ca ta lys t d e c r e a s e d w i t h success i ve add i t i ons 
o f 1-octene. T h e s e observat ions , a l o n g w i t h those r e p o r t e d i n the p r e 
v i o u s sec t i on o n the effect o f A l E t 2 C l concen t ra t i on , i n d i c a t e that the 
l i f e o f the ca ta lys t is r e l a t e d m o r e to the a i r s ens i t i v i t y o f the A l E t 2 C l 
t h a n to the i n s t a b i l i t y o f the r h o d i u m c o m p l e x . 

T a b l e V I . R e l a t i v e Rates o f Hydrogénation 
o f Va r i ous Subs t ra tes 

Relative 
Substrate Rate 

l - O c t e n e 100 
2 , 3 - D i m e t h y l - l - b u t e n e 5.2 
2 , 3 - D i m e t h y l - 2 - b u t e n e no r eac t i on 
cis - 2 -Oc t ene 1.2 
trans - 2 -Oc t ene 0.84 
trans - 2 -Pen tene 1.1 
C y c l o h e x e n e no r eac t i on 
1 ,3-Octad iene (cis + trans) no r eac t i on 
1-Octyne > 2 8 
C y c l o h e x a n o n e n o r eac t i on 
l - O c t e n e ( W i l k i n s o n ' s cata lyst ) 3.8 
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15. N I E W A H N E R A N D M E E K Hydrogénation Catalysis of Olefins 271 

U S E O F A M O R E H I N D E R E D C A T A L Y S T . U s i n g the m o r e s te r i 
c a l l y h i n d e r e d ca ta lys t R h C l ( C y t t p ) , w h e r e C y t t p represents the 

P h 

t e t r a - subs t i tu t ed c y c l o h e x y l l i g a n d Cy 2 P (CH2 )3P (CH 2 )3PCy2, r e s u l t e d 
i n a c a l c u l a t e d second-o rde r rate constant o f 6.5 x 1 0 4 M _ 1 m i n - 1 . 
H o w e v e r , the r eac t i on is d e f i n i t e l y d e p e n d e n t o n the concen t ra t i on o f 
the o l e f in , i n contras t to the R h C l ( t t p ) s y s t e m . T h e t h i r d - o r d e r rate 
constant for the e q u a t i o n r = fc[H2][Rh]r[octene] is abou t 1.2 x 
1 0 4 M " 2 m i n " 1 . T h e o l e f i n d e p e n d e n c e is u n d e r s t a n d a b l e i n te rms o f 
the m e c h a n i s m p r o p o s e d for cata lys is b y R h C l ( t t p ) . I n the case o f 
the m o r e h i n d e r e d ca ta lys t R h C l ( C y t t p ) , the e q u i l i b r i u m constant K 3 

w o u l d not b e e x p e c t e d to b e as l a rge ; t hus , the hydrogénation m e c h a 
n i s m w i t h th is ca ta l ys t m a y b e m o r e c o m p l e x a n d m a y i n v o l v e the 
o l e f in . 

S O L I D O B T A I N E D F R O M T R E A T I N G R h C l ( t t p ) W I T H E I T H E R 
L i N ( C H 3 ) 2 O R A l E t 3 . I n e i ther t o l u e n e or T H F , R h C l ( t t p ) g i ves a 
y e l l o w - o r a n g e s o l i d o n a d d i n g L i N ( C H 3 ) 2 . T h e s o l i d r e s u l t i n g f r o m 
t o l u e n e is d a r k e r o range t h a n that p r o d u c e d i n T H F ; h o w e v e r , the I R 
spec t r a o f these ma te r i a l s are i d e n t i c a l . F u r t h e r m o r e , b a s e d o n the I R 
spec t ra , the same p r o d u c t c a n b e o b t a i n e d b y t r e a t i n g a n excess o f 
A l E t 3 w i t h R h C l ( t t p ) i n t o l u e n e , f o l l o w e d b y a d d i n g e ther to p r e c i p i 
tate a s o l i d . T h e spec t r a s h o w a p e a k at 1790 c m - 1 a s s i g n e d to ^ ( R h - H ) . 
E l e m e n t a l ana lyses o f s eve ra l d i f f erent r eac t i on p r o d u c t s o b t a i n e d 
from L i N ( C H 3 ) 2 i n T H F gave incons i s t en t a n d u n i n t e r p r e t a b l e r esu l t s . 
T h u s , w e are u n a b l e to p ropose a sat is factory f o r m u l a that is cons is tent 
w i t h the I R data tha t s h o w the R h - H m o i e t y b u t no O - H s t r e t c h i n g 
f r equency . 
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16 
The Preparation, Characterization, 
and Properties of Highly Soluble 
Transition-Metal Complexes of 
Long-Chain Tertiary Phosphines 

S. FRANKS and F. R. HARTLEY 

Department of Chemistry and Metallurgy, The Royal Military College of 
Science, Shrivenham, England 

J. R. CH IPPERF IELD 
Department of Chemistry, The University of Hull, Hull, England 

Two series of phosphines, I (PR3R = n-C10H21 - n-C19-

H39) and II (P( R')3 R' = C2H5 - n-C9H19), which 

form very soluble complexes, have been prepared, char
acterized, and used to prepare cis-[PtL 2Cl 2], trans-[PdL2-
Cl2], trans-[PtL2 'HCl], [PtL4], and trans-[RhL2Cl(CO)] 
where L = I and II and L' = I only. The problems of 
isolating and purifying the complexes are discussed. The 
influence of the two series of phosphines on (1) selective 
hydrogenation catalysts of the type [PtL2Cl2] or [PdL2-
Cl2] in association with SnCl2 for polyunsaturated 
olefins and (2) the oxidative addition of methyl iodide 
to trans-[RhL 2Cl(CO)] is reported. The mechanism of 
the latter reaction in the presence of triarylphosphines 
is more complex than suggested previously. 

Phosphine complexes have been used widely as homogeneous 
catalysts, and in many of their reactions the solvent plays a very 

important part. Accordingly we decided to prepare phosphine com
plexes with rather different solubility properties to those previously 
available. In particular two series of tertiary phosphine complexes 
were prepared that would confer extreme solubility in hydrocarbon 
solvents such as alkanes. Part of the rationalization for doing this was 
the view that if alkanes were ever going to be activated using homo-

0065-2393/82/0196-0273$05.00/0 
© 1982 American Chemical Society 
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274 METAL PHOSPHINE COMPLEXES 

geneous cata lys ts , the a c t i va t i on w o u l d have to b e e f fec ted i n the 
p resence o f so lvents that w e r e c h e m i c a l l y mo r e i n e r t t h a n the a lkanes 
t h e m s e l v e s . N o s u c h so l ven ts are, o f course , a v a i l a b l e a n d i f h o m o 
geneous cata lysts are to b e u s e d t h e n those cata lysts m u s t d i s so l v e 
f r ee l y i n the a lkanes th emse l v e s . 

T w o series o f t e r t ia ry p h o s p h i n e l i g a n d s that are v e ry s o l u b l e i n 
h y d r o c a r b o n so lvents w e r e p r e p a r e d . T h e first ser ies, P ( n - C m H 2 m + i ) 3 , 
w h e r e m = 1 0 to 1 9 , w e r e p r e p a r e d b y t r e a t i ng the G r i g n a r d reagent 
o f the n - a l k y l b r o m i d e w i t h p h o s p h o r u s t r i c h l o r i d e i n t e t r ahyd ro fu ran 
( T H F ) (1 ). T h e y w e r e p u r i f i e d b y r e c r y s t a l l i z a t i o n f r om a m i x t u r e o f 
c h l o r o f o r m a n d e t h a n o l . T h e l o w e r m e m b e r s o f the series w e r e w a x y 
mate r i a l s , C 1 0 - C 1 2 b e i n g soft waxes a n d C 1 3 - C 1 5 b e i n g h a r d waxes , 
w h i l e the h i g h e r m e m b e r s o f the ser ies w e r e c r y s t a l l i n e . A l l w e r e 
f a i r l y l o w m e l t i n g — t h e m e l t i n g p o i n t s i n c r e a s i n g s t e ad i l y f r om 3 7 ° -
4 0 ° C for P ( n - C 1 0 H 2 1 ) 3 to 6 0 ° - 6 2 ° C for P ( n - C 1 9 H 3 9 ) 3 . T h e y w e r e ex
t r e m e l y s o l u b l e i n h y d r o c a r b o n so lvents s u c h as hexane a n d c h l o r i 
n a t e d so l ven ts s u c h as d i c h l o r o m e t h a n e , c h l o r o f o r m , c a r b o n tet
r a c h l o r i d e , a n d 1 , 2 -d i ch l o r o e thane a n d m o d e r a t e l y s o l u b l e i n T H F , 
b e n z e n e , a n d o ther a r oma t i c so lvents , hot a l c oho l s s u c h as m e t h a n o l 
a n d e t h a n o l , a n d w a r m ace tone . T h e y w e r e , h o w e v e r , i n s o l u b l e i n c o l d 
m e t h a n o l , e t h a n o l , a n d ace tone . O n e x p o s u r e to a i r they w e r e o x i d i z e d 
r e a d i l y to a c o m p l e x m i x t u r e o f p r o d u c t s o f the t ype P ( O R ) 3 _ n R w 

(η = 0 , 1, or 2 ) a n d P ( 0 ) ( O R ) 3 _ n R n (η = 0 , 1, 2 , or 3 ) . H o w e v e r treat
m e n t w i t h a s l i g h t excess o f h y d r o g e n p e r o x i d e ( 6 % w/v) r e s u l t e d i n a 
s m o o t h o x i d a t i o n to the t r i a l k y l p h o s p h i n e ox ides w h i c h w e r e s tab l e i n 
a i r a n d m o r e c r y s t a l l i n e t h a n the c o r r e s p o n d i n g te r t iary p h o s p h i n e s . 
T h e s e p h o s p h i n e ox ides h a d v e r y s i m i l a r s o l u b i l i t y charac te r i s t i cs to 
the pa r en t t r i a l k y l p h o s p h i n e s . I n contrast to t r i a l k y l p h o s p h i n e ox ides 
b e l o w P O ( n - C 8 H 1 7 ) 3 , the l o n g - c h a i n t r i a l k y l p h o s p h i n e ox ides w e r e not 
d e l i q u e s c e n t . 

T h e s e c o n d series o f p h o s p h i n e s p r e p a r e d w e r e a series o f t r i s ( p -
a l k y l a r y l ) p h o s p h i n e s w i t h a l k y l g r oups r a n g i n g f r om n - C 3 H 7 to 
n - C 9 H 1 9 . T h e y w e r e p r e p a r e d b y t r e a t i n g the G r i g n a r d reagent o f the 
c o r r e s p o n d i n g ρ-alkylbromobenzene w i t h p h o s p h o r u s t r i c h l o r i d e i n 
T H F (2). H o w e v e r i n o rde r to use these routes i t was necessary to 
d e v i s e a p r e p a r a t i v e r ou te for s y n t h e s i z i n g p - a l k y l b r o m o b e n z e n e s . 
M a n y o f the m e t h o d s for p r e p a r i n g a l k y l b r o m o b e n z e n e s y i e l d a m i x 
tu r e o f i somers . S i n c e these are l i q u i d s w i t h s i m i l a r b o i l i n g p o i n t s , t h e i r 
separa t i on is d i f f i cu l t . A three-stage synthes is was a d o p t e d e v e n t u a l l y 
(see Reac t i ons 1, 2 , a n d 3 ) w h i c h gave the p u r e p a r a i s ome r i n o v e r a l l 
y i e l d s o f 4 6 to 6 0 % . T h e c o m p o u n d ρ-propylbromobenzene a lso c a n 
b e p r e p a r e d i n th is w a y b u t i t is p r e p a r e d m o r e ea s i l y b y r e a c t i n g 
a l l y l b r o m i d e w i t h the m o n o - G r i g n a r d reagent o f ρ - d i b r o m o b e n z e n e 
f o l l o w e d b y h y d r o g e n a t i n g the r e s u l t i n g ρ - p r o p e n y l b r o m o b e n z e n e to 
y i e l d the d e s i r e d p r o d u c t . 
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H 

A f t e r c o m p l e t i n g th is w o r k o u r a t t en t i on was d r a w n to the s y n 
the t i c p r o c e d u r e o f M a n a s s e n a n d D r o r (3) b a s e d o n r e a c t i n g 
b r o m o b e n z e n e w i t h a n a c y l c h l o r i d e i n the p resence o f a l u m i n u m 
t r i c h l o r i d e . T h i s t h e n is f o l l o w e d b y a W o l f f - K i s c h n e r r e d u c t i o n o f the 
a c y l g r o u p to a n a l k y l g r o u p u s i n g a l k a l i n e h y d r a z i n e . A l t h o u g h these 
authors d o not g i v e o v e r a l l y i e l d s , the a c y l a t i o n s t ep (4) g i ves o n l y 3 0 % 
o f the d e s i r e d p r o d u c t t oge ther w i t h 2 5 % o f C e H 5 C O R . T h u s o u r p ro 
c e d u r e g i ves m u c h h i g h e r o v e r a l l y i e l d s w i t h o n l y m i n o r q u a n t i t i e s o f 
s i d e p r o d u c t s to b e separa t ed off i n the final v a c u u m d i s t i l l a t i o n . 

T h e t r i s ( p - a l k y l a r y l ) p h o s p h i n e w i t h a p r o p y l g r o u p was a c r y s t a l 
l i n e s o l i d , whe r eas the η-butyl to n - o c t y l d e r i va t i v e s w e r e v i s c o u s o i l s . 
T h e n - n o n y l d e r i v a t i v e was a v i s c ous , w a x y s o l i d . T h e so l i d s w e r e 
p u r i f i e d b y r e c r y s t a l l i z a t i o n f r o m e t h a n o l a n d the o i l s b y v a c u u m d i s 
t i l l a t i o n . A l l o f the t r i s ( p - a l k y l a r y l ) p h o s p h i n e s w e r e e x t r e m e l y s o l u b l e 
i n h y d r o c a r b o n so l vents s u c h as h e x a n e a n d c h l o r i n a t e d so lvents s u c h 
as d i c h l o r o m e t h a n e , c h l o r o f o r m , a n d c a r b o n t e t r a ch l o r i d e , a n d m o d e r 
a t e l y s o l u b l e i n T H F , d i e t h y l e ther , a n d a r oma t i c so lvents s u c h as b e n 
z ene a n d t o l u e n e . T h e l o w e r m e m b e r s o f the series w e r e s o l u b l e i n 
e t h a n o l b u t th is d e c r e a s e d as the a l k y l c h a i n l e n g t h i n c r e a s e d . T h e 
h i g h e r m e m b e r s w e r e i n s o l u b l e i n c o l d e t h a n o l , m e t h a n o l , a n d o ther 
p o l a r so l vents . P -31 N M R c h e m i c a l shi f ts w e r e m e a s u r e d i n C D C 1 3 

s o l u t i o n r e l a t i v e to a t r i m e t h y l p h o s p h a t e e x t e r n a l s t a n d a r d a n d w e r e 
f o u n d to b e as f o l l o w s : ρ-alkyl = C 2 H 5 , +10 .6 ; C 3 H 7 , +10 .5 ; C4H9, 

+ 10.6; C 5 H n , +10 .6 ; C 7 H 1 5 , +10 .8 ; C 8 H 1 7 , +10 .7 , a n d C 9 H 1 9 +10 .8 
p p m . A l l o f the t r i s ( p - a l k y l a r y l ) p h o s p h i n e s w e r e sens i t i ve to o x y g e n 
b o t h as so l i ds or o i l s a n d i n s o l u t i o n . T h i s contrasts w i t h t r i p h e n y l 
p h o s p h i n e w h i c h is f a i r l y res is tant to o x i d a t i o n b o t h as a s o l i d a n d i n 
so lu t i on . U n l i k e the t r i a l k y l p h o s p h i n e s w h i c h y i e l d a c o m p l e x m i x t u r e 
o f p r o d u c t s o n o x i d a t i o n i n the a i r , the t r i s ( p - a l k y l a r y l ) p h o s p h i n e s g i v e 
a s i ng l e p r o d u c t , the p h o s p h i n e o x i d e . T h e sens i t i v i t y to a i r o x i d a t i o n 
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i n c r e a s e d as the a l k y l c h a i n o n the p h e n y l r i n g i n c r e a s e d i n l e n g t h . 
O x i d a t i o n w i t h h y d r o g e n p e r o x i d e (6% w/v) gave a c o n v e n i e n t p r e 
pa ra t i v e r ou te to the t r i s ( p - a l k y l a r y l ) p h o s p h i n e ox ides . 

F i v e series o f t r ans i t i on -me ta l c o m p l e x e s o f the n e w te r t ia ry phos 
p h i n e s have b e e n p r e p a r e d : c i s - [ P t ( P R 3 ) 2 C l 2 ] , f r a n s - [ P d ( P R 3 ) 2 C l 2 ] , 
trans- [ P t ( P R 3 ' ) 2 H C l ] , [ P t ( PR 3 ) 4 ] , a n d trans- [ R h ( P R 3 ) 2 C l ( C O ) ] w h e r e 
R = n - a l k y l or p - a l k y l a r y l a n d R ' = n - a l k y l (5). A l l o f the c o m p l e x e s 
d i s p l a y e d essen t i a l l y the same s o l u b i l i t y charac te r i s t i cs as the pa r en t 
p h o s p h i n e s . A c c o r d i n g l y the s yn the t i c routes that w e r e u s e d w e r e 
c h o s e n b e c a u s e t h e y gave the c l e anes t react ions w i t h l a r g e l y v o l a t i l e 
s i de p r o d u c t s a n d a m i n i m u m o f i somers . 

cis-[P/(PR 3 )2C;/ 2 ] 

W h e n [ P t ( C O D ) C l 2 ] was t r ea t ed w i t h t w o e q u i v a l e n t s o f the ter
t i a r y p h o s p h i n e , c y c l o o c t a d i e n e was d i s p l a c e d a n d cis- [ P t ( P R 3 ) 2 C l 2 ] 
was f o rmed . T h e d i s p l a c e d c y c l o o c t a d i e n e was r e m o v e d ea s i l y i n 
v a c u o . T h e l o w e r t r i a r y l p h o s p h i n e c o m p l e x e s w e r e r e c r y s t a l l i z e d f r om 
a 6 0 : 4 0 m i x t u r e o f e t h a n o l a n d c h l o r o f o r m . T h e h i g h e r t r i a r y l p h o s 
p h i n e c o m p l e x e s c o u l d b e o b t a i n e d o n l y as e i the r waxes or v i s c o u s 
o i l s . T h e s e w e r e p u r i f i e d c h r o m a t o g r a p h i c a l l y o n a l u m i n a ( B r o c k m a n 
a c t i v i t y I, neu t ra l ) e l u t i n g w i t h a 6 0 : 4 0 m i x t u r e o f c h l o r o f o r m a n d 
m e t h a n o l . T h e t r i a l k y l p h o s p h i n e c o m p l e x e s w e r e r e c r y s t a l l i z e d from 
a m i x t u r e o f c h l o r o f o r m a n d e t h a n o l e xcep t for the t r i o c t y l p h o s p h i n e 
c o m p l e x w h i c h was p u r i f i e d c h r o m a t o g r a p h i c a l l y to y i e l d a y e l l o w 
wax . T h e m e l t i n g p o i n t s o f the t r i a l k y l p h o s p h i n e c o m p l e x e s are i n 
t e r e s t ing (see F i g u r e 1) i n that the l o n g - c h a i n a l k y l g r oups c l e a r l y 
d i s r u p t the p a c k i n g i n the c r y s t a l s t ruc tu re so that the m e l t i n g p o i n t 
i n i t i a l l y decreases s h a r p l y u n t i l the t r i - n - o c t y l p h o s p h i n e is r e a c h e d 
after w h i c h a s l i gh t r ise o c cu rs , p r e s u m a b l y d u e to i n c r e a s i n g m o l e c u 
l a r w e i g h t . T h e i n i t i a l sha rp d r o p i n F i g u r e 1 has b e e n o b s e r v e d p r e v i 
o u s l y for p l a t i n u m ( I I ) c o m p l e x e s w i t h η i n the 2 - 4 range as w e l l as for 
p a l l a d i u m ( I I ) c o m p l e x e s w i t h η i n the 2 - 5 range (6, 7 ) . O n h e a t i n g the 
c is i somers d e c o m p o s e b u t they d o not e i ther i s o m e r i z e or g i v e a n y 
m e t a l l a t i o n . W h e n [ P t ( M e C N ) 2 C l 2 ] is u s e d as the s t a r t ing p l a t i n u m ( I I ) 
c o m p l e x , a m i x t u r e o f cis- a n d trans- [ P t ( P R 3 ) 2 C l 2 ] is f o rmed . T h i s m i x 
tu r e is v i r t u a l l y i m p o s s i b l e to separate b e c a u s e o f the v e r y s i m i l a r 
p h y s i c a l charac t e r i s t i c s o f the t w o i somers . 

trans-[ PdiPR^Ck] 

W h e n [ P d ( C O D ) C l 2 ] was t r ea t ed w i t h t w o e q u i v a l e n t s o f the 
t r i s ( p - a l ky l a r y l ) p h o s p h i n e s , P A r 3 , £rans- [Pd(PAr 3 ) 2 Cl 2 ] c o m p l e x e s 
w e r e f o r m e d . A p a r t f r o m t h e i r trans g e o m e t r y th ey w e r e v e r y s i m i l a r to 
th e i r p l a t i n u m ( I I ) ana logues , a l t h o u g h less c r y s t a l l i n e so that pu r i f i c a -
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Figure L Melting points of cis-[Pt{P(n-CmH2m+1)3}2Cl2] complexes 

t i o n d e p e n d e d m o r e o n c o l u m n c h r o m a t o g r a p h y . W i t h the t r i a l k y l 
p h o s p h i n e s , P R 3 ' , t w o p r o d u c t s w e r e o b t a i n e d . T h e first was a y e l l o w 
m a t e r i a l , trans- [Pd(PR 3 ' )2Cl 2 ] , w h i c h was v e r y s i m i l a r to the trans-
[ P d ( P A r 3 ) 2 C l 2 ] c o m p l e x e s . H o w e v e r a s e c o n d , d a r k e r p r o d u c t was a lso 
p resent a n d i n a n i n c r e a s i n g a m o u n t as the c h a i n l e n g t h i n c r e a s e d . 
H - l , C - 1 3 , a n d P-31 N M R ana lyses a n d I R spe c t r o s copy c o m b i n e d to 
sugges t tha t th is d a r k e r m a t e r i a l is a m i x t u r e o f c h l o r i d e - b r i d g e d , d i 
m e r i c S p e c i e s I a n d I I . I n sp i t e o f r e p e a t e d a t tempts i t was i m p o s s i b l e 
to separate these spec i e s b y c o l u m n c h r o m a t o g r a p h y . T h e m e t a l l a t e d 
spec i es , I I , a p p e a r to b e a c o m p l e x m i x t u r e o f p r o d u c t s ; the five-

R 3 ' P C l C l 
\ / \ / 

P d P d 
/ \ / \ 

C l C l P R 3 ' C l 
ι R 2 T C l C H — ( C H 2 ) a C H 3 

/ \ / \ / \ 
( C H 2 ) n P d P d ( C H 2 ) b 

C H V P I V 

C H 3 ( C H 2 ) 
m 

II 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
19

6.
ch

01
6

In Catalytic Aspects of Metal Phosphine Complexes; Alyea, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1982. 



278 METAL PHOSPHINE COMPLEXES 

m e m b e r e d r i n g spec i e s (n = b = 2) w o u l d b e e x p e c t e d to p r e d o m i 
nate . It is s u r p r i s i n g , i n v i e w o f the w o r k o f S h a w (8, 9) w h i c h has 
s h o w n p l a t i n u m ( I I ) to b e m o r e s u s c e p t i b l e to m e t a l l a t i o n t h a n p a l -
l a d i u m ( I I ) , that i n the present w o r k the reverse is f o u n d . I n sp i t e o f 
r e p e a t e d a t t empts w e w e r e u n a b l e to t h e r m a l l y i n d u c e m e t a l l a t i o n at 
p l a t i n u m ( I I ) . 

t rans- [Pt (PR 3 ' ^HCl ] 

T h e c is- [Pt (PR 3
, )2Cl 2 ] c o m p o u n d s , w h e r e R ' = a l k y l , w e r e c o n 

v e r t e d s m o o t h l y to trans- [ P t ( P R 3 ' ) 2 H C l ] b y t r e a t i n g t h e m w i t h h y 
d r a z i n e h y d r a t e i n a m i x t u r e o f e t h a n o l a n d c h l o r o f o r m . C h l o r o f o r m 
m u s t b e a d d e d s ince the c o m p l e x e s are i n s o l u b l e i n p u r e e t h a n o l . T h e 
h y d r i d e c o m p l e x e s are c r e a m - c o l o r e d , l o w - m e l t i n g , c r y s t a l l i n e so l ids 
that c l o s e l y r e s e m b l e the p h y s i c a l p roper t i e s o f the pa ren t 
d i c h l o r o c o m p l e x e s . 

[Pt(PR)3]4 

W h e n [ P t ( C O D ) 2 ] (10) is t r ea t ed w i t h 4 e q u i v o f t e r t i a ry phos 
p h i n e i n a h e x a n e s o l u t i o n u n d e r n i t r o g e n , [P t (PR 3 ) 4 ] is f o r m e d . T h e s e 
p la t inum(O ) c o m p l e x e s are y e l l o w , a i r - sens i t i v e , l o w - m e l t i n g , c r y s t a l 
l i n e s o l i d s w i t h s o l u b i l i t y p roper t i e s that are v e r y s i m i l a r to the paren t 
p h o s p h i n e s . W h e n d i s s o l v e d i n s o l u t i o n these c o m p l e x e s r e v e r s i b l y 
d i ssoc ia te (see E q u a t i o n 4). T h u s the P -31 N M R spec t r a i n b e n z e n e 

[P t (PR 3 ) 4 ] = ^ [ P t (PR 3 ) 3 ] [ P t (PR 3 ) 2 ] (4) 

s o l u t i o n at a m b i e n t t empe ra tu r es s h o w a b r o a d s ing l e t o n l y w i t h no 

p l a t i n u m - p h o s p h o r u s c o u p l i n g . A s p e c t r o p h o t o m e t r i c s t u d y o f the 

k i n e t i c s o f p h o s p h i n e d i s soc i a t i on at 25°C i n a 4 x 10~ 4 m o l L " 1 b e n 

z e n e s o l u t i o n s h o w e d that the rate o f the first s tep d e c r e a s e d i n 

the f o l l o w i n g order : P i n - C ^ H ^ (fc^obs) too la rge to m e a 

sure) » P ( — O - C H ^ f c ^ o b s ) = 3.5 x 1 0 " 4 sec " 1 ) > P P h 3 ( M o b s ) = 

1.5 x 1 0 " 3 sec " 1 ) . T h e rates o f the s e c o n d s tep w e r e more s i m i l a r , de 

c r e a s i n g i n the f o l l o w i n g order : P ( - <Q " C H 3 ) 3 (fc 2(obs) = 6.7 x 1 0 " 5 

sec " 1 ) > P ( n - C i e H 3 3 ) 3 (fc2(obs) = 3.7 x 1 0 " 5 sec " 1 ) > P P h 3 (k 2 (obs) = 
3.5 x 1 0 " 5 sec " 1 ) . T h e s i gn i f i c an t l y faster rate o f d i s soc i a t i on o f the 
t e t r a k i s ( t r i a l k y l p h o s p h i n e ) p l a t i n u m ( 0 ) c o m p l e x t h a n the t r i a r y l p h o s 
p h i n e c o m p l e x e s is p r o b a b l y d u e to the u n f a v o r a b l e b u i l d - u p o f e l e c 
t r on dens i t y at p la t inum(O) e f f ec ted b y the m o r e s t rong l y e l e c t r o n -
d o n a t i n g t r i a l k y l p h o s p h i n e . 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
19

6.
ch

01
6

In Catalytic Aspects of Metal Phosphine Complexes; Alyea, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1982. 



16. F R A N K S E T A L . Long-Chain Tertiary Phosphines 279 

trans-[ RHPR^CKCO)] 

T h e trans- [ R h ( P R 3 ) 2 C l ( C O ) ] c o m p l e x e s w e r e p r e p a r e d b y treat
i n g [ R h C l ( C O ) 2 ] 2 u n d e r n i t r o g e n i n c h l o r o f o r m so lu t i on w i t h 2 e q u i v 
o f t e r t ia ry p h o s p h i n e p e r r h o d i u m a tom. T h e o n l y s ide p r o d u c t was 
c a r b o n m o n o x i d e so that pu r i f i c a t i on b y r e c r y s t a l l i z a t i o n f r o m e t h a n o l 
or e t h a n o l - c h l o r o f o r m was r e l a t i v e l y s i m p l e . T h e l o w e r - m o l e c u l a r -
w e i g h t t r i a l k y l p h o s p h i n e a n d h i g h e r - m o l e c u l a r - w e i g h t t r i a r y l p h o s -
p h i n e c o m p l e x e s w e r e orange , v i s c o u s o i l s ; the others w e r e c r e a m -
c o l o r e d , l o w - m e l t i n g c r y s t a l l i n e s o l i d s . 

Olefin Hydrogénation 

B a i l a r a n d h i s co -worke r s h a v e s t u d i e d u s i n g m i x t u r e s o f 
[ M ( P R 3 ) 2 C 1 2 ] a n d s tannous c h l o r i d e as cata lysts for s e l e c t i v e l y h y d r o -
g e n a t i n g the po l y o l e f i n s p resent i n v e g e t ab l e o i l s to monoo l e f ins t h a t 
s u b s e q u e n t l y m a y b e u s e d as c o m p o n e n t s o f m a r g a r i n e (11). S e l e c t i v 
i t y is v e r y i m p o r t a n t i n th is hydrogénation b e c a u s e d io l e f ins o f the t y p e 
— C H = C H — C H 2 — C H = C H — are v e r y s u s c e p t i b l e to ae r i a l o x i d a 
t i on at the a c t i v a t e d m e t h y l e n e g r o u p r e s u l t i n g i n the fat b e c o m i n g 
r a n c i d , w h i l e the f u l l y sa tura t ed p r o d u c t s , a l t h o u g h s tab le to storage, 
are v e r y d i f f i cu l t to d iges t . F r o m p r e v i o u s w o r k i t is l i k e l y that the 
so l v en t p l a y s a v e r y i m p o r t a n t r o l e i n the s e l e c t i v i t y o f these h y d r o 
génations. S i n c e the present t e r t i a ry p h o s p h i n e s c o n v e y u n u s u a l a n d 
s o m e w h a t e x t r e m e s o l u b i l i t y p roper t i e s , i t s e e m e d d e s i r a b l e to e x a m 
i n e t h e m as p o s s i b l e cata lys ts . A c c o r d i n g l y th e i r e f fect iveness i n 
p r o m o t i n g the s e l e c t i v e hydrogénation o f t w o o f the c o m m o n c o m p o 
nents o f v e g e t ab l e o i l s , l i n o l e i c esters I I I a n d l i n o l e n i c esters I V , was 
e x a m i n e d u s i n g the m e t h y l esters. 

I l l I V 

W h e n m e t h y l l i n o l e a t e was h y d r o g e n a t e d i n a 3 : 2 m i x t u r e o f 

b e n z e n e a n d m e t h a n o l at 90°C u n d e r 40 a t m o f h y d r o g e n pressure i n 

the p resence o f 0 .65 m m o l [ M ( P R 3 ) 2 C 1 2 ] a n d 5.7 m m o l s tannous 

c h l o r i d e (see T a b l e I), i t was appa r en t that o f the p l a t i n u m ( I I ) c o m 

p l exes , that w i t h P(—<Q>—C4H9)3 was the m o s t s e l e c t i v e g i v i n g 

8 7 . 2 % m o n o o l e f i n w h i l e P ( — Q)—C2ft*)z a n d P ( C 8 H 1 7 ) 3 w e r e c l ose 

b e h i n d . P ( — — C 9 H 1 9 ) 3 was the m o s t s e l e c t i v e (87 .8% monoo l e f in ) 

w i t h p a l l a d i u m ( I I ) . A l l o f these c o m p l e x e s w e r e m u c h m o r e spec i f i c 
t h a n the t r i p h e n y l p h o s p h i n e c o m p l e x u n d e r c o m p a r a b l e c ond i t i ons . It 
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16. FRANKS ET AL. Long-Chain Tertiary Phosphines 281 

is v e ry o b v i o u s f r om T a b l e I that the s e l e c t i v i t y is v e r y d e p e n d e n t o n 
the p h o s p h i n e u s e d . T h u s w h i l e P ( C 8 H i e ) 3 g i ves h i g h s e l e c t i v i t y o n 
p l a t i n u m ( I I ) , P ( C 4 H 9 ) 3 a n d P ( C 1 4 H 2 9 ) 3 g i v e o n l v 11.8 a n d 4 . 4 % m o n o 
o l e f in , r e s p e c t i v e l y . A s i m i l a r r e su l t o ccurs w i t h p a l l a d i u m ( I I ) , w i t h 
m o n o o l e f i n y i e l d s v a r y i n g a p p a r e n t l y r a n d o m l y as the R ' g r o u p i n 

P ( — ( ) — R ' ) 3 is v a r i e d s y s t e m a t i c a l l y i n the f o l l o w i n g order : R ' = H 

(29.0%), C 2 H 5 (50.2%), C 4 H 9 (17.2%), a n d C 9 H 1 9 (87.8%). S i n c e i t is 
h a r d to see h o w var ia t ions i n e i the r s te r i c or e l e c t r o n i c factors or e v e n 
i n b o t h c o u l d a c c o u n t for th is r e su l t o n the i r o w n , w e suggest that the 
i n t e r a c t i on o f the so l ven t w i t h the ac t i v e ca ta lys t has a p r o f o u n d a n d 
s u b t l e effect o n the r eac t i on . 

W h e n the same cata lys t p r ecurso rs a n d the same cond i t i ons w e r e 
u s e d to h y d r o g e n a t e the t r i o l e f i n m e t h y l l i n o l e n a t e w e f o u n d (see 
T a b l e II) that p l a t i n u m ( I I ) c o m p l e x e s w e r e m o r e ac t i v e u n d e r the 
present c ond i t i ons t h a n p a l l a d i u m ( I I ) c o m p l e x e s , a n d that the i n t r o 
d u c t i o n o f a p a r a - e t h y l g r o u p i n t o t r i p h e n y l p h o s p h i n e i n c r e a s e d the 
a c t i v i t y o f the p l a t i n u m ( I I ) ca ta lys t m a r k e d l y a n d that o f the p a l 
l a d i u m ^ ) ca ta lys t s l i g h t l y . I n t r o d u c i n g a p a r a - n o n y l g r o u p i n t o the 
p a l l a d i u m ( I I ) s y s t e m m a r k e d l y d e p r e s s e d b o t h a c t i v i t y a n d se l e c t i v 
i ty , a ga in s u g g e s t i n g that a c o m p l e x set o f factors p r o b a b l y i n c l u d i n g 
i n t e ra c t i on w i t h the so l ven t are i n v o l v e d i n d e t e r m i n i n g ca ta l y t i c ac
t i v i t y . T h e greater a c t i v i t y o f the p l a t i n u m ( I I ) o v e r the p a l l a d i u m ( I I ) 
c o m p l e x e s u n d e r p resent c ond i t i ons w e l l m a y b e a re f l ec t i on o f t h e i r 
greater s t ab i l i t y . N o s igns o f d e c o m p o s i t i o n w e r e d e t e c t e d w h e n 
p l a t i n u m ( I I ) c o m p l e x e s w e r e u s e d , whe r eas d e p o s i t i o n o f m e t a l was 
appa ren t w h e n p a l l a d i u m ( I I ) c o m p l e x e s w e r e u s e d . 

S i n c e the na tu r e o f the so l v en t p l ays a n i m p o r t a n t par t i n these 
hydrogénations (11) a n d s ince m e t h a n o l coo rd ina tes to p a l l a d i u m ( I I ) 
a n d p l a t i n u m ( I I ) (12) a n d w i l l there fore c o m p e t e w i t h the subst ra te , i t 
was i n t e r e s t i n g to e x a m i n e the e f fect iveness o f the p resent cata lysts i n 
the absence o f a n y so l v en t o ther t h a n the substra te i tse l f . W h e n c o m 
p a r i n g the resu l t s o b t a i n e d i n the absence o f s o l v en t (see T a b l e II I ) 
w i t h those i n Tab l e s I a n d I I , w e m u s t e m p h a s i z e that i n the f o rmer 
case the a m o u n t o f substra te has b e e n i n c r e a s e d b y a factor o f 2.5, the 
a m o u n t o f ca ta lys t has b e e n h a l v e d , a n d the a m o u n t o f h y d r o g e n has 
r e m a i n e d u n a l t e r e d . Q u a l i t a t i v e obse r va t i on o f the rate o f f a l l o f h y 
d r o g e n p ressure i n the au t o c l a v e sugges t ed that the i n i t i a l r eac t i on i n 
the absence o f so l v en t was faster t h a n i n its p resence . F u r t h e r w o r k is 
c u r r e n t l y i n progress to c on f i rm th is obse r va t i on a n d to m o d i f y the 
au toc l a v e , e n a b l i n g hydrogénations to b e c a r r i e d ou t u n d e r cons tant 
h y d r o g e n p ressure ra ther t h a n m e r e l y constant h y d r o g e n v o l u m e as is 
b e i n g d o n e p r esen t l y . T h i s w i l l ensure that hydrogénations c a n b e 
t o ta l l y c o m p l e t e d . 
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Experimental 

Olef in hydrogénations were performed in a 250-mL stainless steel auto
clave equ ipped w i th a glass l iner using a st irr ing speed of 500 rpm. The auto
clave was charged w i th reactants, assembled, and gas was introduced to the 
desired in i t ia l pressure. A l l valves remained closed throughout the reaction. A 
thermostat was prov ided to enable temperature control. Product analysis was 
carried out v ia gas chromatography using a 2 0 % diethylene glycol succinate 
on Chromasorp Ρ (60-80 mesh) stationary phase in a glass co lumn at 200°C. 

The reaction of trans- [Rh(PR 3 ) 2 Cl(CO) ] w i th methyl iodide was studied 
by monitor ing the IR spectra of solutions of the complex (2 x 10 " 2 mo l L - 1 ) in 
methyl iodide (redistilled) in a thermostatted solution IR ce l l prov ided w i th 
sodium chloride windows. A P e r k i n - E l m e r mode l 577 spectrometer was used. 
The data was analyzed us ing the F A C S I M I L E computer program (14). 

Oxidative Addition to trans-[ Rh(PRz)t Cl(CO)] 

S i n c e one o f the k e y steps i n the a c t i va t i on o f a lkanes is b e l i e v e d 
to b e o x i d a t i v e a d d i t i o n , a n d s ince th is r eac t i on is v e r y i m p o r t a n t i n the 
m e c h a n i s m o f m a n y h o m o g e n e o u s cata lys ts , i t was i n t e r e s t i n g to de 
t e r m i n e the in f luence o f the p r esen t series o f p h o s p h i n e s o n th is t y p e 
o f r eac t i on . The r e f o r e w e d e c i d e d to s t u d y the o x i d a t i v e a d d i t i o n o f 
m e t h y l i o d i d e to trans- [ R h ( P R 3 ) 2 C l ( C O ) ] b e c a u s e th is r eac t i on has 
b e e n s t u d i e d p r e v i o u s l y (13) w i t h P R 3 = P P h 3 , F e H 4 O M e - p ) 3 , 
P ( C e H 4 F - p ) 3 , a n d A s P h 3 , a n d a lso b e c a u s e i t is r e l a t i v e l y easy to i n d e 
p e n d e n t l y m o n i t o r the loss o f trans- [ R h ( P R 3 ) 2 C l ( C O ) ] , the f o rmat i on 
a n d la ter d e c a y o f [ R h ( P R 3 ) 2 C l ( C O ) ( C H 3 ) I ] , a n d the s u b s e q u e n t f o rma
t i o n o f [ R h ( P R 3 ) 2 C l ( C O C H 3 ) I ] b y r e c o r d i n g the C = 0 s t r e t c h i n g r e g i o n 
o f the I R s p e c t r u m as a f unc t i on o f t i m e . T h e r eac t i on is r e p o r t e d to 
o c c u r b y the f o l l o w i n g m e c h a n i s m : 

w h i c h i n the p resence o f excess m e t h y l i o d i d e c a n b e e x a m i n e d i n 
t e rms o f a m o d e l : 

[ R h ( P R 3 ) 2 C l ( C O ) ] + C H 3 I ^ ± [ R h ( P R 3 ) 2 C l ( C O ) ( C H 3 ) I ] 

(5) 

vco -' 1705 c m 
VII 

V I VII (6) 

T h e F A C S I M I L E c o m p u t e r p r o g r a m (14) w a s u s e d to a n a l y z e da ta 
o b t a i n e d w h e n so lu t i ons o f trans- [ R h ( P R 3 ) 2 C l ( C O ) ] (2 x 1 0 " 2 m o l L " 1 ) 
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T a b l e I I I . T h e H o m o g e n e o u s Hydrogénation o f M e t h y l L i n o l e n a t e 

i n the P r e s e n c e o f 0 .33 m m o l [ M L 2 C 1 2 ] a n d 2.9 m m o l 

H 2 Pressure Methyl 
M L (atm) Stéarate 

Methyl Linolenate 
N o n e 0 4 0 — 

P l a t i n u m P ( n - C 8 H 1 7 ) 3 4 0 — 

P a l l a d i u m P P h 3 4 0 — 

Methyl Linolenate + Methyl Linoleate (Mixture D 
N o n e 0 — 4 0 — 

P l a t i n u m P ( - Q - C 4 H 9 ) 3 

4 0 — 

P a l l a d i u m P ( - Q - C 9 H 1 9 ) 3 4 0 — 

P a l l a d i u m P ( - Ο - C 9 H 1 9 ) 3 2 0 — 

Methyl Linolenate + Methyl Linoleate (Mixture 2) 
N o n e 0 — 4 0 — 

P l a t i n u m P P h 3 4 0 — 

a Control hydrogénation carried out in the absence of catalyst. 

i n m e t h y l i o d i d e w e r e a l l o w e d to react at v a r i ous t empera tures . A n 
ana lys i s o f the da ta o b t a i n e d w i t h P ( C e H 4 B u - p ) 3 a c c o r d i n g to E q u a 
t i o n 6 gave a ra ther poo r fit to the da ta (see F i g u r e 2). I n p a r t i c u l a r the 
rate o f f o rmat i on o f [ R h { P ( C e H 4 B u - p ) 3 } 2 ( C O C H 3 ) C l I ] at t imes v e r y 
c l ose to the start is m o r e r a p i d t h a n e x p e c t e d f r o m E q u a t i o n 6. H o w 
ever , w h e n a n u m b e r o f a l t e rna t i v e m o d e l s w e r e t r i e d , w e f o u n d that 
the f o l l o w i n g m o d e l i n w h i c h V I is f o r m e d b u t is not a n i n t e r m e d i a t e 
i n the f o rmat i on o f V I I gave the bes t fit. T h e c a l c u l a t e d 

v à v i (7) 

. χ -
V I I 

absorbances o b t a i n e d w h e n the da ta is a n a l y z e d a c c o r d i n g to E q u a t i o n 
7 a n d the o b s e r v e d absorbances are s h o w n i n F i g u r e 3. F o r c o m p a r i s o n 
the s u m o f the squares o f errors ( obse r ved absorbance - c a l c u l a t e d 
absorbance ) i n F i g u r e 2 is 2 1 0 whe r eas i n F i g u r e 3 i t is 65 . 

A m e c h a n i s m that is cons is tent w i t h the s c h e m e i n E q u a t i o n 7 is 
g i v e n i n S c h e m e I. I f k2 w e r e s m a l l r e l a t i v e to k4, fc5, Zce, a n d k7 t h e n the 
r eac t i on m e c h a n i s t i c a l l y w o u l d f o l l o w E q u a t i o n 7. H a l i d e ions 
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(10 g) a n d M i x t u r e s o f M e t h y l L i n o l e n a t e a n d M e t h y l L i n o l e a t e (10 g) 
S n C l 2 i n the A b s e n c e o f S o l v e n t at 90°C for 3 h 

Products Formed (%) 

Non-
Mono- conjugated 
olefin Diolefin 

15.8 45.4 
8.8 45 .0 

2.0 19.9 

36 .9 32.4 

47.1 33.4 

3.5 20 .5 

1.2 12.0 
11.6 29.4 

ca ta l y z e the o x i d a t i v e a d d i t i o n o f a l k y l h a l i d e s to r h o d i u m ( I ) (15) so 
that k5 u n d o u b t e d l y w i l l b e q u i t e large . H o w e v e r , is there a n y e v i 
d e n c e for the p resence o f a n y h a l i d e ions to effect the k4 s t ep? T h e r e is, 
a l t h o u g h the m e c h a n i s m b y w h i c h t h e y are f o r m e d is u n c e r t a i n b e 
cause b o t h w e a n d others (13) obse rve that there is a n inc rease i n the 
c o n d u c t a n c e d u r i n g the course o f the r eac t i on . I n a d d i t i o n b o t h w e a n d 
others (13) obse rve a n i n i t i a l i n d u c t i o n p e r i o d d u r i n g w h i c h these 
h a l i d e ions m a y b e f o rmed . B o t h ke a n d k7 are b e l i e v e d to b e e v e n 
la rger t h a n fc5 b e c a u s e p r e v i o u s w o r k w i t h a n i o n i c r h o d i u m ( I ) c o m 
p l exes has s h o w n that the o x i d a t i v e a d d i t i o n o f m e t h y l i o d i d e ra ther 
t h a n the c o m b i n a t i o n o f m e t h y l a n d c a r b o n y l l i g a n d s is rate d e t e r m i n 
i n g (16). T h u s o f the rate constants fc4, /c5, fce, a n d k7, fc5 is the sma l l e s t 
a n d i t is l a rger t h a n kv A l t h o u g h the m e c h a n i s m i n S c h e m e I ( and i n 
E q u a t i o n 7) g ives a s i gn i f i c an t l y be t te r fit for the o b s e r v e d data i n the 
case o f t r i s ( p - b u t y l p h e n y l ) p h o s p h i n e t h a n that i n E q u a t i o n 5 ( and i n 
E q u a t i o n 6), the d i s t i n c t i o n i n the case o f t r i p h e n y l p h o s p h i n e is less 
c l ea r - cu t (see T a b l e IV ) . H o w e v e r w e favor S c h e m e I b e cause it r e a d 
i l y accounts for b o t h the o b s e r v e d i n d u c t i o n p e r i o d a n d the inc rease i n 
c o n d u c t a n c e d u r i n g the r eac t i on . 

W h e n trans- [ R h ( P R 3 ) 2 C l ( C O ) ] c o m p l e x e s i n w h i c h R was n - C 4 H 9 

a n d n - C 1 8 H 3 7 w e r e d i s s o l v e d i n m e t h y l i o d i d e , r a p i d o x i d a t i v e a d d i t i o n 

Conjugated Diolefin Non- Con-
conjugated jugated 

cis-trans trans-trans Triolefin Triolefin 

— — 100 — 
16.5 22 .3 — — 
16.3 29 .9 — — 

— — 78.1 — 

7.7 23 .0 — — 

5.2 14.3 — — 

11.5 18.5 30 .0 16.0 

— — 86.8 — 
16.9 42.1 — — 
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0 10 20 30 48 82 182 

Figure 2. Observed ( ) and calculated (---) absorbances for 

[Rh{P(— <Q> —Bu)3}2Cl(CO)J + Mel based on the model in Equation 6 
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Figure 3. Observed ( ) and calculated (---) absorbances for 

[Rh{P(— —Bu)3}2Cl(CO)] + Mel based on the model in Equation 7 
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T a b l e IV . A n a l y s i s o f the A b s o r b a n c e D a t a for the R e a c t i o n o f 
f r a n s - [ R h ( P R 3 ) 2 C l ( C O ) ] w i t h M e t h y l I o d i d e A c c o r d i n g to 

E q u a t i o n s 6 a n d 7 

Sum of Squares of Errors 

Phosphine Temperature (°C) Equation 6 Equation 7 

P ( — Q — R u ) 3 16.5 6 4 0 72 

28 .5 6 9 0 107 
36 .3 2 7 0 6 5 

P P h 3 20 .5 1510 780 
26 .5 1610 740 
33 .3 1480 620 

o f m e t h y l i o d i d e to y i e l d f r a n ^ - [ R h ( P R 3 ) 2 C l ( C O ) ( C H 3 ) I ] o c c u r r e d , b u t 
s u b s e q u e n t c o m b i n a t i o n o f m e t h y l a n d c a r b o n y l l i g a n d s to f o rm a n 
a c y l c o m p l e x d i d not take p l a c e . T h e s e react ions a c c o r d i n g l y f o l l o w e d 
s i m p l e f i rst -order rate l a w s . 

T h e o b s e r v e d rate constants are g i v e n i n T a b l e V . I n o rde r to c o m 
pare rate constants , v a lue s at 18°C w e r e d e t e r m i n e d f r om p lo ts o f l n k 
vs . T " 1 (see T a b l e V ) . It is appa r en t that the rate o f o x i d a t i v e a d d i t i o n o f 
m e t h y l i o d i d e to trans- [ R h ( P R 3 ) 2 C l ( C O ) ] as m e a s u r e d b y the va lues o f 
kx at 18°C increases as the p h o s p h i n e is a l t e r ed i n the f o l l o w i n g order : 

P P h 3 < P ( — Q— R u ) 3 < P ( n - C 1 8 H 3 7 ) 3 < P ( n - C 4 H 9 ) 3 < P ( n - C 8 H 1 7 ) 3 . 

T h e o rde r P P h 3 < P ( — 0 — R u ) 3 < P ( n - a l k y l ) 3 f o l l ows the e x p e c t e d 

o rde r o f e l e c t r o n - d o n a t i n g a b i l i t y . T h e e l e c t r on -dono r a b i l i t i e s o f a l l 

T a b l e V. Ra t e C o n s t a n t s kx a n d Jk3 D e f i n e d A c c o r d i n g to E q u a t i o n 7 
for the R e a c t i o n o f 2 x 1 0 " 2 m o l L " 1 trans- [ R h ( P R 3 ) C l ( C O ) ] w i t h 

M e t h y l I o d i d e 

Tem
perature 

PR3 (°C) k^sec 1) k3(sec V k^sec-1)" 

P P h 3 20 .5 7.2 χ Ι Ο " 5 9.9 χ 1 0 " 5 5.0 x 1 0 " 5 

26 .5 1.7 x 1 0 - " 1.3 χ 1 0 - " 
33 .3 5.2 χ ΙΟ " 4 2.8 χ 1 0 ~ 4 

P ( _ Q - B u ) 3 16.5 4.0 χ 1 0 " 4 1.4 χ 1 0 " 4 4.2 x 1 0 " 4 

28 .5 9.0 x 1 0 " 4 4.1 x 1 0 ~ 4 

36 .3 2.4 x 1 0 ~ 3 6.1 x 1 0 " 4 

P ( n - C 1 8 H 3 7 ) 3 10.5 5.6 x 1 0 " 3 — 7.8 χ 1 0 " 3 

19.0 7.9 x 1 0 - 3 — 

P ( n - C 8 H 1 7 ) 3 18.0 1.3 x 1 0 " 2 — 1.3 χ 1 0 " 2 

P ( n - C 4 H e ) 3 18.3 1.2 x 10~ 2 — 1.2 χ 1 0 " 2 

a The ki values at 18°C obtained from plots of ln fci vs. Γ Κ 
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three t r i a l k y l p h o s p h i n e s are e x p e c t e d to b e v e r y s i m i l a r . T h e larger 
s ter ic b u l k o f P ( n - C i 8 H 3 7 ) 3 m a y b e r e s p o n s i b l e for its s i gn i f i c an t l y 
l o w e r a b i l i t y at p r o m o t i n g o x i d a t i v e a d d i t i o n . H o w e v e r the r e l a t i v e 
o rder o f the t r i a l k y l p h o s p h i n e s suggests that s u b t l e so l va t i on effects 
are v e r y impo r t an t . I n the p r e v i o u s p a r a g r a p h w e sugges t ed that the fc3 

va lues i n T a b l e V l a r g e l y re f lect the ks s t ep o f S c h e m e I w h i c h is i t s e l f 
the o x i d a t i v e a d d i t i o n o f m e t h y l i o d i d e to a n a n i o n i c r h o d i u m ( I ) c o m 
p l ex . A g a i n the rate constants (fc3) i n T a b l e V s h o w that P(—<Q>—Bu)3 

is m o r e e f fect ive t h a n t r i p h e n y l p h o s p h i n e at p r o m o t i n g th is o x i da t i v e 
a d d i t i o n . 

Scheme I 

[RhL 2(CO)Cl] 
kl + CH 3] [RhL 2(CO)Cl(CH 3)I] 

/ c 4 , + Γ - L 

[RhL(CO)ClI]-

* 5 , + C H 3 I 

[RhL 2(COCH 3)ClI] 

fc7, - r 

[RhL(CO)Cl(CH 3)I 2]-

Conclusions 

[RhL 2 Cl(COCH 3 )I 2 ]-

Te r t i a r y p h o s p h i n e g r oups w i t h l o n g a l k y l c h a i n s b o u n d d i r e c t l y 
to p h o s p h o r u s or s u b s t i t u t e d at the pa ra p o s i t i o n o f t r i p h e n y l p h o s 
p h i n e g i v e r ise to a range o f i n t e r e s t i n g a n d p o t e n t i a l l y use fu l c o m 
p l e x e s . I n p a r t i c u l a r these m a y b e u s e d to p r e p a r e p o l y o l e f i n h y d r o 
génation cata lysts b a s e d o n p l a t i n u m ( I I ) a n d p a l l a d i u m ( I I ) c o m p l e x e s 
that are b o t h m o r e ac t i v e a n d m o r e s e l e c t i v e t owards r e d u c t i o n to 
monoo l e f ins t h a n p r e v i o u s cata lys ts b a s e d o n these sys tems . T h e 
p l a t i n u m ( I I ) c o m p l e x e s are be t t e r t h a n the p a l l a d i u m ( I I ) c o m p l e x e s . 
A d d i t i o n a l l y the n e w p h o s p h i n e s are m o r e e f f ec t ive t h a n t r i p h e n y l 
p h o s p h i n e i n p r o m o t i n g the o x i d a t i v e a d d i t i o n o f m e t h y l i o d i d e to 
trans- [ R h ( P R 3 ) 2 C l ( C O ) ] . 
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17 
Homogeneous Catalytic Oxidation 
with Phosphine-Substituted 
Complexes of Rhodium Carbonyl 
Clusters 
Rh6(CO)16- and Re2(CO)10-Catalyzed Autoxidation 
of Ketones and Alcohols 

D. MAX ROUNDHILL , MARK K. DICKSON, NAGARAJ S. DIXIT, and B. P. 
SUDHA-DIXIT 
Department of Chemistry, Washington State University, Pullman, WA 99164 

Rh 6 (CO)16 catalyzes the oxidation of PPh3, PMePh3, and 
AsPh3 with molecular oxygen to OPPh3, OPMePh2, and 
OAsPh3. Rh6 (CO)16 is reformed when CO is added. The 
compounds Rh4(CO)8(PPh3)4 and Rh2(CO)6(PPh3)2 are 
likely intermediates. Rh6(CO)16 and Re2(CO)10 catalyze 
the autoxidation of ketones and cyclic alcohols to dicar-
hoxylic acids. The metal carhonyls catalyze the decom
position of hydroperoxides, hydrogen peroxide, and 
peracids. Catalyzed peracid decomposition is shown 
by the decreased yield of є-caprolactone when cyc
lohexanone is oxidized to adipic acid. Increased acid 
yield with Rh6(CO)16 under conditions of increased CO 
and decreased O2 pressure suggest that lower nuclearity 
rhodium carbonyls are active intermediates. 

τ τ sing transition metal carbonyl cluster compounds for a variety 
l * J of homogeneously catalyzed reactions is a field that is experi
encing increased interest and activity (1, 2, 3). The large clusters are 
particularly interesting because of their potential to involve multiple 
metal sites, or their latent function to dissociate to coordinately unsatu
rated reactive species. A compound that has a demonstrated func
tion as a homogeneous catalyst is hexarhodium hexadecacarbonyl, 
Rh e (CO) 1 6 . The hydrogénation of alkenes (4) and aldehydes (5), the 

0065-2393/82/0196-0291$05.00/0 
© 1982 American Chemical Society 
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292 METAL PHOSPHINE COMPLEXES 

h y d r o f o r m y l a t i o n o f a l k enes (6, 7), the c onve r s i on o f synthes is gas i n t o 
g l y c o l (8, 9) , the wa t e r gas shi f t r eac t i on (10, 11), a n d the co - ox i da t i on 
o f C O a n d ke tones w i t h m o l e c u l a r o x y g e n (12) are a m o n g the r e p o r t e d 
ca ta l y t i c react ions u s i n g r h o d i u m c a r b o n y l c lus t e rs . I n a l l o f these reac
t ions the na ture o f the c a t a l y t i c a l l y a c t i v e spec i e s is a major p o i n t o f 
interest . I n the a l d e h y d e hydrogénation i t is c o n s i d e r e d l i k e l y that the 
ac t i v e c o m p o u n d is the m o n o m e r R h H ( C O ) 3 , b u t i n the g l y c o l forma
t i on f r om synthes is gas there is i n v o l v e m e n t o f the h i g h e r aggregates 
[ R h 1 2 ( C O ) 3 0 ] 2 - a n d [ R h ^ C O ) ^ 2 " . 

Oxidation of Triphenylphosphine 

O u r in teres t i n the ca ta l y t i c c h e m i s t r y o f R h e ( C O ) i 6 has b e e n i n 
the use o f the c o m p o u n d as a h o m o g e n e o u s ca ta lys t for o x i d i z i n g 
p h o s p h i n e s a n d o r gan i c c o m p o u n d s w i t h m o l e c u l a r oxygen . T h e c o m 
p o u n d R h e ( C O ) i e is a n e f fect ive ca ta lys t for c o n v e r t i n g t r i p h e n y l p h o s 
p h i n e , m e t h y l d i p h e n y l p h o s p h i n e , a n d t r i p h e n y l a r s i n e to the i r corre 
s p o n d i n g ox ides . T h e r eac t i on is c a r r i e d out at r o o m t empe ra tu r e i n 
d r y b e n z e n e so l v en t u n d e r a 1-atm pressure o f C O a n d 0 2 . T h e c o m 
p o u n d R h e ( C O ) i e i t s e l f has n e g l i g i b l e s o l u b i l i t y i n b e n z e n e , b u t c o m -
p l e x a t i o n o c cu r s i n the p resence o f t r i p h e n y l p h o s p h i n e a n d the m i x 
ture b e c o m e s h o m o g e n e o u s . T h u s a s t i r r e d m i x t u r e o f R h e ( C O ) i 6 (23 
m g , 0.02 m m o l ) a n d t r i p h e n y l p h o s p h i n e (310 m g , 1.2 m m o l ) i n b e n 
z e n e (30 m L ) resu l ts i n the c o m p l e t e c o n v e r s i o n to t r i p h e n y l p h o s 
p h i n e o x i d e after 2 h . T h e r eac t i on m i x t u r e is m a i n t a i n e d i n contact 
w i t h C O . D u r i n g the ca ta l y t i c c y c l e th is C O is o x i d i z e d to C 0 2 . T h i s 
o n l y o c cu r s i n c o n j u n c t i o n w i t h the o x i d a t i o n o f the p h o s p h i n e , a n d 
after the t r i p h e n y l p h o s p h i n e is o x i d i z e d c o m p l e t e l y C 0 2 f o rmat ion 
a p p a r e n t l y ceases a n d R h e ( C O ) i 6 is r e f o rmed . T h i s r egenera t i on o f 
R h e ( C O ) i e c o m p l e t e s the ca ta l y t i c c y c l e a n d avo i d s the u l t i m a t e forma
t i on o f r h o d i u m m e t a l or r h o d i u m o x i d e after the t r i p h e n y l p h o s p h i n e 
has b e e n c o n v e r t e d c o m p l e t e l y to t r i p h e n y l p h o s p h i n e o x i d e . 

It is apparen t , h o w e v e r , that R h e ( C O ) i e is not the spec i es i n v o l v e d 
i n a c t i v a t i n g oxygen . E a r l y i n the ca ta l y t i c c y c l e the s o lu t i on is r e d , 
a n d the I R s p e c t r u m i n the c a r b o n y l r e g i on co r r e sponds to that 
f o u n d for R h 4 ( C O ) 8 ( P P h 3 ) 4 K o 1975sh , 1955s, 1 7 5 5 w c m " 1 ( C 6 H e / -
C H C 1 3 ) ) (13). (O ther p o s s i b l e r e d - c o l o r e d c o m p o u n d s that have b e e n 
c o n s i d e r e d are R h 4 ( C O ) n ( P P h 3 ) (13), R h 4 ( C O ) 1 0 ( P P h 3 ) 2 (13, 14), 
R h e ( C O ) 1 0 ( P P h 3 ) e (13).) T h e fo rmer t w o c a n b e d i s c o u n t e d from I R 
spec t r a l e v i d e n c e , b u t not the lat ter c o m p o u n d . W e fee l that the c o m 
p o u n d R h 4 ( C O ) 8 ( P P h 3 ) 4 has b e e n c h a r a c t e r i z e d mo r e a d e q u a t e l y t h a n 
R h 6 ( C O ) 1 0 ( P P h 3 ) 4 , a n d hence w e ass ign th is f o rmer s t ruc ture to o u r 
data.) D u r i n g the lat ter stages o f the r eac t i on the co l o r changes to 
y e l l o w . F r o m th is s o lu t i on a c o m p o u n d has b e e n i s o l a t ed that corre 
sponds to R h 2 ( C O ) e ( P P h 3 ) 2 (pco 1960s, 1955s, 1 9 1 0 w c m " 1 ( N u j o l mu l l ) ) 
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(14) b y I R spec t roscopy . W e c o n c l u d e that R h e ( C O ) i 6 unde r goes 
s u b s t i t u t i o n w i t h t r i p h e n y l p h o s p h i n e l e a d i n g to l o w e r n u c l e a r i t y 
r h o d i u m ( O ) c a r b o n y l t r i p h e n y l p h o s p h i n e c o m p l e x e s . It is l i k e l y that 
one (or more ) o f these c o m p o u n d s reacts w i t h o x y g e n to f o rm a n oxy
g en c o m p l e x that in i t i a t es the o x i d a t i o n o f t r i p h e n y l p h o s p h i n e . T h e 
r eac t i on is i n h i b i t e d b y α-naphthol a n d 2 ,6 -b i s ( f -bu ty l ) -p - c reso l , a n d 
the m e c h a n i s m is p r o b a b l y s i m i l a r to that f o u n d for the ca ta lys t 

T h e t rans format ions that are p r o p o s e d to o c c u r d u r i n g the o x i 
da t i on o f t r i p h e n y l p h o s p h i n e are o u t l i n e d i n S c h e m e I. T h e cata
l y z e d o x i d a t i o n o f t r i p h e n y l p h o s p h i n e is not a g ene ra l one for b i n a r y 
m e t a l c a r b o n y l s . A t t e m p t e d o x i d a t i o n u n d e r i d e n t i c a l c ond i t i ons 
w i t h C r ( C O ) 6 , M o ( C O ) 6 , W ( C O ) e , F e ( C O ) 5 , M n ( C O ) 1 0 , R e 2 ( C O ) 1 0 , a n d 
R u 3 ( C O ) 1 2 g i ves n e g l i g i b l e a m o u n t s o f t r i p h e n y l p h o s p h i n e ox i d e . 

Scheme 1. Intermediates in Rh6(CO)16-catalyzed oxidation of PPh3 

Oxidation of Organic Compounds 

I n e a r l i e r p u b l i c a t i o n s w e d e s c r i b e d u s i n g the c o m p l e x R h e ( C O ) i e 

as a h o m o g e n e o u s cata lys t for the o x i d a t i o n , w i t h m o l e c u l a r o xygen , o f 
c a r b o n m o n o x i d e to c a r b o n d i o x i d e , a n d o f ke tones to c a r b o x y l i c ac ids 
(12). I n that w o r k w e c o n c l u d e d that the o x i d a t i o n o f ke tones was a 
f r ee - rad i ca l process , b u t the r o l e o f the t rans i t i on m e t a l c a r b o n y l c o m 
p l e x was not i d e n t i f i e d . T w o ro les a p p e a r to h a v e b e e n i d e n t i f i e d for 
m e t a l c o m p l e x e s i n ox ida t i ons w i t h m o l e c u l a r oxygen . T h e first is the 
c o o r d i n a t i o n a n d ac t i va t i on o f m o l e c u l a r o x y g e n (16). T h i s r o l e has 
b e e n c l a i m e d i n c o n v e r t i n g p h o s p h i n e s to p h o s p h i n e ox ides (15), a l -
kenes to ke tones (17, 18, 19, 20), a l kenes to epox i d e s (21), a n d 
i s o cyan ides to i socyanates (22). A fur ther r o l e i d e n t i f i e d for t rans i t i on 
m e t a l c o m p o u n d s i n c a t a l y z e d ox ida t i ons is the d e c o m p o s i t i o n o f p r e 
f o r m e d pe rox ides . E x a m p l e s o f u s i n g s i m p l e m e t a l salts are i n the 
o x i d a t i o n o f a lkenes , a romat i cs , a lkanes (23), a n d c y c l o h e x a n o n e (24). 
S i m i l a r l y , c o m p l e x e s o f h e a v y - m e t a l ions i n l o w o x i d a t i o n states have 
b e e n u s e d i n o x i d i z i n g a l d e h y d e s to c a r b o x y l i c ac ids (25, 26 ) , a n d o f 
c y c l o h e x e n e to 2 - c y c l o h e x e n e - l - o n e (27, 28). 

P t ( P P h 3 ) 3 (15). 

R h 2 ( C O ) 6 ( P P h 3 ) 2 R h 4 ( C O ) 8 ( P P h 3 ) 4 

O P P h 3 0 2 + P P h 3 
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O u r ea r l i e r w o r k w i t h R h 6 ( C O ) i e was the first e x a m p l e o f u s i n g a 
t rans i t i on m e t a l c a r b o n y l c o m p o u n d for c a t a l y z e d ox ida t i ons . W e n o w 
find that R h e ( C O ) 1 6 is not u n i q u e i n f u n c t i o n i n g as a h o m o g e n e o u s 
ca ta lys t for o x i d i z i n g ke tones . T h e d i m e r R e 2 ( C O ) 1 0 is e q u a l l y effec
t i v e . T h e r eac t i on m i x t u r e is h o m o g e n e o u s t h r o u g h o u t the ca ta l y t i c 
r eac t i on . T h e c a r b o n y l is not d e c o m p o s e d a n d c a n b e r e c o v e r e d q u a n 
t i t a t i v e l y at the e n d o f the o x i d a t i o n . T h i s lat ter s i tua t i on e v e n p r e v a i l s 
w h e n the ox ida t i ons are c a r r i e d out i n the absence o f c a r b o n m o n o x i d e . 
S p e c i e s cha rac t e r i z a t i on is d o n e b y i so la t i on m e t h o d s or b y I R spec 
t r o s copy i n the c a r b o n y l r e g i on . 

I n a b r i e f s u r v e y o f o ther s i m p l e b i n a r y c a r b o n y l s w e find that the 
c o m p o u n d s M ( C O ) e ( M = C r , M o , W ) a n d R u 3 ( C O ) 1 2 have o n l y m i n i 
m a l ca t a l y t i c a c t i v i t y for a u t o o x i d i z i n g a l coho l s or ke tones . T h e c o m 
p o u n d s F e ( C O ) 5 a n d F e 3 ( C O ) 1 2 are d e c o m p o s e d c o m p l e t e l y w h e n w e 
t ry to use t h e m as cata lys ts . W h e n the c o m p o u n d M n 2 ( C O ) 1 0 is u s e d , 
there is a c o n s i d e r a b l e e n h a n c e m e n t i n a c i d f o rmat ion . D u r i n g th is 
r eac t i on there is ex t ens i ve d e c o m p o s i t i o n to manganese d i o x i d e , a n d 
w e b e l i e v e that th is c o m p o u n d is the one p r i m a r i l y i n v o l v e d i n the 
ca ta l y t i c o x i d a t i o n . 

Oxidation of Cyclohexanone 

O u r da ta o n the c a t a l y z e d o x i d a t i o n o f c y c l o h e x a n o n e are s h o w n i n 
Tab l e s I, I I , a n d I I I . T h e so l v en t effects o n a d i p i c a c i d y i e l d r e q u i r e 
c o m m e n t . A l t h o u g h so l v en t effects o f ten are c o n s i d e r e d to b e s m a l l i n 
f r ee - rad i ca l c h e m i s t r y , w e find that o u r da ta is cons is tent w i t h the 
p u b l i s h e d so l v en t effects o n the d e c o m p o s i t i o n rate o f b e n z o y l 

T a b l e I. S o l v e n t E f f ec ts i n the O x i d a t i o n o f C y c l o h e x a n o n e to 
A d i p i c A c i d (Reac t i on C o n d i t i o n s : C y c l o h e x a n o n e , 5 m L ; 

O x y g e n , 5 0 0 l b i n . " 2 ; T e m p e r a t u r e , 96°C Y i e l d B a s e d 
o n C y c l o h e x a n o n e ) 

Adipic 
Time Acid Yield Catalyst 

Solvent (h) (mmol) (%) (mg) 

C H 2 C 1 2 (10 mL) 20 15.3 30 Re^COxo (25) 
( C H 3 ) 2 C O (10 mL) 25 11.1 22 Re 2 (CO ) 1 0 (25) 
C «H i 2 (5 mL) 24 18.4 36 Re 2 (CO ) 1 0 (25) 
i - B u O H 24 2.1 4 Re 2 (CO ) 1 0 (25) 
C H 3 C N 24 2.2 4 Re 2 (CO) 1 0 (25) 
C „H e (10 mL) 24 2.9 5 Re^COJxo (25) 
C H 2 C 1 2 (10 mL) 24 0.34 0.7 None 
( C H 3 ) 2 C O 24 0.48 1.0 None 
None 18 10.6 21 Re 2 (CO) 1 0 (17)" 

a This reaction is with CO (600 lb in."2) and O z (300 lb in." 2). 
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T a b l e I I . T e m p e r a t u r e a n d O x y g e n P r e s su r e Ef fec ts i n O x i d a t i o n o f 
C y c l o h e x a n o n e to A d i p i c A c i d (Reac t i on C o n d i t i o n s : 

C y c l o h e x a n o n e , 5 m L ; R e 2 ( C O ) 1 0 , 50 m g ; S o l v e n t , 10 m L ) 

Oxygen Adipic 
Temperature Pressure Acid 

Solvent Time (h) (°C) (lb in.'2) ( mmol) 

( C H 3 ) 2 C O 2 0 115° 3 0 0 1 0 . 7 

( C H 3 ) 2 C O 1 8 115° 4 0 0 1 5 . 4 

( C H 3 ) 2 C O 1 5 . 5 115° 5 0 0 2 0 . 8 
( C H 3 ) 2 C O 5 130° 5 0 0 1 7 . 9 
C e H 1 2 2 2 100° 5 0 0 1 2 . 8 
C e H 1 2 5 122° 5 0 0 1 8 . 7 

p e r o x i d e (29). O u r h i g h y i e l d o f a d i p i c a c i d corre la tes w i t h the faster 
rates o f p e r o x i d e d e c o m p o s i t i o n . T h u s o u r da ta i n T a b l e I s h o w i n g 
s m a l l e r y i e l d s o f a d i p i c a c i d i n the so l ven t s e q u e n c e c y c l o h e x a n e > 
d i c h l o r o m e t h a n e > b e n z e n e cor re la te w i t h the r e s p e c t i v e d e c r e a s i n g 
rates for b e n z o y l p e r o x i d e i n these so lvents . F r o m T a b l e I the h i ghes t 
y i e l d o f a d i p i c a c i d is f o r m e d i n the absence o f so lvent . T h i s observa 
t i on m a y b e s i m p l y d u e to c h a i n t e r m i n a t i o n react ions o c c u r r i n g i n the 
so l v en t m e d i a . O f the v o l a t i l e s i d e -p r oduc t s o f c y c l o h e x a n o n e au t ox i 
da t i on , one o f the f ew c o m p o n e n t s to s h o w s i gn i f i cant q u a n t i t a t i v e 
c h a n g e i n the p resence o f R h e ( C O ) i 6 is 2 - ( l - c y c l o h e x e n y l ) - c y c l o h e x a -
none . T h e y i e l d o f th i s c o n d e n s a t i o n p r o d u c t increases b y a factor o f 
f our i n the c a t a l y z e d r eac t i on . T h i s p r o d u c t has b e e n r e p o r t e d p r e v i 
o u s l y i n the au t ox i da t i on o f c y c l o h e x a n o n e , a n d arises f r om a self-
c ondensa t i on r eac t i on o f the k e t one ( I ) . 

T h e r eac t i on p a t h w a y a n d p r o d u c t d i s t r i b u t i o n o b s e r v e d i n the 
R e 2 ( C O ) 1 0 - a n d R h e ( C O ) i e - c a t a l y z e d au t ox i da t i on o f c y c l o h e x a n o l a n d 
c y c l o h e x a n o n e are s h o w n i n S c h e m e I I . A n i m p o r t a n t i n t e r m e d i a t e is 
the p e r a c i d . I n th is s e q u e n c e the p e r a c i d is the final i n t e r m e d i a t e ; 

a d i p i c a c i d resu l ts f r o m the final r eac t i on b e t w e e n th is c o m p o u n d a n d 
the a l d e h y d e . W e h a v e assayed l ac tone f o rmat i on b o t h as a means o f 
i d e n t i f y i n g p e r a c i d as a n i n t e r m e d i a t e , a n d o f p r o b i n g a n y changes i n 
p e r a c i d concen t ra t i on c a u s e d b y the p resence o f R h e ( C O ) i 6 . I n the case 
o f c y c l o h e x a n o n e w e have u s e d the y i e l d o f e -capro lactone as a m e a 
sure o f th i s i n t e r m e d i a t e p e r a c i d . I n b o t h the absence a n d presence o f 
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T a b l e I I I . A c i d Y i e l d s from C y c l i c K e t o n e s 

Ketone (mL) 

C y c l o p e n t a n o n e (5) 
C y c l o h e x a n o n e (5) 
C y c l o h e p t a n o n e (10) 
A c e t o n e (10) 

Solvent (mL) 

A c e t o n e (20) 
N o n e 
N o n e 
N o n e 

Acid 
(mmol) 

10.1 
21.2 

9.3 
0.8 

R h e ( C O ) 1 6 , the p r o d u c t m i x t u r e conta ins €-capro lac tone . A n a l y s i s o f the 
o x i d a t i o n p r o d u c t s for the u n c a t a l y z e d a n d R h e ( C O ) i 6 - c a t a l y z e d o x i d a 
t i on o f c y c l o h e x a n o n e s h o w s the r e s p e c t i v e rat ions o f e -capro lac tone 
to b e 0.43 a n d 1.00 w h e n m e a s u r e d aga inst a n a d d e d a l i q u o t o f 
d o d e c a n e . T h u s there is a dec rease i n €-capro lac tone f o rmat ion i n the 
p resence o f R h e ( C O ) 1 6 . T h i s obse r va t i on is cons is tent w i t h the p r e m i s e 
that the m e t a l c a r b o n y l acce lerates the d e c o m p o s i t i o n o f p e r ox ides . I n 
the p resence o f R h e ( C O ) i e , the i n c r e a s e d d e c o m p o s i t i o n rate o f p e r a c i d 
l e a d i n g to a l o w e r steady-state c oncen t ra t i on o f th i s spec i es , a n d hence 
to its r e d u c e d t rans fo rmat i on to €-capro lac tone is e x p e c t e d . T h e s e data 
suppo r t a r eac t i on p a t h w a y p r o c e e d i n g v i a h y d r o p e r o x i d e a n d its sub-

Scheme IL Reaction pathway in the Re2(CO)10- and Rh6(CO)J6-catalyzed 
autoxidation of cyclohexanol and cyclohexanone 

Ο 

O H Ο 

O O H 

( C H 2 ) 4 ( C 0 2 H ) 2 

C O Z H G 0 2 H 

' C O 3 H r C H O 
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(Reaction Conditions: Temperature, 98°C) 

o2 
CO 

Time Catalyst (lb (lb 
(h) (mg) inr2) in. ~2) 

17 R e 2 ( C O ) 1 0 (50) 4 5 0 0 
18 R e 2 ( C O ) 1 0 (17) 5 0 0 0 
2 2 R e 2 ( C O ) 1 0 (22) 5 0 0 0 
2 9 R h e ( C O ) i e (44) 170 3 3 0 

s equen t c o n v e r s i o n to the p e r a c i d . A d i p i c a c i d resu l ts from final reac
t i on b e t w e e n p e r a c i d a n d a l d e h y d e . T h e lat ter steps i n the c h e m i s t r y 
thus r e s e m b l e those f o u n d i n B a e y e r - V i l l i g e r ox ida t i ons . 

Oxidation of Alcohols 

T h e c o m p o u n d s R h e ( C O ) i e a n d R e 2 ( C O ) 1 0 are a lso e f fect ive h o m o 
geneous cata lysts for a u t o x i d a t i n g c y c l i c a l c oho l s to d i c a r b o x y l i c a c i ds . 
S o l v e n t effect da ta for c y c l o h e x a n o l are s h o w n i n T a b l e IV . A g a i n l o w 
y i e l d s are f o u n d i n b e n z e n e so l vent , a n d c o n s i d e r a b l y h i g h e r conve r 
sions i n c y c l o h e x a n e . T h e y i e l d s o f c a r b o x y l i c a c ids o b t a i n e d f r om 
b o t h c y c l i c a n d a c y c l i c a l c oho l s are s h o w n i n T a b l e V . It is appa ren t 
that the a c i d y i e l d s are s m a l l for a c y c l i c a l c oho l s . T h e r e is no di f 
f e rence i n ca ta l y t i c a c t i v i t y w h e t h e r the c o m p o u n d R h e ( C O ) 1 6 or 
R e 2 ( C O ) 1 0 is u s e d a n d l o w y i e l d s are o b t a i n e d f r om b o t h p r i m a r y a n d 
s econdary a l c oho l s . 

Decomposition of Hydrogen Peroxide 

F r o m o u r h i gh -p r e s su r e data i t is appa r en t that the c a r b o n y l s are 
i n v o l v e d m e c h a n i s t i c a l l y i n the d e c o m p o s i t i o n o f p e r o x i d e i n t e r m e d i -

Table IV. Solvent Effects in the Oxidation of Cyclohexanol to Adipic 
Acid (Reaction Conditions: Cyclohexanol, 5 mL; Oxygen, 

500 lb. in." 2; Temperature, 98°C) 

Solvent Adipic Acid Catalyst 
(5mL) Time (h) ( mmol) (40 mg) 

N o n e 22 7.8 R e 2 ( C O ) 1 0 

N o n e 22 1.1 N o n e 
( C H 3 ) 2 C O 22 10.0 R e 2 ( C O ) 1 0 

( C H 3 ) 2 C O 22 1.8 N o n e 
C e H i 2 22 14.2 R e 2 ( C O ) 1 0 

CeHi2 22 4.4 N o n e 
C e H e 22 4.1 R e 2 ( C O ) 1 0 

C « H « 22 1.0 N o n e 
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Table V. Acid Yields from Cyclic and Acyclic Alcohols (Reaction 
Conditions: Alcohol, 10 mL; Time, 2 2 h; Temperature, 98°C) 

Oxygen CO 
Acid Catalyst (lb (lb 

Alcohol (mequiv) (mg) in.~2) in.~' 

C y c l o h e x a n o l 
E t h a n o l 
E t h a n o l 
D i e t h y l c a r b i n o l 
D i e t h y l c a r b i n o l 
I s o p r o p a n o l 
1 -Pheny l e thano l 

15.6 
0.2 
0 .15 
0.7 
0.4 
0 .08 
0 .05 

R e 2 ( C O ) 1 0 (40) 
R e 2 ( C O ) 1 0 (14) 
R h „ ( C O ) i e (15) 
R e 2 ( C O ) 1 0 (17) 
R h „ ( C O ) i e (11) 
R h e ( C O ) i e (10) 
R h e ( C O ) i e (10) 

!) 

500 0 
500 0 
300 500 
500 0 
300 6 0 0 
3 3 0 320° 
325 315» 

0 Time = 12 h, Temperature = 86°. 
6 Time = 24 h, Temperature = 86°. 

ates. The r e f o r e w e h a v e i n v e s t i g a t e d ca ta l y t i c effects o f these m e t a l 
c a r b o n y l s o n h y d r o g e n p e r o x i d e d e c o m p o s i t i o n . W i t h R h e ( C O ) i e reac
t i o n o c cu r s to f o rm a p r o d u c t not ye t c h a r a c t e r i z e d , b u t w i t h R e 2 ( C O ) 1 0 

the c o m p o u n d is r e c o v e r e d u n c h a n g e d . F r o m data i n T a b l e V I i t is 

T a b l e V I . C a t a l y z e d D e c o m p o s i t i o n o f H 2 0 2 . 
( The D a t a are E x p r e s s e d as P e r c e n t 

D e c o m p o s i t i o n for a S o l u t i o n o f 3 0 % H 2 0 2 

(2 m L ) i n S o l v e n t (15 m L ) a n d a R e a c t i o n 
T i m e o f 2 h at 90°C) 

Re2(CO)10 (25 mg) None 

B e n z e n e 64 19 
A c e t o n e 9 2 
C y c l o h e x a n e 57 26 

T a b l e V I I . A c i d P r o d u c e d U s i n g R h e ( C O ) i e w i t h C h a n g i n g 
P r e ssures o f C O a n d 0 2 

Pressure Pressure 
of CO of02 Pressure of CO Acid Time 
(atm) (atm) Total Pressure (mmol) (h) 

3 4 0 330 0.51 1.10 10 
4 4 0 2 2 0 0.67 1.37 10 
520 140 0.79 1.71 10 
540 100 0.84 1.94 10 
5 5 5 70 0.89 2.04 10 
2 8 0 3 8 0 0.42 1.76 12 
5 0 0 160 0.76 2.65 12 
520 110 0 .83 2.84 12 
550 80 0.87 2.96 12 
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appa r en t that these c o m p o u n d s are cata lysts for the d e c o m p o s i t i o n o f 
h y d r o g e n p e r o x i d e , a n d as s u c h g i ves fur ther c r e d e n c e that the m o d e 
o f ac t i on i n the ca ta l y t i c c y c l e is i n h y d r o p e r o x i d e d e c o m p o s i t i o n . 

Pressure Effects on Rhe(CO)16-Catalyzed Cyclohexanone Oxidation 

I n a n a t t empt to o b t a i n some i n f o r m a t i o n c o n c e r n i n g the ca t a l y t i -
c a l l y ac t i v e spec i es i n the R h e ( C O ) i e - c a t a l y z e d c y c l o h e x a n o n e au t ox i 
da t i on , w e have c a r r i e d out a series o f e x p e r i m e n t s w i t h c h a n g i n g C O 
a n d 0 2 pressures u n d e r i s oba r i c c o n d i t i o n s . T h e da ta i n T a b l e V I I h a v e 
b e e n o b t a i n e d at 85 ± 1° u n d e r the i s oba r i c c ond i t i ons o f 6 5 0 ± 20 l b 
i n . - 2 . T h i s c o n d i t i o n is c r e a t e d b y c h a n g i n g the pa r t i a l p r essure o f C O 
i n a m i x t u r e o f C O a n d O z b e t w e e n 0.42 a n d 0.89. T h e da ta i n T a b l e 
V I I are a r r a n g e d to s h o w the effect o n a c i d y i e l d o f c h a n g i n g the C O 
a n d 0 2 p r essure i n a s o lu t i on c o n t a i n i n g R h e ( C O ) 1 6 a n d c y c l o h e x a n o n e . 
D a t a for b o t h 10- a n d 12-h r eac t i on t imes are g i v e n , a n d i n F i g u r e 1 w e 
p l o t the 12-h da ta for a c i d y i e l d i n m i l l i m o l e s aga inst b o t h 0 2 p ressure 
a n d the C O p a r t i a l p ressure . T h e s e da ta s h o w that as the o x y g e n 
pressure decreases , or c o n c u r r e n t l y as the C O pressure increases , there 
is a n increase i n the q u a n t i t y o f c a r b o x y l i c a c i d f o r m e d u n d e r i s oba r i c 
c ond i t i ons . T h i s r esu l t i t u n e x p e c t e d s ince l o w e r i n g the p a r t i a l pres 
sure o f 0 2 creates a s i tua t i on w h e r e its c oncen t r a t i on b e c o m e s i n 
c r e a s i n g l y de f i c i t for its f unc t i on as a reac tant for c o n v e r t i n g b o t h C O 
a n d C 0 2 a n d c y c l o h e x a n o n e to a d i p i c a c i d . The r e f o r e i t is appa r en t 
that there is an inc rease i n c a t a l y t i c a c t i v i t y as the C O pressure is 
ra i s ed . 

T h e mos t r easonab l e e x p l a n a t i o n for these da ta is that u n d e r the 
i n c r e a s i n g C O pressure there is a c o r r e s p o n d i n g inc rease i n the c o n 
cen t ra t i on o f a l o w e r n u c l e a r i t y r h o d i u m c a r b o n y l c o m p o u n d w h i c h is 

ο 

ο 

3.0 

"S 2.0 

1.0 I I I I I I I 

0.4 0.6 0.8 1.0 

Pressure CO/Pressure C O + 0 2 

Figure 1. Plot of acid yield (in millimoles) against the pressure of 
COItotal pressure: Rh6(CO)16; 86° ± 1°C; t = 12 h. 
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the c a t a l y t i c a l l y ac t i v e spec i e s i n the r eac t i on m i x t u r e . T h i s c oncep t 
agrees w i t h p r e v i o u s ideas that s m a l l e r aggregate c a r b o n y l c lus t e r s are 
f o r m e d u n d e r h i g h C O pressure (30, 31). I n p a r t i c u l a r for rhod ium(O ) , 
W h y m a n has s h o w n that at l o w t empera tures a n d u n d e r a n e x t r e m e l y 
h i g h p ressure o f C O there is a c o n v e r s i o n to the d i m e r i c c o m p o u n d 
R h 2 ( C O ) 8 (32). U n d e r o u r e x p e r i m e n t a l c ond i t i ons i t is not po s s i b l e to 
d i r e c t l y obse r ve s u c h i n t e rmed i a t e s , a n d no a t t empt has b e e n m a d e 
ye t to do so. H o w e v e r w e p r e v i o u s l y have u s e d the l o w e r c lu s t e r 
c o m p o u n d R h 4 ( C O ) i 2 as a ca ta lys t for o x i d i z i n g c y c l o h e x a n o n e . T h e 
resu l t s s h o w that the c o m p o u n d is e f fect ive as a cata lyst , b u t is c o n 
v e r t e d to R h e ( C O ) i e a n d is no t r e c o v e r a b l e as R h 4 ( C O ) 1 2 . 

T h e c h e m i s t r y a n d func t i on o f R h e ( C O ) 1 6 a n d R e 2 ( C O ) 1 0 as o x i d a 
t i o n cata lys ts for o r gan i c c o m p o u n d s is u n d e r c o n t i n u i n g i n v e s t i g a t i on . 
I n p a r t i c u l a r , w e are s t u d y i n g the r o l e o f R h e ( C O ) i e as a l a b i l e m u l -
t i subs t ra te o x i d a t i o n ca ta l ys t for o x i d i z i n g C O a n d t r i p h e n y l p h o s p h i n e 
(33, 34). 
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Metal Complexes of Iminophosphine 
and Iminoarsine Chelating Agents 
Structure, Reactivity, and Stereochemistry 

JOHN E. HOOTS, THOMAS B. RAUCHFUSS1, and S T E V E N P. SCHMIDT 

School of Chemical Sciences, University of Illinois, Urbana IL 61801 

JOHN C. JEFFERY and PAUL A. T U C K E R 
Research School of Chemistry, The Australian National University, Canberra, 
The A.C.T., Australia 

The coordination chemistry of iminophosphine and im
inoarsine ligands is surveyed with emphasis on our re
cent results with tetradentate diiminodiarsines and di-
minodiphosphines derived from 1,2-diaminoalkanes. 
The ligand en = P2 prepared from ethylenediamine and 
o-diphenylphosphinobenzaldehyde forms tetrahedral 
complexes with copper(I) (X-ray structure) and silver(I), 
both of which are configurationally labile. The same 
ligand forms diamagnetic, four- and five-coordinate 
nickel(II) complexes of the formula [Ni(en = P2)](BF4)2 

and [NiBr(en = P2)]Br. Two tridentate en = P2 com
plexes have been prepared, Mo(en = P2)(CO)3 which 
contains an uncoordinated phosphine moiety, and [Cu-
(en = P 2 ) (t-BuNC)]ClO4 which contains an uncoordi
nated imine. Chiral diiminodiarsines prepared from 
(R)-1,2-diaminopropane and (R,R)-1,2-diaminocyclohex-
ane are uniquely stereospecific in their binding of tetra
hedral copper(I) affording complexes in exclusively the 
Δ(λ) configuration. 

/Che la t ing phosphine ligands continue to serve coordination chem-
ists in their efforts to manipulate the electronic and reactivity 

patterns of metal complexes. These studies have received an addi-

1To whom correspondence should be addressed. 

0065-2393/82/0196-0303$05.00/0 
© 1982 American Chemical Society 
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t i o n a l i m p e t u s f r om the p r o m i s e d a n d s o m e t i m e s p r o v e n d e s i r a b l e 
ca ta l y t i c p roper t i e s o f these c o m p o u n d s . S y n t h e t i c routes to m o s t or-
g a n o p h o s p h i n e s r e l y a l m o s t e x c l u s i v e l y o n a P - C b o n d c o u p l i n g as the 
essent ia l a n d u s u a l l y final s y n t h e t i c s tep i n the i r synthes is . O u r in te r 
est i n the p h o s p h i n o b e n z a l d e h y d e s s tems f r om the p r o s p e c t o f d e v e l 
o p i n g a l t e rna t i v e , s y n t h e t i c a l l y m o r e flexible strategies to c h e l a t i n g 
agents b e a r i n g te r t ia ry p h o s p h i n e donors . 

I m i n e f o rmat ion , p r o b a b l y the m o s t g e n e r a l l y u s e fu l r ou te to m u l -
t iden ta t e l i g a n d s , has b e e n a p p l i e d to the p r e p a r a t i o n o f o n l y a l i m i t e d 
n u m b e r o f a rsen ic - ( i ) a n d p h o s p h o r u s - (2, 3) c o n t a i n i n g c h e l a t i n g 
agents v i a E q u a t i o n 1. W e h a v e s ince d e s c r i b e d the a l t e rna t i v e a n d 

R 2 E ~ * N H 2 + R ' - C H O R 2 E ~ * N = = € H R ' (1) 

m o r e g e n e r a l l y u s e f u l r ou t e to th is c lass o f c h e l a t i n g agents v i a E q u a 
t i on 2, Ε = P, A s (4). I n a s m u c h as l i n e a r te t radentate l i g a n d s d e r i v e d 
f r om e t h y l e n e d i a m i n e , e.g. sa l en a n d acacen , hav e p r o v e d to b e e x c ep -

R 2 E R 2 E 

t i o n a l l y v e r sa t i l e i n c o o r d i n a t i o n c h e m i s t r y a n d ca ta lys is , w e have fo
c u s e d m u c h o f o u r effort o n the c o r r e s p o n d i n g d i i m i n o d i p h o s p h i n e s 
a n d d i i m i n o d i a r s i n e s d e r i v e d f r om p h o s p h i n o - a n d a r s i n o b e n z a l d e -
h y d e s a n d a va r i e t y o f d i a m i n e s . 

Discussion 

T h e C a r b o n y l p h o s p h i n e s . T h e ars ino- a n d p h o s p h i n o b e n z a l d e 
h y d e s are the essent ia l s ta r t ing mate r i a l s for the present w o r k a n d 
dese rve c o m m e n t . T h e s e l i g a n d s , m a n y o f w h i c h w e r e p r e p a r e d first 

Scheme I. 

E = P, R=Ph,n = l-3 
E=P, R = Me,n=l 
E=As, R=Ph,n = l 
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Scheme II. 

iminophosphines 

PPh 2 P P h 2 

+ R N H 2 

C H = N R C H O 

monoamines diamines 

C H 3 S 

- N H 2 

N H 2 

*J3 
b y S c h i e m e n z a n d K a a c k , c a n b e s y n t h e s i z e d i n ca . 5 0 % o v e r a l l y i e l d 
f r o m the c o m m e r c i a l l y a v a i l a b l e o - b r o m o b e n z a l d e h y d e i n three steps 
(see S c h e m e I) (5). T h e p r o d u c t s are i so l a tab l e as a i r - s tab l e , b r i g h t 
y e l l o w c r y s t a l l i n e ma te r i a l s ( P h 2 A s C e H 4 C H O is p a l e y e l l o w ) that 
are c h a r a c t e r i z e d r e a d i l y b y I R (vco — 1690 c m - 1 ) a n d H - l N M R 
( 7 ( P , C H O ) - 7 H z ) . 

M o n o i m i n o p h o s p h i n e s . A s i l l u s t r a t e d i n S c h e m e I I , P C H O c o n 
denses w i t h a w i d e va r i e t y o f s i m p l e a n d f u n c t i o n a l i z e d m o n o 
a m i n e s . S t u d i e s o f the M o ( O ) d e r i v a t i v e s o f s eve ra l o f these l i g a n d s 
demons t ra t e that they e f f i c i ent ly d i s p l a c e C O f r o m M o ( C O ) e a f f o rd ing 
( c h e l ) M o ( C O ) 4 or / a c - ( c h e l ) M o ( C O ) 3 d e r i v a t i v e s (4). S i m i l a r , b u t 
b i m e t a l l i c , c o m p l e x e s c a n b e o b t a i n e d f r om the l i g a n d s p r e p a r e d 
b y condensa t i ons w i t h n o n c h e l a t i n g d i a m i n e s s u c h as m - or p -
d i a m i n o b e n z e n e . 

I n m o r e r e cen t s tud i es , w e h a v e d e m o n s t r a t e d that th i s c ondensa 
t i on r eac t i on a l l o w s one to r e a d i l y i n t r o d u c e c h i r a l func t i ona l i t i e s i n t o 
the p h o s p h i n e s y s t em . F o r i ns tance , ( - ) - 3 - p i n a n e m e t h y l a m i n e r e a d 
i l y condenses w i t h P C H O a n d A s C H O to afford the c h i r a l i m i n e s ; 
these i m i n e s also m a y b e r e d u c e d to the c o r r e s p o n d i n g s e conda ry 
a m i n e s u s i n g N a B H 4 . T h e ef f icacy o f these l i g a n d s i n a s y m m e t r i c 
cata lys is is b e i n g e x p l o r e d c u r r e n t l y , a n d i n v i e w o f the w i d e v a r i e t y 
o f n a t u r a l l y o c c u r r i n g c h i r a l a m i n e s , o u r m e t h o d o l o g y is e x t r e m e l y 
p r o m i s i n g . 
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306 METAL PHOSPHINE COMPLEXES 

D i i m i n o d i p h o s p h i n e s . T h e a l d e h y d e P C H O c l e a n l y condenses 
w i t h e t h y l e n e d i a m i n e i n r e f l u x i n g e t h a n o l to af ford the o f f -whi te d i i -
m i n e , e n = P 2 . T h i s l i g a n d reacts r e a d i l y w i t h mos t m e t a l ions afford
i n g de r i va t i v e s i n a v a r i e t y o f g eome t r i e s as s h o w n b y X - r a y c r y s t a l l o -
g r a p h i c a n d s p e c t r o s c o p i c s tud i es (6). 

A n e x a m p l e o f ( pseudo ) t e t rahedra l g e o m e t r y is p r o v i d e d b y the 
Cu ( I ) c o m p l e x , [ C u ( e n = P 2 ) ] C 1 0 4 . T h e s t ruc ture f r om a n X - r a y s t u d y 
is d e p i c t e d i n F i g u r e 1 f r o m a p e r s p e c t i v e that c l e a r l y shows the ex
p e c t e d s k e w e d e t h y l e n e d i a m i n e b a c k b o n e ( v i d e infra) . T h e corre 
s p o n d i n g Ag( I ) d e r i v a t i v e has the same g e o m e t r y j u d g i n g f r o m the 
s i m i l a r i t y o f the H - l N M R a n d I R spec t ra o f the Cu ( I ) a n d Ag( I ) 
c o m p l e x e s . 

S q u a r e p l a n a r a n d five-coordinate de r i va t i v e s o f e n = P 2 are f o u n d 
for the d i a m a g n e t i c y e l l o w [ N i ( e n = P 2 ) ] + 2 a n d b r o w n [ N i ( e n = 
P 2 ) B r ] + . A m o s t i n t e r e s t i n g feature o f these c o m p o u n d s is t h e i r e l e c -

Inorganic Chemistry 

Figure 1. Structure of [Cu(en = P2)]+ with thermal ellipsoids drawn 
at the 50% probability level 
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18. HOOTS ET AL. Chelating Agents 307 

Inorganic Chemistry 

Figure 2. Structure of Mo(en = P2)(CO)3 

t r o chemis t r y , w h e r e i t is seen b y c y c l i c v o l t a m e t r y that b o t h the n i c -
kel ( I ) a n d n icke l (O) de r i va t i v es o f e n = P 2 are access ib l e v i a r e v e r s i b l e 
c o u p l e s i n a c e t on i t r i l e . 

I n a n a t t empt to p r epa r e c o m p l e x e s w h e r e the e n = P 2 l i g a n d 
is c o o r d i n a t e d to an o c t ahed ra l m e t a l i on , w e e x a m i n e d its c h e m i s 
t ry w i t h m o l y b d e n u m ( O ) . T h e r e d m o l y b d e n u m c a r b o n y l d e r i v a t i v e 
M o ( e n = P 2 ) ( C O ) 3 is f o r m e d i n h i g h y i e l d f r om M o ( C O ) e (see E q u a t i o n 
4). W e h a v e s h o w n n o w that th is c o m p l e x con ta ins one u n c o o r d i n a t e d 
p h o s p h i n e m o i e t y i n a d d i t i o n to the f a c i a l l y b o u n d P - N - N s egment o f 
the c h e l a t i n g agent. T h e P-31 {H-1 } N M R c l e a r l y shows t w o s ing l e 
resonances at 34 .86 a n d - 1 6 . 1 5 p p m vs. H 3 P 0 4 a t t r i b u t e d to the b o u n d 
a n d u n c o o r d i n a t e d p h o s p h i n e s , r e s p e c t i v e l y . T h e s t ruc ture (see F i g 
ure 2) is i n i n t e r e s t i ng contrast to another t r identa te e n = P 2 c o m p l e x , 
[ C u ( e n = P 2 ) ( f - B u N C ) ] C l 0 4 p r e p a r e d f r om the r eac t i on o f [ C u ( e n = 
P 2 ) ] C 1 0 4 w i t h a s l i gh t excess o f i - B u N C . I R spe c t r o s cop i c data i n d i 
c a t ed that the i m i n e s w e r e i n e q u i v a l e n t i n th is c o m p o u n d . T h e X - r a y 
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308 METAL PHOSPHINE COMPLEXES 

s t ruc ture (see F i g u r e 3) r e v e a l e d that the i s on i t r i l e has d i s p l a c e d 
one i m i n e w i t h the f o rmat ion o f the t r iden ta t e e n = P 2 che la t e w h i c h 
conta ins a nine-membered chelate ring. T h i s c o m p l e x is l a b i l e a n d the 
f - B u N C e x c h a n g e c a n b e b r o u g h t w i t h i n the N M R t i m e f rame o n l y at 
- 6 0 ° C . Ces sa t i on o f the e x c h a n g e b e t w e e n the Ν sites, w h i c h w o u l d 
r e su l t i n a n o n e q u i v a l e n c e o f the p h o s p h o r u s donors , is not o b s e r v e d 
e v e n at - 9 0 ° C b y P-31 N M R . 

T h e g eome t r y o f the che la tes i n the t w o t r i den ta t e e n = P 2 c o m 
p l exes c a n b e r a t i o n a l i z e d nea t l y b y c o n s i d e r i n g the s p a c i a l restra ints 
o f the o c t a h e d r o n a n d t e t r ahedron . I n the former , the c o o r d i n a t i o n sites 
are a c c o m o d a t e d c om fo r t ab l y b y ad jacent s ix- a n d five-membered che 
late r ings whe r eas the greater l i g a n d - m e t a l - l i g a n d b i t e ang l e o f the 
t e t r ahed ron s t ab i l i z e s the m o r e flexible s ix- a n d n i n e - m e m b e r e d che 
late r i n g s e q u e n c e (see F i g u r e 4). 

M o ( C O ) e + e n = P 2 M o ( e n = P 2 ) ( C O ) 3 + 3 C O (4) 

C h i r a l D i i m i n o d i a r s i n e s . T h e f a c i l i t y o f the i m i n e f o rmat i on a l 
l o w s for s t r a i gh t f o rward i n t r o d u c t i o n o f c h i r a l subs t i tuen t s i n t o m u l -
t i den ta t e l i g a n d s c o n t a i n i n g soft donors . T h i s s y n t h e t i c r ou te is p r o m -

Figure 3. Structure of [Cu(en = P2)(t-BuNC)] + with the thermal ellip
soids drawn at the 50% probability level 
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C P, 

N , 

Mo(en = P2)(CO)3 

Figure 4. Selected angular parameters for en = P2 structures 

i s i n g for p r e p a r i n g s te reospec i f i c c h e l a t i n g agents for l o w - v a l e n c y 
m e t a l ions. T h e H - l N M R spec t ra o f [ C u ( e n = P 2 ) ] C 1 0 4 (35° to - 5 3 ° C ) 
a n d [ C u ( e n = A s 2 ) ] C 1 0 4 (35°C) i n d i c a t e that these c o m p l e x e s are u n 
d e r g o i n g r a p i d i n v e r s i o n abou t the m e t a l i o n as i n d i c a t e d i n E q u a t i o n 
5. I n a s m u c h as the d i s p o s i t i o n o f the Ε • · · Ν (Ε = A s , Ρ ) che la t e 

r ings is d i c t a t e d b y the con fo rmat i on o f the e t h y l e n e b a c k b o n e , i t 
s h o u l d b e poss i b l e to fix the o v e r a l l c h i r a l i t y o f the c o m p l e x b y l o c k i n g 
the con fo rmat i on o f that b a c k b o n e . W e have a p p r o a c h e d th is p r o b l e m 
b y e x a m i n i n g the con f o rmat i on b e h a v i o r o f t w o ana logues o f e n = A s 2 . 

B o t h the X - r a y s t ruc ture o f [ C u ( e n = P 2 ) ] C 1 0 4 a n d the F i e s e r m o 
l e c u l a r m o d e l s i n d i c a t e that p l a c e m e n t o f a m e t h y l g r o u p i n a n ax i a l 
site o n the e t h y l e n e b a c k b o n e o f C u ( e n = E2)+ w o u l d resu l t i n s ig 
n i f i c an t l y un f a vo rab l e n o n b o n d e d interact ions w i t h the a romat i c sub 
st i tuent^, a n d p r e l i m i n a r y e xpe r imen t s c on f i rm this p r e d i c t i o n (see 
F i g u r e 5). ( R ) - l , 2 - D i a m i n o p r o p a n e e f f i c ient ly condenses w i t h A s C H O 
to afford the d i i m i n e R - p n = A s 2 w h i c h was c o n v e r t e d d i r e c t l y to its 
c r y s t a l l i n e copper ( I ) d e r i v a t i v e , [ C u ( R - p n = A s 2 ) ] C 1 0 4 . Fo r refer
ences, the l i g a n d e n = A s 2 a n d its copper ( I ) c o m p l e x have b o t h b e e n 
i so l a t ed a n d cha rac t e r i z ed . T h e H - l N M R s p e c t r u m o f [ C u ( R - p n = 
A s 2 ) ] C 1 0 4 d i sp l a y s the c o m p l e x i t i e s e x p e c t e d for its l o w s y m m e t r y (see 
F i g u r e 6), w h e r e the mos t impo r t an t feature is the p a i r o f resonances for 
the n o n e q u i v a l e n t i m i n o protons . I f th is s p e c t r u m w e r e the w e i g h t e d 
average o f r a p i d l y i n t e r c o n v e r t i n g d ias te reomers (see E q u a t i o n 6), the 

(5) 

Δ - λ Λ - δ 
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310 METAL PHOSPHINE COMPLEXES 

A - [ C U ( R - P N = A S 2 ) - A | + < ~ * A - [ C U ( R - P N = A S 2 ) - Ô ] + 

Figure 5. Conformational dependence of the nonbonded interactions 
in tetrahedral R-pn = As2 complexes 

c h e m i c a l shi f ts w o u l d b e t empe ra tu r e d e p e n d e n t i n k e e p i n g w i t h the 
t e m p e r a t u r e d e p e n d e n c e o f the c o r r e s p o n d i n g e q u i l i b r i u m constant . 

A - [ C u ( R - p n = A s 2 ) - X ] + « ± A - [ C u ( R - p n = A s 2 ) - 6 ] + (6) 

H o w e v e r w e find that the H - l N M R s p e c t r u m o f [ C u ( R - p n = 
A s 2 ) ] C 1 0 4 ( C D 2 C 1 2 so lut ion ) is i n v a r i a n t f r om 35° to - 4 9 ° C , t h u s i n d i 
c a t i n g that the R - p n = A s 2 b i n d s s t e r eospec i f i c a l l y to the m e t a l i o n . 

1ppm 

Figure 6. 90-MHz H-l NMR spectra of [Cu(en = As2)]Cl04 (a) and 
[Cu(R-pn = As2)]Cl04 (b) in CD2Cl2 solution 
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It is k n o w n that (R ,R ) - l , 2 - d i a m i n o c y c l o h e x a n e (R ,R ) -chxn is re
s t r i c t ed to the λ-conformation w h e n c o o r d i n a t e d as a b i d en t a t e l i g a n d , 
a n d i t is for th is r eason that (R ,R ) -chxn c a n be u s e d as a re ference 
l i g a n d i n s t u d y i n g the s t e r eochemis t r y o f c o o r d i n a t i o n c o m p o u n d s . 
(For a g ene ra l d i s cuss i on o f the con f o rma t i ona l p roper t i es o f d i -
a m i n o a l k a n e s , see C . J . H a w k i n s ' " A b s o l u t e C o n f i g u r a t i o n o f M e t a l 
C o m p l e x e s , " W i l e y - I n t e r s c i e n c e , N e w York, 1971.) W e find that 
( R , R ) - c h x n e f f i c i ent ly condenses w i t h A s C H O to afford the d i i m i n e 
( R , R ) - c h x n = A s 2 w h i c h w e have i so l a t ed a n d cha rac t e r i z ed . T h e cor
r e s p o n d i n g copper ( I ) c o m p l e x , [ C u ( R , R ) - c h x n = A s 2 ) ] C 1 0 4 , has b e e n 
i so l a t ed r e c e n t l y as a c r y s t a l l i n e c o m p o u n d w h o s e H - l N M R ind i ca t es 
e q u i v a l e n t i m i n e sites cons is tent w i t h its d i s s y m m e t r i c C 2 s y m m e t r y . 
C o m p a r a t i v e c i r c u l a r d i c h r o i s m ( C D ) s tud ies o f [ C u ( R - p n = A s 2 ) ] C 1 0 4 

a n d [ C u ( R , R ) - c h x n = A s 2 ) ] C 1 0 4 c on f i rm the p r o p o s e d s t e r eospec i -
ficities o f these l i g a n d s . 
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Recent Advances in Polyphosphine 
Synthesis 

R. B. KING 

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

The base-catalyzed addition of phosphorus-hydrogen 
compounds to vinylphosphines is a useful method for 
synthesizing polyphosphines containing PCH2CH2P 
structural units. Applications of this method to the 
syntheses of polyphosphines containing phosphorus-
hydrogen bonds, polyphosphines containing terminal 
dialkylamino or alkoxy groups, and chiral polyphos
phines containing terminal neomenthyl groups are re
viewed. 

During the past 25 years trivalent phosphorus derivatives have be
come important ligands in coordination chemistry and molec

ular catalysis. Such ligands are useful for stabilizing both high- and 
low-transition metal oxidation states, metal hydrides, metal dinitrogen 
complexes, and unusual coordination numbers. Furthermore, trivalent 
phosphorus ligands are used in homogeneous catalysts for hydrogéna
tion and hydroformylation reactions. Using chiral phosphorus ligands 
in such catalyst systems can lead to effective and useful asymmetric 
catalysts. 

In connection with the application of trivalent phosphorus ligands 
in coordination chemistry and molecular catalysis, the synthesis of 
such ligands having diverse steric and electronic properties is very 
important. In 1968 we became interested in developing new methods 
for synthesizing chelating poly(tertiary phosphines). Shortly thereafter 
we discovered the base-catalyzed addition of phosphorus-hydrogen 
bonds to vinylphosphorus compounds according to the following gen
eral scheme (i): 

\ / \ / 
P—Υί + C H 2 = C H P ^ — / P C H 2 C H 2 P ^ (1) 

0065-2393/82/0196-0313$05.00/0 
© 1982 American Chemical Society 
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314 METAL PHOSPHINE COMPLEXES 

T h e m e c h a n i s m o f th i s r eac t i on appears to b e c l o s e l y r e l a t e d to a 
M i c h a e l a d d i t i o n (2, 3 ) . S u i t a b l e cata lys ts are p o t a s s i u m f - b u t o x i d e 
a n d p h e n y l l i t h i u m . Sho r t l y after o u r o r i g i n a l d i s c o v e r y , w e e x p l o i t e d 
th is s y n t h e t i c m e t h o d for p r e p a r i n g d i v e r s e c h e l a t i n g po l y ( t e r t i a r y 
p h o s p h i n e s ) c o n t a i n i n g t e r m i n a l p h e n y l g r oups i n c l u d i n g the t r i t e r -
t i a r y p h o s p h i n e I (R = R ' = C e H 5 ) , the t r i p o d te t ra ter t iary p h o s p h i n e II 
(R = C e H 5 ) , the l i n e a r te t ra ter t iary p h o s p h i n e III (R = C e H 5 ) , a n d the 
hexate r t i a ry p h o s p h i n e IV (R = C e H 5 ) ( i ) . A b r i e f r e v i e w a r t i c l e (4) 
s u m m a r i z e s the g ene ra l aspects o f o u r w o r k i n th is a rea u p to the 
m i d d l e o f 1971 . 

ÇH2CH2P 

R ' 

R—Ρ 

CHoCHoP 

R ' 

I 

R R R 
\ I I / 

PCHoCHoPCHoCHoPCHoCHoP 
/ \ 

R R 

III 

\ λ 
PCHoCHo CHoCHoP 

R \ / R 
P C H 2 C H 2 P 

R \ / \ / 
PCHoCHo CHoCHoP 

R R 
IV 

O t h e r r e s ea r ch g r oups d e v e l o p e d r e l a t e d react ions for s yn thes i z 
i n g p o l y p h o s p h i n e s . T h u s i n 1970 G r i m , M o l e n d a , a n d K e i t e r (5) 
r e p o r t e d the a d d i t i o n o f ( C e H 5 ) 2 P L i to ( C e H 5 ) 2 P C H = C H 2 to g i v e 
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19. K I N G Poly phosphine Synthesis 315 

( C 6 H 5 ) 2 P C H 2 C H 2 P ( C 6 H 5 ) 2 a n d s u b s e q u e n t l y h a v e (6) e x p l o i t e d th i s 
m e t h o d to p r e p a r e m i x e d a l k y l - a r y l d i t e r t i a r y p h o s p h i n e s o f the t y p e 
( C e H 5 ) 2 P C H 2 C H 2 P ( C e H 5 ) R . I n 1971 I s s l e i b a n d W e i c h m a n n (7) re
p o r t e d the f r ee - rad i ca l a d d i t i o n o f p r i m a r y p h o s p h i n e s to v i n y l p h o s -
p h i n e s C H 2 = C H P R ' 2 to g i v e the s e c o n d a r y - t e r t i a r y d i p h o s p h i n e s 
R P H C H 2 C H 2 P R ' 2 . I n 1975 M e e k (8) a n d co -worke rs (8, 9) r e p o r t e d 
more ex tens i ve app l i c a t i ons o f the f r e e - rad i ca l a d d i t i o n o f 
p h o s p h o r u s - h y d r o g e n b o n d s across c a r b o n - c a r b o n d o u b l e b o n d s i n 
v i n y l p h o s p h i n e s . 

T h i s chap t e r s u m m a r i z e s the h i g h l i g h t s o f o u r r e s ea r ch i n p o l y -
p h o s p h i n e synthes is at the U n i v e r s i t y o f G e o r g i a s ince w e last re 
v i e w e d o u r w o r k i n 1972 (4). T h e major advances i n o u r w o r k i n th is 
a rea s ince t h e n have i n v o l v e d the ex tens ion o f o u r m e t h o d s to the 
synthes is o f p o l y p h o s p h i n e s c o n t a i n i n g t e r m i n a l g r oups o f in teres t b e 
cause o f the i r c h e m i c a l r e a c t i v i t y (e.g., h y d r o g e n a n d d i a l k y l a m i n o ) , 
the i r e l e c t r o n i c p rope r t i e s (e.g., m e t h o x y i n c h e l a t i n g p o l y p h o s p h i n e s 
w i t h r e l a t i v e l y s t rong 7r-acceptor proper t i es ) , or the i r s t e r e o c h e m i c a l 
p roper t i e s (e.g., n e o m e n t h y l i n c h i r a l c h e l a t i n g p o l y p h o s p h i n e s for 
a s y m m e t r i c cata lys is ) . 

Polyphosphines Containing Phosphorus-Hydrogen Bonds 

T w o gene ra l m e t h o d s are a v a i l a b l e for p r e p a r i n g p o l y p h o s p h i n e s 
c o n t a i n i n g P C H 2 C H 2 P s t r u c t u r a l u n i t s a n d p h o s p h o r u s - h y d r o g e n 
b o n d s : 
(1) a d d i n g p h o s p h o r u s - h y d r o g e n c o m p o u n d s to v i n y l p h o s p h o n a t e s 
f o l l o w e d b y L i A I H 4 r e d u c t i o n , e.g., 

Ο Ο 

\ II \ II 
Ρ — H + C H 2 = C H P — O R — P C H 2 C H 2 P — O R (2a) 

/ I / I 
O R O R 

Ο 

\ ! — L i A l H , \ . ^ / 

H 

P C H 2 C H 2 P — O R P C H 2 C H , P ' (2b) 

^ I ^ H 
O R n 

(2) a 1: 1 a d d i t i o n o f a p r i m a r y p h o s p h i n e to a v i n y l p h o s p h o r u s c o m 
p o u n d , e.g., 

— + C H 2 = C H P — P C H 2 C H 2 P ^ (3) 

X H X H 
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3 1 6 M E T A L P H O S P H I N E C O M P L E X E S 

T h e first o f these m e t h o d s is u s e f u l for p r e p a r i n g t e r t i a r y - p r i 
m a r y d i p h o s p h i n e s s u c h as (C 6 H 5 ) 2 PCH2CH 2 PH2 (10, 11) a n d 
( C H 3 ) 2 P C H 2 C H 2 P H 2 (12). U s i n g a f r ee - rad i ca l cata lys t , the s e c o n d 
m e t h o d c a n b e u s e d to p r e p a r e t e r t i a r y - s e c o n d a r y d i p h o s p h i n e s o f the 
t y p e R 2 P C H 2 C H 2 P H R (7). H o w e v e r , u n d e r bas e - ca t a l y z ed c ond i t i ons 
i t is d i f f i cu l t to stop the a d d i t i o n o f p r i m a r y p h o s p h i n e to the v i n y l -
p h o s p h i n e at the stage o f the t e r t i a r y - s e c o n d a r y p h o s p h i n e 1 :1 a d 
d u c t ; f o rmat i on o f the t r i t e r t i a ry p h o s p h i n e R P [ C H 2 C H 2 P R 2 ] 2 w i t h re
c o v e r y o f u n r e a c t e d p r i m a r y p h o s p h i n e is o b s e r v e d i n s t e a d (12). 

T h e s y n t h e t i c p r i n c i p l e s i n E q u a t i o n s 2a , 2 b , a n d 3 c a n b e c o m 
b i n e d to s yn thes i z e s e c o n d a r y - p r i m a r y p h o s p h i n e s b y the f o l l o w i n g 
s equence o f react ions (R = C e H 5 , n - C e H 1 3 , a n d ( C H 3 ) 3 C C H 2 ) (12): 

Ο R Ο 

II \ II 
R — Ρ Γ + C H 2 = C H P — O R ' — P C H 2 C H 2 P — O R ' (4a) 

H O R ' H O R ' 

R ° R Η 

P C H 2 C H 2 P — O R ' X P C H 2 C H 2 P ^ (4b) 

H 7
 O R , l/ Η 

T h e 1 :1 a d d i t i o n o f R P H 2 to a v i n y l p h o s p h o n a t e ( E q u a t i o n 4a) p ro 
c eeds e f f e c t i v e l y u n d e r bas e - ca t a l y z ed c o n d i t i o n s i n contrast to the 
1 :1 a d d i t i o n o f R P H 2 to a v i n y l p h o s p h i n e ( E q u a t i o n 3). T h i s p o i n t c a n 
b e r e l a t e d to the b a s i c i t y o f the an ions i n v o l v e d as i n t e rmed i a t e s i n the 
M i c h a e l - t y p e a d d i t i o n o f p h o s p h o r u s - h y d r o g e n c o m p o u n d s t o v i n y l -
p h o s p h o r u s de r i v a t i v e s (12). 

C o n s i d e r the f o l l o w i n g r eac t i on s equence i n v o l v e d i n the succes 
s i ve bas e - ca t a l y z ed a d d i t i o n o f the t w o p h o s p h o r u s - h y d r o g e n b o n d s i n 
a p r i m a r y p h o s p h i n e to a v i n y l p h o s p h o r u s d e r i v a t i v e : 

R P H 2 + base R P H " + base H+ (5a) 

R P H - + C H ^ C H P ^ R ' R " ^ R P ( H ) C H 2 C H P ( Z ) R ' R " (5b) 

R P ( H ) C H 2 C H - P ( Z ) R ' R " τ± R P - C H 2 C H 2 P ( Z ) R ' R " (5c) 

R P - C H 2 C H 2 P ( Z ) R ' R " + C H 2 = C H P ( Z ) R ' R " - * 

R P [ C H 2 C H 2 P ( Z ) R ' R " ] [ C H 2 C H P ( Z ) R ' R " ] (5d) 

R P [ C H 2 C H 2 P ( Z ) R ' R " ] [ C H 2 C H " P ( Z ) R ' R " ] + base H + - ^ 
R P [ C H 2 C H 2 P ( Z ) R ' R " ] 2 + base (5e) 

T h e c r i t i c a l s tep i n th i s s e q u e n c e is the e q u i l i b r i u m e x p r e s s e d i n E q u a 
t i o n 5c . I f th i s e q u i l i b r i u m l i e s far to the le f t i n favor o f the c a r b a n i o n , 
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19. K I N G Polyphosphine Synthesis 317 

t h e n i t w i l l b e r e l a t i v e l y easy to s top the bas e - ca t a l y z ed a d d i t i o n at the 
1 :1 a d d u c t stage. H o w e v e r , i f th i s e q u i l i b r i u m l i es far to the r i g h t i n 
favor o f the p h o s p h i d e a n i o n , t h e n R e a c t i o n 5 d w i l l p r o c e e d so e a s i l y 
that i t w i l l b e r e l a t i v e l y d i f f i cu l t to s top the bas e - ca t a l y z ed a d d i t i o n at 
the 1 :1 a d d u c t stage. T h u s the a b i l i t y to stop the bas e - ca t a l y z ed a d d i 
t i o n o f a p h o s p h i n e R P H 2 to a v i n y l p h o s p h o r u s c o m p o u n d C H 2 = 
C H P ( Z ) R ' R " at the 1 :1 a d d u c t stage w i l l d e p e n d u p o n the a b i l i t y 
o f t he P ( Z ) R ' R " g r o u p to s t a b i l i z e a n ad jacent c a r b a n i o n . I f t h e 
P ( Z ) R ' R " g r o u p con ta ins t e t racoo rd ina t e p h o s p h o r u s (i.e., i f Ζ = Ο or 
S), the ad jacent c a r b a n i o n is s t a b i l i z e d to the ex tent that the base-
c a t a l y z e d a d d i t i o n o f R P H 2 to C H 2 = C H P ( Z ) R ' R " c a n b e s t o p p e d at 
the 1 :1 a d d u c t stage, n a m e l y R P ( H ) C H 2 C H 2 P ( Z ) R ' R " . H o w e v e r , th i s 
n e e d not b e the case i f the P ( Z ) R ' R " g r o u p con ta ins t r i v a l en t phos 
p h o r u s (i.e., Ζ is a l o n e pa i r ) . I n p ra c t i c e w e f o u n d that the base-
c a t a l y z e d a d d i t i o n s o f C 6 H 5 P H 2 to C H 2 = C H P ( 0 ) ( O C H M e 2 ) 2 (12) , 
C H 2 = C H P ( S ) R 2 (R ' = C H 3 a n d C 6 H 5 ) (12) , a n d C H 2 = C H P [ N -
( C H 3 ) 2 ] 2 (13) c a n b e c o n t r o l l e d to g i v e g o o d y i e l d s o f the c o r r e s p o n d 
i n g 1 :1 a d d u c t s C 6 H 5 P ( H ) C H 2 C H 2 P ( 0 ) ( O C H M e 2 ) 2 , C 6 H 5 P ( H ) C H 2 -
C H 2 P ( S ) R 2 , a n d C 6 H 5 P ( H ) C H 2 C H 2 P [ N ( C H 3 ) 2 ] 2 , r e s p e c t i v e l y , w h e r e a s 
the b a s e - c a t a l y z e d a d d i t i o n o f C 6 H 5 P H 2 to C H 2 = C H P ( C 6 H 5 ) 2 g i v es 
o n l y a l o w y i e l d (—13%) o f the c o r r e s p o n d i n g 1 :1 a d d u c t C 6 H 5 P ( H ) -
C H 2 C H 2 P ( C 6 H 5 ) 2 (12). 

T h e r e l a t i v e s t ab i l i t i e s o f a l t e rna t i v e a n i o n i c r e a c t i o n i n t e r m e d i 
ates a l so a c c o u n t for the o b s e r v a t i o n that the s e c o n d a r y p h o s p h i n e 
h y d r o g e n i n the s e c o n d a r y - p r i m a r y d i p h o s p h i n e C e H 5 P ( H ) C H 2 C H 2 -
P H 2 reacts p r e f e r e n t i a l l y w i t h C H 2 = C H P ( 0 ) ( O C H M e 2 ) 2 u n d e r base -
c a t a l y z e d c ond i t i ons to g i v e C e H 5 P ( C H 2 C H 2 P H 2 ) 2 after L i A l H 4 r e d u c 
t i o n ( 12). T h e p h o s p h i d e a n i o n C 6 H 5 P " C H 2 C H 2 P H 2 i s s t a b i l i z e d o v e r 
the i s o m e r i c p h o s p h i d e a n i o n C 6 H 5 P H C H 2 C H 2 P H " b y the p h e n y l 
g r o u p d i r e c t l y b o n d e d to the n e g a t i v e l y c h a r g e d p h o s p h o r u s a t o m . 
T h e t e r t i a r y - d i p r i m a r y t r i p h o s p h i n e C 6 H 5 P ( C H 2 C H 2 P H 2 ) 2 o b t a i n e d 
i n th i s r e a c t i o n is p r e p a r e d m o r e c o n v e n i e n t l y (11) b y the 1 :2 a d d i 
t i o n o f C 6 H 5 P H 2 to C H 2 = C H P ( 0 ) ( O C 2 H 5 ) 2 f o l l o w e d b y L i A I H 4 re 
d u c t i o n . 

A 1 :1 a d d i t i o n o f the P H 2 g r o u p o f the t e r t i a r y - p r i m a r y d i p h o s 
p h i n e ( C H 3 ) 2 P C H 2 C H 2 P H 2 to a v i n y l p h o s p h o n a t e is the k e y s tep i n 
the synthes is o f a t e r t i a r y - s e c o n d a r y - p r i m a r y t r i p h o s p h i n e b y the f o l 
l o w i n g s equence o f react ions (12): 

( C H 3 ) 2 P C H 2 C H 2 P H 2 + C H 2 = C H P ( 0 ) ( O C H M e 2 ) 2 ^ 
( C H 3 ) 2 P C H 2 C H 2 P ( H ) C H 2 C H 2 P ( 0 ) ( O C H M e 2 ) 2 (6a) 

( C H 3 ) 2 P C H 2 C H 2 P ( H ) C H 2 C H 2 P ( 0 ) ( O C H M e 2 ) 2 

( C H 3 ) 2 P C H 2 C H 2 P ( H ) C H 2 C H 2 P H 2 (6b) 
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318 METAL PHOSPHINE COMPLEXES 

T h e p r o d u c t is the first e x a m p l e o f a p o l y p h o s p h i n e c o n t a i n i n g ter
t i a ry , s econdary , a n d p r i m a r y p h o s p h o r u s a toms i n the same m o l e c u l e . 

Polyphosphines Containing Terminal Dialkylamino or Alkoxy Groups 

P h o s p h o r u s - n i t r o g e n a n d p h o s p h o r u s - o x y g e n b o n d s are gener
a l l y m o r e r eac t i v e t h a n p h o s p h o r u s - c a r b o n b o n d s . The r e f o r e i t was 
i n t e r e s t i n g to see w h e t h e r o u r base - ca t a l y z ed a d d i t i o n react ions c o u l d 
b e u s e d to s yn thes i z e p o l y p h o s p h i n e s c o n t a i n i n g these s t r u c t u r a l fea
tures . S u c h p o l y p h o s p h i n e s w o u l d not o n l y b e i n t e r e s t i n g as l i g a n d s i n 
c o o r d i n a t i o n c h e m i s t r y b u t t h e y a lso m i g h t b e u s e f u l i n t e rmed i a t e s for 
s y n t h e s i z i n g o ther t ypes o f o r ganophospho rus c o m p o u n d s . 

S y n t h e s i z i n g p o l y p h o s p h i n e s c o n t a i n i n g t e r m i n a l d i a l k y l a m i n o 
g r oups c a n b e p e r f o r m e d u n d e r b a s i c c o n d i t i o n s s i n c e the p h o s p h o r u s -
n i t r o g e n b o n d s i n s u c h c o m p o u n d s , a l t h o u g h s e n s i t i v e to a c i d , are 
r es i s tan t to base . T h e k e y v i n y l c o m p o u n d for s u c h syn theses is 
C H 2 = C H P [ N ( C H 3 ) 2 ] 2 w h i c h c a n b e o b t a i n e d i n 6 0 % y i e l d (13) b y 
r e a c t i n g the r e a d i l y a v a i l a b l e [ ( C H 3 ) 2 N ] 2 P C 1 w i t h v i n y l m a g n e s i u m 
b r o m i d e f o l l o w e d b y h y d r o l y z i n g w i t h a q u e o u s t e t r a s o d i u m e t h y l 
e n e d i a m i n e tetraacetate . O n the o ther h a n d , d i a l k y l a m i n o p h o s p h i n e s 
w i t h p h o s p h o r u s - h y d r o g e n b o n d s s u c h as [ ( C H 3 ) 2 N ] 2 P H d o no t s e em 
to b e a v a i l a b l e i n the u n c o m p l e x e d state. It is there fore m o r e f eas ib l e 
to i n t r o d u c e the t e r m i n a l d i a l k y l a m i n o g r oups i n t o the v i n y l p h o s -
p h o r u s c o m p o n e n t ra ther t h a n the p h o s p h o r u s - h y d r o g e n c o m p o n e n t 
o f the p o l y p h o s p h i n e synthes i s . 

A d d i n g R 2 P H ( R = C H 3 a n d C e H 5 ) , R P H 2 ( R = C H 3 a n d C e H 5 ) , a n d 
P H 3 to C H 2 = C H P [ N ( C H 3 ) 2 ] 2 p r o c e e d s e a s i l y u s i n g a p o t a s s i u m h y 
d r i d e ca ta lys t to g i v e t h e d i p h o s p h i n e s R 2 P C H 2 C H 2 P [ N ( C H 3 ) 2 ] 2 , 
t r i p h o s p h i n e s R P [ C H 2 C H 2 P [ N ( C H 3 ) 2 ] 2 (I: R ' = N ( C H 3 ) 2 ) , a n d t r i p o d 
t e t r a p h o s p h i n e P [ C H 2 C H 2 P [ N ( C H 3 ) 2 ] 3 (II: R = N ( C H 3 ) 2 ) , r e spec 
t i v e l y (13) . I n a d d i t i o n , the t e r t i a r y - s e c o n d a r y p h o s p h i n e C e H 5 P ( H ) -
C H 2 C H 2 P [N( C H 3 ) 2 ] 2 is o b t a i n e d i n a r e a s o n a b l e y i e l d (53%) b y c a r r y i n g 
ou t the r e a c t i o n b e t w e e n C e H 5 P H 2 a n d C H 2 = C H P [ N ( C H 3 ) 2 ] 2 i n a 
1 :1 m o l e ra t i o . A l s o t h e b a s e - c a t a l y z e d a d d i t i o n o f ( C e H 5 ) 2 P H to 
( C H 2 = C H ) 2 P N ( C 2 H 5 ) 2 c a n b e c o n t r o l l e d to a d d to o n e o r b o t h o f the 
v i n y l g r oups g i v i n g the d i p h o s p h i n e ( C 2 H 5 ) 2 N P ( C H = C H 2 ) C H 2 C H 2 -
P ( C e H 5 ) 2 o r the t r i p h o s p h i n e ( C 2 H 5 ) 2 N P [ C H 2 C H 2 P ( C 6 H 5 ) 2 ] 2 , r e spec 
t i v e l y . 

T h e r eac t i on o f a p r i m a r y p h o s p h i n e R P H 2 w i t h a d i v i n y l p h o s p h o -
rus d e r i v a t i v e ( C H 2 = C H ) 2 P R ' m i g h t b e e x p e c t e d to g i v e e i ther a 
p o l y m e r o r a c y c l i c d e r i v a t i v e o f the g e n e r a l f o r m u l a [ - P ( R ) C H 2 C H 2 P -
( R ' ) C H 2 C H 2 - ] n . H o w e v e r , n o n e o f o u r a t t empts to ca r ry ou t t h e base -
c a t a l y z e d a d d i t i o n o f C 6 H 5 P H 2 to ( C H 2 = C H ) 2 P C 6 H 5 gave t rac tab l e 
p r o d u c t s . O n the o the r h a n d , m o r e f avo rab l e r e su l t s a p p e a r to b e ob 
t a i n e d i f o n e o f the p h o s p h o r u s a toms bears a d i a l k y l a m i n o s u b -
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19. K I N G Polyphosphine Synthesis 319 

s t i tuen t . T h u s the b a s e - c a t a l y z e d a d d i t i o n s o f the p r i m a r y p h o s p h i n e s 
R P H 2 ( R = C 6 H 5 , C 6 H 5 C H 2 , a n d ( C H 3 ) 3 C C H 2 ) to ( C H 2 = C H ) 2 P N ( C 2 -
H 5 ) 2 l e a d to the c o r r e s p o n d i n g 1 , 4 - d i p h o s p h a c y c l o h e x a n e d e r i v a t i v e s 
R P ( C H 2 C H 2 ) 2 P N ( C 2 H 5 ) 2 (13). T h e C - 1 3 a n d P-31 N M R spec t ra o f 
these 1 , 4 - d i p h o s p h a c y c l o h e x a n e d e r i v a t i v e s i n d i c a t e that t h e y are a 
m i x t u r e o f the c i s a n d trans i s o m e r s V a a n d V b , r e s p e c t i v e l y . 

C 2 H ^ yC2H5 C 2 H ^ yC2H5 

Ν Ν 

R — Ρ 

R 

V a V b 

T h e p o l y p h o s p h i n e s c o n t a i n i n g t e r m i n a l m e t h o x y g r oups are i n 
t e r e s t ing b e c a u s e they p r o v i d e p o t e n t i a l l y c h e l a t i n g l i g a n d s w i t h 
s t rong π-acceptor p roper t i e s . T h e f o l l o w i n g t w o approaches c a n b e 
u s e d to p r e p a r e s u c h p o l y p h o s p h i n e s : (1) bas e - ca t a l y z ed a d d i t i o n o f 
va r i ous p h o s p h o r u s - h y d r o g e n c o m p o u n d s to C H 2 = C H P ( O C H 3 ) 2 , 
w h i c h c a n b e p r e p a r e d (13) b y the m e t h a n o l y s i s o f C H 2 = C H P [ N -
( C H 3 ) 2 ] 2 i n b o i l i n g m e t h a n o l ; (2) m e t h a n o l y s i s i n b o i l i n g t o l u e n e o f 
the c o r r e s p o n d i n g p o l y p h o s p h i n e c o n t a i n i n g t e r m i n a l d i m e t h y l a m i n o 
g r oups . T h e la t te r m e t h o d appears p r e f e r a b l e i n m o s t cases a n d has 
b e e n u s e d to s y n t h e s i z e the d i p h o s p h i n e s R 2 P C H 2 C H 2 P ( O C H 3 ) 2 (R = 
C H 3 a n d C 6 H 5 ) , t h e t r i p h o s p h i n e s R P [ C H 2 C H 2 P ( O C H 3 ) 2 ] 2 (I: R ' = 
O C H 3 ) , a n d the t r i p o d t e t r a p h o s p h i n e P [ C H 2 C H 2 P ( O C H 3 ) 2 ] 3 ( I I : R = 
O C H 3 ) . I n a d d i t i o n , the b a s e - c a t a l y z e d a d d i t i o n o f C e H 5 P ( H ) C H 2 C H 2 -
P [ N ( C H 3 ) 2 ] 2 to C H 2 = C H P ( O C H 3 ) 2 g i v es the t r i p h o s p h i n e C e H 5 P -
[ C H 2 C H 2 P [ N ( C H 3 ) 2 ] 2 ] [ C H 2 C H 2 P ( O C H 3 ) 2 ] , w h i c h represents a n o v e l 
e x a m p l e o f a p o l y p h o s p h i n e w i t h t e r m i n a l d i m e t h y l a m i n o g r oups o n 
o n e a r m a n d t e r m i n a l m e t h o x y g r oups o n the o the r a r m (13). P r e l i m i 
na ry s tud i e s o n the c o o r d i n a t i o n c h e m i s t r y o f the d i p h o s p h i n e s a r i d 
t r i p h o s p h i n e s c o n t a i n i n g t e r m i n a l m e t h o x y g roups (14) i n d i c a t e the 
f ac i l e f o r m a t i o n o f r e d t e t r ahed ra l i ron ( I I ) c h l o r i d e , b l u e t e t r ahed ra l 
cobal t ( I I ) c h l o r i d e , a n d y e l l o w s q u a r e p l a n a r n i cke l ( I I ) c h l o r i d e c o m 
p l e x e s . 

Polyphosphines Containing Terminal Neomenthyl Groups 

D u r i n g the past seve ra l years seve ra l a s y m m e t r i c c h e l a t i n g di ( ter
t i a ry p h o s p h i n e s ) h a v e b e e n f o u n d w h i c h g i v e ve ry h i g h o p t i c a l y i e l d s 
w h e n u s e d as l i g a n d s i n r h o d i u m ( I ) a s y m m e t r i c hydrogénation 
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320 METAL PHOSPHINE COMPLEXES 

cata lys ts . T h u s the c h i r a l d i ( t e r t i a ry p h o s p h i n e s ) ( - ) ( o - C H 3 O C 6 H 4 ) -
( C 6 H 5 ) P C H 2 C H 2 P ( C 6 H 5 ) ( C 6 H 4 OCH3-0) ( " d i p a m p " ) (15), (-)-(2S, 3 S ) -
( C 6 H 5 ) 2 P C H ( C H 3 ) C H ( C H 3 ) P ( C 6 H 5 ) 2 ("(S, S ) - c h i r a p h o s " ) (16), a n d 
( C 6 H 5 ) 2 P C H ( C H 3 ) C H 2 P ( C 6 H 5 ) 2 ( " R - p r o p h o s " ) (17) g i v e o p t i c a l y i e l d s 
a p p r o a c h i n g 1 0 0 % i n the hydrogénation o f p r o c h i r a l o l e f ins s u c h as 
α-acetamidoacrylic a c i d . T h e h i g h o p t i c a l y i e l d s u s i n g cata lysts c o n 
t a i n i n g these b i d e n t a t e l i g a n d s m a y re la te to the rigidity o f the five-
m e m b e r e d c h e l a t e rings i n the c a t a l y t i c a l l y a c t i v e r h o d i u m ( I ) s p e c i e s . 

S y n t h e s i z i n g po l y ( t e r t i a ry p h o s p h i n e s ) b y the base - ca t a l y z ed a d 
d i t i o n o f p h o s p h o r u s - h y d r o g e n c o m p o u n d s to v i n y l p h o s p h o r u s de 
r i va t i v es (see E q u a t i o n 1) g i ves p r o d u c t s c o n t a i n i n g P C H 2 C H 2 P s t ruc 
t u r a l u n i t s that f o rm five-membered che l a t e r i n g s . It there fore s e e m e d 
i n t e r e s t i n g to use th is s y n t h e t i c m e t h o d to p r e p a r e a po l y ( t e r t i a ry 
p h o s p h i n e ) c o n t a i n i n g a c h i r a l t e r m i n a l g r o u p . S u c h a c h i r a l po ly ( t e r -
t i a ry p h o s p h i n e ) w o u l d b e p a r t i c u l a r l y i n t e r e s t i n g as a l i g a n d i n a 
r h o d i u m ( I ) a s y m m e t r i c hydrogénation cata lyst . 

A n i n v i t i n g c h i r a l t e r m i n a l g r o u p to use for th is p u r p o s e is the 
n e o m e n t h y l g r o u p w h i c h is r e a d i l y access ib l e f r o m c o m m e r c i a l (-)-
m e n t h o l . A c c o r d i n g l y , w e p r e p a r e d the s e condary p h o s p h i n e ( N m e n ) -
( C 6 H 5 ) P H (VI) b y the f o l l o w i n g s e q u e n c e o f r eac t i ons ( M e n = 
m e n t h y l , N m e n = n e o m e n t h y l (18)): 

2 C e H 5 P H 2 + 2 N a 2 C e H 5 P H N a + H 2 (7a) 
C e H 5 P H N a + M e n C l ( N m e n ) ( C e H 5 ) P H + N a C l (7b) 

T h e C - 1 3 N M R s p e c t r u m o f the p r o d u c t (VI) c l e a r l y i nd i c a t e s that the 
m e n t h y l c h l o r i d e h a d u n d e r g o n e i n v e r s i o n to g i v e a n e o m e n t h y l g r o u p 
i n i ts r eac t i on w i t h C e H 5 P H N a exac t l y as has b e e n e s t a b l i s h e d b y 
p r e v i o u s w o r k e r s (19) i n the c o r r e s p o n d i n g r eac t i on o f m e n t h y l 
c h l o r i d e w i t h ( C 6 H 5 ) 2 P N a . T h e P -31 N M R s p e c t r u m o f ( N m e n ) -
( C 6 H 5 ) P H (VI) e x h i b i t s t w o r e sonances o f a p p r o x i m a t e l y e q u a l r e l a 
t i v e i n t e n s i t i e s i n d i c a t i n g the p r e s e n c e o f the t w o d i a s t e r eomers a r i s 
i n g f r o m th e t w o con f i gura t i ons o f t h e c h i r a l p h o s p h o r u s a t o m i n 
c o n j u n c t i o n w i t h the c h i r a l n e o m e n t h y l g r o u p . N o a t t empt was m a d e 
to separate these t w o d i a s t e r eomers at th is p o i n t i n the synthes is s ince 
( N m e n ) ( C e H 5 ) P H is a n a i r - sens i t i v e l i q u i d . 
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19. K I N G Polyphosphine Synthesis 321 

T h e b a s e - c a t a l y z e d a d d i t i o n s o f ( N m e n ) ( C 6 H 5 ) P H to C H 2 = C H P -
( C e H 5 ) 2 , ( C H 2 = C H ) 2 P C 6 H 5 , a n d C H 2 = C H P ( S ) ( C H 3 ) 2 g i v e the di ( ter-
t i a ry p h o s p h i n e ) ( N m e n ) ( C e H 5 ) P C H 2 C H 2 P ( C e H 5 ) 2 (VI I ) , the t r i ( t e r t iary 
p h o s p h i n e ) C 6 H 5 P [ C H 2 C H 2 P ( C e H 5 ) ( N m e n ) ] 2 , a n d the d i p h o s p h i n e 
m o n o s u l f i d e ( N m e n ) ( C J H 5 ) P C H 2 C H 2 P ( S ) ( C H 8 ) 2 , r e s p e c t i v e l y . A m o n g 
these th r e e p r o d u c t s the d i ( t e r t i a ry p h o s p h i n e ) (VI I ) w a s i n v e s t i g a t e d 
i n the greatest d e t a i l b e c a u s e o f i ts c l o s e r e l a t i o n s h i p to d i ( t e r t i a ry 
p h o s p h i n e s ) k n o w n to g i v e h i g h o p t i c a l y i e l d s w h e n u s e d as l i g a n d s 
i n r h o d i u m ( I ) a s y m m e t r i c hydrogénation ca ta lys ts . 

T h e P-31 N M R s p e c t r u m o f ( N m e n ) ( C e H 5 ) P C H 2 C H 2 P ( C e H 5 ) 2 

(VI I ) e x h i b i t s t w o resonances for the ( N m e n ) ( C e H 5 ) P p h o s p h o r u s a t om 
i n d i c a t i n g the p r esence o f t w o d i as t e r eomers s i m i l a r to those f o u n d i n 
i ts p r e c u r s o r ( N m e n ) ( C e H 5 ) P H (VI ) . R e p e a t e d f rac t i ona l c r y s t a l l i z a t i o n 
o f ( N m e n ) ( C e H 5 ) P C H 2 C H 2 P ( C e H 5 ) 2 l e d to separa t i on o f the t w o i n d i 
v i d u a l p u r e d i as t e r eomers as c r y s t a l l i n e so l i ds w i t h o p t i c a l rotat ions 
[a] D o f +109° a n d -24 ° . T h u s ( N m e n ) ( C e H 5 ) P C H 2 C H 2 P ( C e H 5 ) 2 (V I I ) 
m a y b e r e g a r d e d as a " s e l f - r e s o l v i n g " c h i r a l d i t e r t i a r y p h o s p h i n e i n 
w h i c h the c h i r a l n e o m e n t h y l g r o u p p r o v i d e s a bas is for r e s o l v i n g the 
i somers w i t h oppos i t e con f i gura t ions a r o u n d the c h i r a l p h o s p h o r u s 
a t om . 

R h o d i u m ( I ) c o m p l e x e s o f b o t h d i a s t e r eomers o f ( N m e n ) ( C 6 H 5 ) -
P C H 2 C H 2 P ( C 6 H 5 ) 2 (VI I ) c a n b e g e n e r a t e d i n s i t u f r o m [ n - C 7 H 8 R h C I ] 2 

a n d the d i t e r t i a r y p h o s p h i n e a n d h a v e b e e n u s e d as cata lysts for the 
a s y m m e t r i c h o m o g e n e o u s hydrogénation o f the p r o c h i r a l o l e f ins 
C e H 5 C H = C ( N H C O R ) ( C 0 2 R ' ) ( R = C H 3 , R ' = H a n d C H 3 ; R = C e H 5 , ) 
R ' = H a n d C 2 H 5 ) . S o m e r esu l t s are s u m m a r i z e d i n T a b l e I. G e n e r a l l y 
the o p t i c a l y i e l d s o b t a i n e d u s i n g these n e o m e n t h y l p o l y t e r t i a r y p h o s 
p h i n e s are l o w e r t h a n those p r e v i o u s l y r e p o r t e d for c o m p a r a b l e a s y m 
m e t r i c hydrogénations u s i n g the c h i r a l d i ( t e r t i a ry p h o s p h i n e s ) d i p a m p 
(15) , (S , S ) - ch i r aphos (16) , a n d (R ) -p rophos (17). H o w e v e r , the f o l l o w 
i n g obse r va t i ons c o n c e r n i n g these da ta c a n b e m a d e : 

1. T h e t w o d i as t e r eomers o f ( N m e n ) ( C e H 5 ) P C H 2 C H 2 P ( C e -
H 5 ) 2 (VI I ) , w h i c h h a v e o p p o s i t e c on f i gu ra t i ons a r o u n d 
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3 2 2 M E T A L P H O S P H I N E C O M P L E X E S 

T a b l e I. O p t i c a l Y i e l d s for the A s y m m e t r i c Hydrogénation o f 
a - ( A c y l a m i d o ) c i n n a m i c A c i d D e r i v a t i v e s U s i n g R h o d i u m ( I ) 

C o m p l e x e s C o n t a i n i n g ( N m e n ) ( C e H 5 ) P C H 2 C H 2 P ( C e H 5 ) 2 

Hydrogénation Optical Yield0, % 
(Nmen) (C6H5)PCH2CH2P(C6H5)2 

Diastereomer 

Prochiral Olefin 

H C 0 2 H 

C 6 H 5 NHCOCH3 

H C 0 2 C H 3 

C 6 H 5 

H 

C 6 H 5 

H 

NHCOCH3 

C 0 2 H 

N H C O C 6 H 5 

C 0 2 C 2 H 5 

[a]D + 109° 

46 [R] 

4 2 [R] 

4 9 [R] 

C e H 5 N H C O C e H 
56 [R] 

loc]D - 24' 
6 0 [S ] 

5 8 [S] 

85 [S ] 

31 [S ] 
6 ^ 5 

°The absolute configurations of the hydrogénation product (R or S) are given 
in brackets. 

the c h i r a l p h o s p h o r u s a t o m b u t the same c o n f i g u r a t i o n 
i n the n e o m e n t h y l g r o u p , p r o d u c e o p p o s i t e e n a n t i o m e r s 
for e a c h o f the f our p r o c h i r a l a - ( a c y l a m i d o ) c i n n a m i c a c i d 
de r i va t i v e s i n v e s t i g a t ed . 

2. A g i v e n d i a s t e r e omer o f ( N m e n ) ( C e H 5 ) P C H 2 C H 2 P ( C e H 5 ) 2 

(VI I ) g i ves the same abso lu t e con f i gura t i on o f the c h i r a l 
hydrogénation p r o d u c t for e a c h o f the four p r o c h i r a l 
a - ( a c y l a m i d o ) c i n n a m i c a c i d de r i va t i v e s i n v e s t i g a t ed . 

3. I n the case o f the [ot\D — 24° d i a s t e r eomer b u t not the [ot]D 

+109° d i a s t e r e omer the p r o d u c t o p t i c a l y i e l d is v e ry sen
s i t i v e t owards m i n o r changes i n the s t ruc ture o f the 
p r o c h i r a l o l e f in . 
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19. KING Polyphosphine Synthesis 323 

The first two observations indicate that the chiral phosphorus atom 
in VII dominates over the chiral neomenthyl group in determining the 
optical y ie ld and absolute configuration of the hydrogénation product. 
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20 
Studies of Asymmetric Homogeneous 
Catalysts 

W. S. KNOWLES, W. C. CHRISTOPFEL, K. E . KOENIG, and C. F. HOBBS 

Monsanto Company, Corporate Research Laboratories, St. Louis, MO 63166 

A number of chiral bisphosphines related to DiPAMP(1) 
were prepared and evaluated in asymmetric catalysis. 
Many variants were closely equivalent but none were 
superior to the parent compound. In addition, some 
monophosphines containing sulfone substituents were 
quite effective. These had the particular advantage of 
being usable in water solution. Several new DIOP de
rivatives were tried in the hydroformylation of vinyl 
acetate but only modest enantiomeric excesses were 
achieved. A 72% enantiomeric excess was achieved on 
dehydrovaline under relatively forcing conditions using 
DiCAMP(3). This result was remarkable since these 
phosphine ligands generally work very poorly, if at all, 
on tetrasubstituted olefins. 

Over the past decade the use of chiral phosphine ligands com
plexée! with rhodium to effect an asymmetric hydrogénation of 

enamide precursors of α-amino acids has been highly effective (J, 2). 
E v e n though the enantiomeric excess (ee) has turned out to be a very 
sensitive function of ligand structure, a considerable number of highly 
successful phosphines have been discovered. The field as applied to 
enamides has matured now to a program of finding ligands with mar
ginal improvements such as water solubility, faster rates, ease of syn
thesis, and also a study of mechanisms. 

When one turns to other prochiral unsaturates not related to 
enamides, optimizing by varying ligand structure has been only mar
ginally productive, and the 9 0 - 9 5 % ee so easily obtained with ena
mides has remained well out of reach for the most part. In several 
cases these low results persist in spite of having been the subject of a 
considerable research effort. 

0065-2393/82/0196-0325$05.00/0 
© 1982 American Chemical Society 
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326 M E T A L P H O S P H I N E C O M P L E X E S 

O v e r the past d e c a d e w e have e x p l o r e d a n u m b e r o f p h o s p h i n e 
l i g a n d s for i n c r e m e n t a l i m p r o v e m e n t s o f p resen t sys tems a n d for s t u d 
ies i n n e w types o f r educ t i ons a n d h y d r o f o r m y l a t i o n s . E v e n t h o u g h 
b i s p h o s p h i n e s c o n t i n u e to d o m i n a t e the field, w e have f o u n d f a i r l y 
e f f ic ient m o n o p h o s p h i n e s . T h i s chap t e r dea l s w i t h these a n d other 
sys t ems that w e have e x p l o r e d for a - p h e n y l a c r y l i c a c i d , d e h y d r o -
v a l i n e , a n d h y d r o f o r m y l a t i o n o f v i n y l acetate . E v e n t h o u g h w e have 
not s o l v e d e f f i c i ent ly a n y o f these cases, w e ' v e l e a r n e d a lo t abou t 
the b e h a v i o r o f a va r i e t y o f l i g a n d s a n d hope that th is k n o w l e d g e w i l l 
c o n t r i b u t e to these a n d o ther u n s o l v e d p r o b l e m s i n th is field. 

Experimental 

All compounds were characterized by MS and by NMR. In most cases 
only small amounts were needed for catalytic studies. 

In Situ Catalyst. Bisphosphine (.05 mmol) and Rh(COD)AcAc (17, 18) 
(.05 mmol) were weighed into a 6-mL vial. Air was displaced with nitrogen 
and 5 mL of peroxide-free, 88% isopropyl alcohol (IPA) was added while 
bubbling through a small stream of nitrogen. The vial was sealed with a 
septum and supersonically stirred until solution was complete. For a standard 
run, 0.5 mL (0.005 mmol of complex) was used to hydrogenate 1.0 g (4.88 
mmol) of AAC in 25 ml of 88% IPA at 50°C and 3 atm. The ee was measured by 
diluting to 100 mL and comparing the optical rotation with a blank run in the 
same manner (3). 

This in situ catalyst is suitable for reducing acids which provide a proton 
source to release the AcAc. When reducing neutral substrates, one must either 
add .005 mmol of HCl or use a preformed solid catalyst of the type 
[Rh(COD)(Bisphosphine)]+ B F 4 (3). 

(R,R)-l,2-Ethanediylbis[o-hydroxyphenyl)phenylphosphine] (Com
pound 12). In a flame-dried, nitrogen-purged 100-mL round bottom flask 
equipped with a nitrogen inlet, magnetic stirring bar, and syringe septum was 
placed 3.0 g (16.12 mmol) diphenylphosphine in 50 ml of the THF (freshly 
distilled from sodium ketyl). A solution of η-butyl lithium in hexane (10 mL, 
16.1 mmol) was syringed in over several minutes. After stirring at room tem
perature for 5 min, 2.5 g (5.45 mmol DiPAMP(l) was added in one portion, 
and the resulting solution stirred at room temperature for 60 h. The solvent 
was removed under reduced pressure and the resulting material was taken up 
in H 2 0 - N a O H - C H 2 C l 2 . Sodium hydroxide was added until both layers were 
homogeneous. The water layer was separated and carefully acidified with 
HCl, and the phosphine was extracted with CH 2C1 2. The organic layer was 
separated and dried with potassium carbonate, and the solvent was removed 
under reduced pressure to give 1.54 g of white foam. Final purification was 
accomplished by crystallization from C H 3 O H (4 mL)/acetone (2 mL)/deion-
ized water (1 mL) at -3°C. Within 2 h 1.09 g of product were obtained (crys
tallized with 1.5 mol of acetone per mole of product). 

m p = 148-149.5°C, [ αβ ° = +55.9°C (0.85, C H C 1 3 ) 

The same procedure could be used on DiPAMPO to give (S,S)-l,2-ethane-
diylbis[(o-hydroxyphenyl)phenylphosphine oxide.]. 
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20. K N O W L E S E T A L . Asymmetric Homogeneous Catalysts 327 

m p = 327°C , [a]? 0 + 20.8°C (1, C F 3 C O O H ) 

The diacetate (Compound 13) was prepared by acetylating Compound 12, and 
since it d i d not crystall ize, it was used without purification. 

(R)-(o-Methoxyphenyl)methyl(morpholinosulfonylmethyl)phosphine 
(Compound 18). To a solution of morpholinomethanesulfonamide (13) 
(14.0 g, 84.9 mmol) i n 100 m L dry T H F at 15°C was added η-butyl l i th ium 
(50.9 m L 1.6M solution i n hexane (81.5 mmol). Then (S)p-menthyl o-methoxy-
phenylmethylphosphinate (11.0 g, 34.0 mmol) i n 50 m L dry T H F was added 
at 15°C and the mass was he ld at 20°-25°C for 16 h g iv ing a clear ye l low solu
tion. The product was puri f ied on a dry si l ica co lumn by e lut ing w i th ethyl 
acetate. 

N M R ( C D C 1 3 ) S 1.96 (d, 3 H , J = 14 H z ) 3 . 2 0 - 3 . 9 0 (m, 8 H ) , 3 .55 (d, 2 H , 
J = 14 .H ) , 3.92 (S, 3 H ) , a n d 6 .74 -8 .11 (m, 4 H ) . 

The above sol id (2.26 g, 6.8 mmol) was dissolved in 150 m l of dry acetonitrile 
and 6 m l of S i 2 C l e s lowly were added at 70°C. The mixture then was he ld for 30 
min , cooled, and added to 100 m l of 2 5 % N a O H at 0°-5°C. The layers were 
separated and the aqueous phase was extracted w i th C H 2 C 1 2 . After removal of 
the solvent, 1.9 g of clear ye l low o i l was obtained. It was crystal l ized from 
ethanol to give a product, mp 76°-77°C, [a]J° = +123.8°C (0.8, CHC1 3 ) . M S 
and N M R were consistent. Further crystall ization d i d not improve the rotation. 

The physical constants for related compounds were made by the same 
procedure. 

(R)-(o-Methoxyphenyl)methyl(methylsulfonylmethyl)phosphine (Com
pound 14): 

m p 1 1 2 - 1 1 3 , [a]£° = + 131.0°C (0.4, E t O H ) . 

(R)-(o-Methoxyphenyl)methyl(IV,N-dimethylsulfonylmethyl)phosphine 
(Compound 16). This compound is not crystal l ine; it formed a crystall ine 
derivative of the type L 2 R h AcAc , wh i ch was used for the catalyst. 

Compounds 15 and 17 were made in a similar manner but d i d not purify 
readily. 

(2S,4S)-N-Methanesulfonyl-4-diphenylphosphino-2-diphenylphosphino-
methylpyrolidine (Compound 21). The f - B O C group on A c h i w a s B P P M 
(5, 6) was removed w i th formic ac id and the free base reacted w i th C H 3 S 0 2 C 1 . 
D u r i n g purification on a si l ica co lumn the bisphosphine was ox id ized to the 
bisphosphine oxide. Th is product was readily reduced w i th S i 2 C l e i n C H 3 C N 
to give the desired bisphosphine (Compound; mp 124°-126°C 21), [a\l° = 
-46.7°C (0.3, CHCI3). A n X-ray structure of the rhod ium complex is described 
i n Ref. 8. 

(R^t)-4,5-Bis(p-tosyloxymethyl)-2,2-diphenyl-l,3-dioxolane (Compound 
30). A mixture of 4.3 g (.01 mol) of (R,R )-1,2,3,4 butane tetrol-l,4-ditosylate and 
2.4 g (.01 mol) of d ichlorodiphenyl methane in 25 m L of o-dichlorobenzene 
was refluxed under nitrogen for 12 h w i th evolution of HC1. After evaporation 
of the solvent, the residue was crystal ized from benzene/heptane to obtain 3.6 
g (60.5% of product); mp 121°-122°C. [α]%> = - 6 . 6 3 (1, C e H 6 ) . 
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328 METAL PHOSPHINE COMPLEXES 

(R,R )-4,5-Bis(diphenylphosphinomethyl)-2,2-diph^ 
(Compound 23). A solution of 12.8 mmo l o f l i th ium diphenylphosphide in 65 
m L of T H F was prepared using 2-chloropropane to destroy the pheny l l i th ium. 
This mixture was stirred for 16 h at 25°C w i th the above bis-tosylate. Evapora
tion of the solvent fo l lowed by hydrolysis and extraction gave a product wh i ch 
crystal l ized from ethanol; mp 135-137°C, [a]J° = -40.4°C (1, C 6 H e ) . 

Hydroformylat ion s. The hydroformylation of v iny l acetate was run at 6 
to 7 atm w i th a 4 4 : 5 6 C O / H 2 mixture at 80°-100°C using benzene as a solvent 
and an 8 x 10~ 4 M concentration of rhodium and a 3 .45M concentration of 
v iny l acetate. The ratio o f l igand to metal was varied from 1 to 6 and the best 
results were obtained only at h igh ratios. 

Isolated yie lds in the hydroformylation ran about 75 -85%. Rotations were 
measured on d is t i l l ed aldehyde and compared w i th a standard for pure 
α-acetoxypropanal: [a]2

D° = -34.9°C (5.0, toluene). 
This standard was obtained in two ways. A n asymmetric hydroformylation 

was run and the aldehyde was ox id ized to S-α-acetoxypropionic acid. A 
comparison of the rotation obtained w i th the literature (19) for pure S-acid 
[a]l° = -49.3°C (7.2, C H C 1 3 ) was used to arrive at the 34.9°C figure for pure 
S-aldehyde. Th is number was checked using an N M R shift reagent. 

Results 

T h e f o l l o w i n g a s y m m e t r i c react ions w e r e c o n s i d e r e d for th i s 
e v a l u a t i o n : 

Z—AAC 

H ^ ^ C O O H ^ C O O H 

C = C —K C6H5CH2—CH^ 

C E H 5 NHCOCH3 NHCOCH3 

Ε ir Z—BAC 

H C O O H 

Z- / \ \ C O O H 
C E H 5 N H C O C E H 5 \ / 

/

C 6 H 5 C H 2 — C H 

\ H C O Q H , 
Ε - / — χ 

H N H C O C E H 5 

π 
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20. KNOWLES E T A L . Asymmetric Homogeneous Catalysts 329 

D H V 

C H 3 C O O C H 3 ^ C O O C H a 

^ C = C ^ - ( C H 3 ) 2 C H - C H ^ 

C H 3 N H C O C 6 H 5 N H C O C 6 H 5 

III 

a - P h e n y l a c r y l i c A c i d 

^ O O H ^ C O O H 

C H 2 = = C —* C H 3 — C H 
\ \ 

C 6 H 5 C 6 H 5 

IV 

V i n y l Ace ta te 

O C O C H 3 
I 

C H 2 = C H O C O C H 3 C H 3 C H 

C H O 

O f these react ions o n l y I a n d I I - Z a n d the c o r r e s p o n d i n g ee's w o r k 
w i t h h i g h e f f i c i ency . T h e bes t p h o s p h i n e a v a i l a b l e to us for these 
convers ions was (R,R) - l , 2 - e t h a n e d i y l b i s - [ ( 2 - m e t h o x y p h e n y l ) - p h e n y l -
p h o s p h i n e ] ( D i P A M P ) (3). S i n c e a n u m b e r o f va r i an ts o f th i s m o l e c u l e 
w e r e r e a d i l y a v a i l a b l e f r om a c o m m o n , r e s o l v e d i n t e r m e d i a t e , i t 
s e e m e d w o r t h w h i l e to m a k e a f ew o f these w i t h the h o p e o f a c h i e v i n g 
m a r g i n a l ga ins as w e l l as i m p r o v i n g o u r u n d e r s t a n d i n g o f th i s r emark 
a b l e ca ta l y s i s . T a b l e I s h o w s a n u m b e r o f b i s p h o s p h i n e s that w e r e 
p r e p a r e d for th i s s tudy . 

S u b s t i t u t i n g a l i p h a t i c g r oups for the p h e n y l i n D i P A M P , as i n 
C o m p o u n d s 2 a n d 3, gave a s u r p r i s i n g l y in f e r i o r ca ta lys t for r e d u c i n g 
α-acetamidocinnamic a c i d ( A A C ) (see R e a c t i o n I). S u b s t i t u t i n g the 
p h e n y l w i t h a n e l e c t r o n - d o n a t i n g spec i es as i n C o m p o u n d 4 or a n 
e l e c t r o n - w i t h d r a w i n g g r o u p as i n C o m p o u n d 5 or 6 a p p e a r e d to h a v e 
no m a r k e t effect. T h e 4 - d i m e t h y l a m i n o subs t i tu en t i n C o m p o u n d 7 
was d e s i g n e d to b e a n e l e c t r o n - d o n a t i n g spec i e s i n base a n d a n 
e l e c t r o n - w i t h d r a w i n g spec i es i n a c i d . It was s u r p r i s i n g that th i s 
p h o s p h i n e s h o w e d s u c h a m a r k e d d i f f erence b e t w e e n the a c i d a n d 
base m o d e w h e n C o m p o u n d 4 or 5 (as d i d D i P A M P ) s h o w e d o n l y 
m i n o r d i f ferences. 
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330 M E T A L P H O S P H I N E C O M P L E X E S 

S u b s t i t u t i o n o f the p h e n y l w i t h a 2 - n a p h t h y l gave a n i d e n t i c a l 
ca ta lys t ( C o m p o u n d 8). R e p l a c e m e n t o f the 2 -me thoxy w i t h a 2-
m e t h y l t h i o ( C o m p o u n d 9) d e s t r o y e d the cata lys is , a l t h o u g h the cor re 
s p o n d i n g su l f one ( C o m p o u n d 10) was f a i r l y e f f ec t i ve . T h e 2- f luoro-
p h e n y l , as s e e n i n C o m p o u n d 11 , gave o n l y a m o d e r a t e l y e f f i c i en t 
cata lyst . S i n c e V a r i a n t 9 p r o b a b l y d e s t r o y e d th e ca ta l ys i s b y f o r m i n g 
a t i gh t c o m p l e x w i t h t h e m e t a l , w e e x p e c t e d that the free p h e n o l , 
C o m p o u n d 12 w o u l d b e h a v e i n a s i m i l a r m a n n e r . A s i t t u r n e d out , t h i s 
c o m p o u n d w a s a f a i r l y e f f ic ient, t h o u g h s l u g g i s h , cata lys t . 

I n o u r ea r l y w o r k w e f o u n d that v a r y i n g the s m a l l , m e d i u m , a n d 
la rge g roups o n the p h o s p h o r u s was u n p r o d u c t i v e (4). T h i s l e d to o u r 
c h o i c e o f the h i g h l y success fu l o - a n i s y l g r oup . P e rhaps o ther he tero 
a toms i n the s u b s t i t u e n t m i g h t l e a d to cata lysts w i t h n e w a n d use fu l 
p rope r t i e s . W e e x p l o r e d a f ew su l f one subs t i tuen t s a n d f o u n d that 
these w e r e i n t e r e s t i n g b u t not supe r i o r to o u r present m o d e l s . T a b l e I I 
shows that i f w e subs t i tu t e the c y c l o h e x y l g r o u p o f C A M P ((R)-
c y c l o h e x y l - 2 - m e t h o x y p h e n y l m e t h y l p h o s p h i n e ) (28) ( J ) w i t h a m e t h y l 
s u l f o n y l m e t h y l , as i n C o m p o u n d 14, w e c a n o b t a i n a v e ry r e spec t ab l e 
9 2 % ee o n Z - A A C . T h e l o w resu l t s a c h i e v e d w i t h C o m p o u n d s 15 
a n d 17 s h o w that the o - a n i s y l g r o u p is s t i l l necessary for g o o d 

T a b l e I. B i s p h o s p h i n e s R i R 3 
\ / 

P — C H 2 C H 2 P 

R 2 

Com
pound 

a The % ee was measured for the hydrogénation of AAC. 
6 The % ee was measured for the hydrogénation of BAC. 

\ 
(R,R) 

Vo. R 2 « 3 

1 C e H 5 2 - C H 3 O C e H 4 R . R 2 

2 C 2 H 5 2 - C H 3 O C e H 4 R i R 2 

3 C e H n 2 - C H 3 O C e H 4 R i R 2 

4 4 - C H 3 O C e H 4 2 - C H 3 O C e H 4 R i R 2 

5 3 - C l C e H 4 2 - C H 3 O C e H 4 R i R 2 

6 4 - C H 3 S 0 2 C e H 4 2 - C H 3 O C e H 4 R i R 2 

7 4 * . ( C H 3 ) 2 N C e H 4 2 - C H 3 O C e H 4 R i R 2 

8 2 - n a p h t h y l 2 - C H 3 O C e H 4 R i R 2 

9 2 - C H 3 S C g H 4 C e H 5 R i R 2 

1 0 2 - C H 3 S 0 2 C g H 4 C e H 5 R i R 2 

1 1 2 - F C e H 4 C e H 5 R i R 2 

1 2 C e H 5 2 - H O C „ H 4 R i R 2 

1 3 C e H 5 2 - C H 3 C O O C e H 4 R i R 2 

R4 

R4 
Best 

ee %a 

9 6 % S 
6 0 S 
6 4 S 
9 2 S 
9 6 S 
8 9 S 
8 3 ( a c i d 
1 5 (base 
9 5 S 
N R 
7 3 S 
6 0 S 
8 4 S * 
6 3 S 6 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
19

6.
ch

02
0

In Catalytic Aspects of Metal Phosphine Complexes; Alyea, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1982. 
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T a b l e II. S u l f o n e B a s e d P h o s p h i n e s ( ^ x ^ ^ \ 

R3 / 
ee VoforAAC 

Base 
R 3 (Temp.) Acid (50°) 

C H 3 S 0 2 C H 2 9 2 (0°) 7 9 S 
8 3 (50° ) S 

C H 3 S 0 2 C H 2 1 9 S 
( C H 3 ) 2 N S 0 2 C H 2 8 4 ( 5 0 ° ) 7 8 S 
( C H 3 ) 2 N S 0 2 C H 2 2 6 S 
/ \ S 0 2 C H 2 9 0 ( 0 ° ) 7 9 S 

(3 Ν 

1 9 R , R - l , 2 - E t h a n e d i y l b i s [ ( 2 - m e t h o x y - 4 - s o d i u m 85 S 
s u l f o n y l p h e n y l ) p h e n y l p h o s p h i n e ] 

2 0 R , R - l , 2 - E t h a n e d i y l b i s [ 2 - m e t h o x y - 4 - d i m e t h y l - 7 9 S 
a m i n o s u l f o n y l p h e n y l ) p h e n y l p h o s p h i n e ] 

2 1 ( C E H 5 ) 2 P . P ( C E H 5 ) 2 ? 1 R ( I P A ) 

I L> C H 2 

Com
pound 

No. 

14 2 - C H 3 O C e H 4 C H 3 

15 C e H s C H 3 

16 2 - C H 3 O C e H 4 C H 3 

17 C e H 5 C H 3 

18 2 - C H 3 O C e H 4 C H 3 

88 R ( H 2 0 ) 

so2 

C H 3 

( A c h i w a Su l fone ) 
a Since displacement of (R)p menthyl ester and the S i 2 C l e reduction both occur with 

inversion, all products are presumably of the R-configuration. 

ca ta lys is . O t h e r s u b s t i t u t e d su l fones s u c h as C o m p o u n d s 16 a n d 18 
b e h a v e a lmos t i d e n t i c a l l y . O n e d i f f erence b e t w e e n these su l fones 
a n d o u r p r e v i o u s cata lys ts is t h e i r s o l u b i l i t y i n a q u e o u s m e d i a . W i t h a 
h o m o g e n e o u s ca ta lys t i t is o n l y necessary for the substra te to b e mar 
g i n a l l y s o l u b l e . I n fact, i t is v e r y c o n v e n i e n t to go f r o m a s l u r r y o f 
reac tant to a s l u r r y o f p r o d u c t . W i t h su l f ones u n l i k e D i P A M P a n d 
D I O P one c a n use wa t e r as the s l u r r y i n g means . W e a t t e m p t e d to 
m o d i f y D i P A M P w i t h a s u l f o n y l g r o u p as w e l l as A c h i w a ' s B P P M 
( i , 5, 6 ) . C o m p o u n d s 19, 20 , a n d 21 w e r e success fu l mod i f i ca t i ons , 
p e r f o r m i n g i n wa t e r a n d g i v i n g o n l y m a r g i n a l l y poo re r r esu l t s t h a n 
the pa ren t c o m p o u n d . 

S i n c e D I O P (22) ( i , 7 ) a n d its c lose d e r i v a t i v e s are the mos t effec
t i v e l i g a n d s for n o n c h e l a t i n g o le f ins l i k e a - p h e n y l a c r y l i c a c i d (I, 7) 
(Reac t i on IV ) a n d for h y d r o f o r m y l a t i o n s (Reac t i on V ) (1 ), w e d e c i d e d 
to try a f ew var ian ts o f th i s v e r sa t i l e m o l e c u l e as s h o w n i n T a b l e I I I . 
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W e w e r e a b l e to subs t i tu t e the g e m - m e t h y l s i n the k e t a l r i n g w i t h 
g e m - p h e n y l s . C o m p o u n d 2 3 shows that th is p e r t u r b a t i o n was q u i t e 
h a r m f u l to b o t h Reac t i ons I a n d V . T h i s r e su l t was u n e x p e c t e d s ince 
X - r a y s t ruc ture s h o w e d the g e m - m e t h y l s to b e w e l l r e m o v e d f r o m the 
site o f ac t i on (8) a n d one w o u l d e x p e c t g e m - p h e n y l s to b e s i tua t ed 
s i m i l a r l y . 

M e t a - s u b s t i t u t i o n o n the p h e n y l g r oups o f D I O P gave m a r g i n a l 
i m p r o v e m e n t ( i ) , a n d the β-naphthyl m o i e t y s h o u l d s i m u l a t e a m e t a 
subs t i tuen t . A c t u a l l y C o m p o u n d 24 turns out to b e be t te r t h a n D I O P 
s ince i t g i ves a 8 3 % y i e l d u n d e r a c o n d i t i o n w h e r e D I O P w o u l d g i v e 
o n l y a 7 6 % y i 4 d (3 a t m a n d 50°C). T h e α-naphthyl was , as m i g h t b e 
e x p e c t e d for so h i n d e r e d a m o l e c u l e , q u i t e i n f e r i o r . T h e m - t r i -
fluoromethyl p r o d u c t (see C o m p o u n d 26) gave s i g n i f i c a n t l y faster 
h y d r o f o r m y l a t i o n s , b u t at bes t was o n l y m a r g i n a l l y bet ter . A n o t h e r 
D I O P d e r i v a t i v e was p r e p a r e d to c h e c k w h e t h e r the r i g i d i t y o f the 
a c e t o n i d e r i n g was r e a l l y necessary . T h e ad jacent m e t h y l s i n C o m 
p o u n d 2 7 m i g h t b e e x p e c t e d to i n f luence a p r e f e r r e d con f o rma t i on as 
i n B o s n i e n ' s c h i r a p h o s (1, 9 ) . A c t u a l l y , u n d e r base c ond i t i ons C o m 
p o u n d 27 gave a r e spe c t ab l e 6 6 % s u g g e s t i n g that w i t h su f f i c i en t l y 
l a rge g roups C o m p o u n d 2 7 m i g h t b e c o m e a n e f f ic ient l i g a n d . W i t h 
r e s p e c t to R e a c t i o n IV , C o m p o u n d 27 gave 5 5 % ee as c o m p a r e d w i t h 
6 0 % for D I O P (7). 

H y d r o f o r m y l a t i o n s w e r e r u n u n d e r a v a r i e t y o f t e m p e r a t u r e , 
p ressure , a n d e x c e s s - l i g and c o n d i t i o n s . T a b l e I I I shows o n l y the bes t 
ee 's o b t a i n e d after a l i m i t e d s tudy . I n no case w e r e w e a b l e to e x c e e d 
resu l t s p u b l i s h e d b y others i n o ther sys t ems ( i ) . 

T a b l e I I I . ( R , f l ) - D I O P D e r i v a t i v e s 

C o m 
p o u n d 

No. 

22 
23 
24 
25 
26 

2 7 

S t r u c t u r e 

C H 3 

C e H 5 

C H 3 

C H 3 

C H 3 

«2 
C e H 5 ( D I O P ) 
C e H 5 

2- N a p h t h y l 
1 - N a p h t h y l 
3- C F 3 C e H 4 

f X ) — C H — C H 2 P (R 2)2 > 

V \ ) — C H — C H 2 P (R2)2 ; 

Hydrofor
mylation0 

of Vinyl 
Acetate 

Best ee % 

C H 3 — C H — C H 2 P ( C e H 5 ) 2 

I ( 
C H 3 — C H — C H 2 P ( C e H 5 ) 2 

*(S,S)» 

Hydro
génation 
ofAAC 

Best ee % 

8 3 i l 
3 8 R 
8 3 R 
N R 
7 R 

4 9 S (ac id) 
6 6 S (base) 

4 0 S 
2 9 S 
39 S 

6 S 
4 2 S 

α A l l hydroformylations were run with excess ligand (1-6 moles). Best ee's were 
obtained with 6 moles of ligand at the expense of slow reactions. 

6 Ref. 16. 
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T a b l e I V . D e h y d r o v a l i n e (Reac t i on I I I ) 

Com
pound 

No. Ligand ee % 

28 ( C e H 1 1 ) ( 2 - C H 3 O C e H 4 ) ( C H 3 ) P ( C A M P ) 2 3 
29 ( C e H n X i s o - P r O C e H J i C H a ) ? 44 
30 [ ( C e H 1 1 ) ( 2 - C H 3 O C e H 4 ) P C H 2 - ] 2 ( D i C A M P ) 72 

W h e n one tr ies a s y m m e t r i c hydrogénations o n a h i n d e r e d a m i n o 
a c i d as i n R e a c t i o n I I I , a l l o f the w e l l - k n o w n l i g a n d s ( i ) g i v e v e r y 
s l o w react ions a n d p o o r ee 's . Hydrogénations g e n e r a l l y d o n ' t finish 
D i P A M P . T a b l e I V s h o w s that u s i n g the i s o p r o p y l e ther o f C A M P (28) 
(JO) gave m u c h faster react ions a n d m o d e s t e f f i c i ency . T h e d i m e r o f 
C o m p o u n d 28 , [ D i C A M P ( 3 ) ] , a ca ta l ys t w h i c h w a s d i s a p p o i n t i n g l y 
poo r for A A C {see R e a c t i o n I ) , gave 7 2 % ee for R e a c t i o n I I I at a ccep ta 
b l e rates u n d e r r e l a t i v e l y f o r c i n g c o n d i t i o n s (75°C a n d 4 a t m p a r t i a l 
p ressure o f h y d r o g e n ) . T h i s l e a d i n d i c a t e s that some fur ther s t r u c t u r a l 
m o d i f i c a t i o n m i g h t so l ve th is s y s t e m i f there was suf f i c ient i n c e n t i v e . 

Synthetic Methods 

A l l o f the b i s p h o s p h i n e s i n T a b l e I w e r e p r e p a r e d b y the r eac t i on 
o f the a p p r o p r i a t e G r i g n a r d r eagen t o n a r e s o l v e d m e n t h y l p h o s p h i n a t e 
ester as d e s c r i b e d i n o u r p r e v i o u s w o r k (3). R ' w a s e i ther p h e n y l (11 ) or 
o - a n i s y l (3). R x c o r r e sponds to R i g r o u p i n T a b l e I . 

Ο Ο Ο 

R ' — Ρ — Ο M e n R ' - P - ^ » * f t ? * ^ ( R ' - P — C H 2 ) 2 

C H 3 \ C H 3 R i 

S i 2 C l 6 

II 

( R ' — P — C H 2 _ ) 2 

R i 

W h e n the G r i g n a r d reagent was too h i n d e r e d for f a c i l e r eac t i on , 
the m e n t h y l ester was c o n v e r t e d first to the m e t h y l ester b y the m e t h o d 
o u t l i n e d b y D e B r u i n (12). P h o s p h i n e s 9, 10, a n d 11 w e r e p r e p a r e d i n 
th is m a n n e r . 

( C H 3 ) 3 0 + B F 4 " 

O ' ^ M g X 

R ' — P — O C H 3 

C H 3 
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334 METAL PHOSPHINE COMPLEXES 

C o u p l i n g b y p r e p a r i n g the a n i o n w i t h l i t h i u m d i i s o p r o p y l a m i d e 
f o l l o w e d b y C u C l 2 o x i d a t i o n w o r k e d n i c e l y i n a l l cases ( I ) . 

P h o s p h i n e 10 was p r e p a r e d b y o x i d i z i n g C o m p o u n d 9 as the 
p h o s p h i n e o x i d e w i t h K M n 0 4 a n d t h e n r e d u c i n g the p h o s p h i n e o x i d e 
w i t h S i 2 C l e . T h e su l f one was i ne r t to th is s i l ane reagent . 

P h o s p h i n e 12 was p r e p a r e d b y c l e a v i n g the m e t h y l e t h e r o n 
D i P A M P w i t h l i t h i u m d i p h e n y l p h o s p h i d e i n t e t r ahyd ro fu ran 
( T H F ) at a m b i e n t t e m p e r a t u r e s . 

M e l t i n g p o i n t s a n d rotat ions o f these p h o s p h i n e s a n d the i r corre 
s p o n d i n g ox ides are r e p o r t e d i n T a b l e V . Fo r ca ta l y t i c w o r k o n l y a f ew 
m i l l i g r a m s o f l i g a n d w e r e r e q u i r e d for e v a l u a t i o n so that o n l y N M R 
a n d M S ana lyses w e r e u s e d . W h e n e v e r p o s s i b l e the p r o d u c t s w e r e 
p u r i f i e d b y c r y s t a l l i z a t i o n to cons tant m e l t i n g po in t s . I n the case o f 
o i l s , there a l w a y s w i l l r e m a i n some d o u b t as to o p t i c a l p u r i t y . T h e 
p h o s p h i n e s w e r e a i r - sens i t i v e a n d h a d to b e c r y s t a l l i z e d u n d e r n i t r o 
gen . A c t u a l l y , i n m u c h o f o u r e a r l i e r w o r k the p h o s p h i n e s w e r e c o n 
t a m i n a t e d w i t h 5 - 1 0 % o x i d e w h i c h c a u s e d no c h a n g e i n ee 's o r rates 
as l o n g as the w e i g h t s w e r e ad jus t ed p r o p e r l y . 

T h e su l fones w e r e p r e p a r e d b y the f o l l o w i n g reac t ions : 

Ο Ο 

Il II 
R ^ O z C H , + R ' — Ρ — Ο M e n — R ' — Ρ — C H 2 S 0 2 R i 

C H 3 C H 3 

i S i 2 C l 6 

II 
R ' — P — C H 2 S 0 2 R i 

I 
C H 3 

R ' was e i the r p h e n y l (11) or o - a n i s y l (3). Rt was C H 3 , ( C H 3 ) 2 N , or 
m o r p h o l i n o as i n R 3 o f T a b l e I I . 

C o m p o u n d 14 c o u l d b e m a d e th is w a y or a l t e rna t e l y f r o m the 
a n i o n o f d i m e t h y l s u l f o x i d e (13) f o l l o w e d b y o x i d a t i o n to the su l f one 
w i t h K M n 0 4 . T h i s c o m p o u n d , a l t h o u g h n i c e l y c r y s t a l l i n e , was di f 
ficult to p u r i f y a n d w e f o u n d i t be t t e r to m a k e the m o r p h o l i n o d e r i v a 
t i v e , C o m p o u n d 18, w h i c h h a n d l e d m u c h bet ter . 

C o m p o u n d 19 was o b t a i n e d b y d i r e c t su l f ona t i on o f C o m p o u n d 1 
w i t h c o n c e n t r a t e d H 2 S 0 4 at 25°C. T h e d i m e t h y l a m i n o su l f one was 
p r e p a r e d b y c h l o r o s u l f o n a t i n g a n d a m i n a t i n g D i P A M P as the b i s -
o x i d e f o l l o w e d b y s i l ane r e d u c t i o n . 

T h e su l f one d e r i v a t i v e o f A c h i w a ' s R P P M (5, 6) was p r e p a r e d 
f r o m the free base a n d m e t h a n e s u l f o n y l c h l o r i d e . 
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Com
pound 

No. M.P. (°C) 

2 1 8 8 - 9 
3 2 2 2 - 4 
4 o i l 
5 o i l 
6 o i l 
7 2 2 2 - 5 
8 2 1 7 - 2 2 0 
9 1 7 9 - 8 0 

10 n o n c r y s t a l l i n e 
11 1 9 3 - 4 
12 3 2 7 
13 

T a b l e V . P h y s i c a l D a t a o n B i s p h o s p h i n e O x i d e s 

(R,R) -Bisphosphine Oxide 

[a]%°(l, MeOH) 

- 7 6 . Γ 
-52 .7° 
-30 .4° 

+95° 
-30 .5° 
-61 .3° 

-14 .2° 

(R,R)-Bisphosphine, m.p.(°C) 

o i l 
8 4 - 6 

1 2 2 - 3 
8 9 - 9 1 

o i l 
1 7 5 - 8 0 
1 3 3 - 4 
1 2 7 - 9 
n o n c r y s t a l l i n e 
1 2 8 - 3 0 (not pu r e ) 

+ 70.8° ( C F 3 C O O H ) 1 4 8 - 9 [a]%> = +56.7° (1, C H C 1 3 ) 

o i l 

T h e b e n z o p h e n o n e k e t a l o f D I O P ( C o m p o u n d 23) c o u l d not b e 
m a d e d i r e c t l y f r om the c o r r e s p o n d i n g d i o l b u t w a s p r e p a r e d as f o l 
l o w s : 

H O — C H — C H 2 O T s 

H O — C H — C H , O T s 
+ ( C 6 H 5 ) 2 C C 1 2 

C 6 H 5 O — C H — C H 2 O T s 

C 6 H / 0 — C H — C H 2 O T s 

30 

T h e b i s - t osy la t e ( C o m p o u n d 30) t h e n w a s c o n v e r t e d to C o m p o u n d 
2 3 i n the u s u a l m a n n e r b y r e a c t i n g w i t h l i t h i u m d i p h e n y l p h o s -
p h i d e (7). 

T h e a- a n d /3-naphthyl d e r i v a t i v e s , C o m p o u n d s 24 a n d 2 5 , as w e l l 
as C o m p o u n d 2 6 w e r e p r e p a r e d from the b i s - t osy la t e (7) a n d the co r r e 
s p o n d i n g l i t h i u m d i a r y l p h o s p h i d e . 

T h e d i m e t h y l d e r i v a t i v e , C o m p o u n d 27 , w a s p r e p a r e d f r o m 
r a c e m i c 1,2 d i m e t h y l s u c c i n i c a c i d b y first r e s o l v i n g w i t h q u i n i n e (14, 
15, 16), p r e p a r i n g the d i m e t h y l ester, a n d t h e n p r o c e e d i n g e xac t l y b y 
the same s e q u e n c e u s e d for D I O P f r om d i m e t h y l tartrate (7). T a b l e V I 
g i ves m e l t i n g p o i n t s a n d rotat ions o f the c o m p o u n d s i n T a b l e I I I . 

Compound 
No. 

2 3 
24 
25 
2 6 
27 

T a b l e V I . P h y s i c a l C o n s t a n t s D I O P D e r i v a t i v e s 

M.P. CC) [a]f 

1 3 5 - 1 3 7 
1 1 0 - 1 2 5 
1 0 4 - 1 0 6 
o i l 

9 6 - 9 7 

-40.4° 
13.9° 
- . 46 ° 
3.24° 

47°. 

(1, C e H e ) ( R , R ) 
(2, C e H e ) ( f l , R ) 
(2, C e H e ) ( R , R ) 
(1, t o l u e n e ) ( R , R ) 
(1, C H C 1 3 ) ( S ,S ) 
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Conclusions 

It is f a i r l y w e l l e s t a b l i s h e d that the success a c h i e v e d w i t h R e a c 
t ions I a n d I I -Z are f a c i l i t a t ed b y the a b i l i t y o f the subst ra te to che la t e 
w i t h the m e t a l ( J , 3 , 8 ) . T h e c a r b o n y l o f the a m i d e a n d the o l e f i n are 
s i tua t ed pe r f e c t l y for b o n d f o rmat i on a n d the c a r b o x y l or its e q u i v a l e n t 
forms a t h i r d p o i n t o f t i e - d o w n . T h i s t h r e e - p o i n t l a n d i n g a p p a r e n t l y 
forms a r i g i d s t ruc tu re that enab l e s a ra ther s i m p l e l i g a n d to a c h i e v e 
s ter ic c o n t r o l . F o r t u n a t e l y , th i s s p e c i a l case is a p p l i c a b l e to s yn thes i z 
i n g α-amino a c i d s w h e r e the i m p o r t a n c e o f the c o m p o u n d s offsets the 
l a c k o f g enera l i t y . I n Reac t i ons I I I , IV , a n d V the t i e - d o w n is e i ther 
h i g h l y h i n d e r e d or nonex i s t en t , a n d p e r h a p s one c a n o n l y a c h i e v e 
success i n these m o r e d i f f i cu l t s ys t ems w i t h a l i g a n d o f m u c h greater 
c o m p l e x i t y . 

I n the h y d r o f o r m y l a t i o n r eac t i on , V , the s i tua t i on is e v e n worse . 
H e r e there is no de f in i t e s t e r eochemis t r y b e t w e e n the p h o s p h i n e 
l i g a n d a n d the m e t a l . O n e o f the reactants , c a r b o n m o n o x i d e , c o m p e t e s 
so w e l l w i t h the p h o s p h i n e for sites o n the m e t a l that it is d i f f i cu l t to 
i n s u r e that the c h i r a l agent is p resent w h e n the n e w a s y m m e t r i c c en te r 
is f o r m e d . 
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Asymmetric Catalytic Hydrogenation 

Β. BOSNICH and NICHOLAS K. ROBERTS 
Lash Miller Chemical Laboratories, University of Toronto, Toronto, Ontario, 
Canada 

Four cationic rhodium(I) catalysts incorporating struc
turally different chiral bidentate ditertiary phosphines 
are described. All of the catalysts hydrogenate (Z)-
N-acylaminoacrylic acids to give optically active 
N-acylamino acids. The optical yields generated by these 
four catalysts display a pattern that reflects the chiral 
and achiral conformations of the chelate rings and sup
port the view that the major source of discriminatory 
interaction arises from the chiral array of phenyl groups 
bonded to the phosphorus atoms. Thus a prescription for 
phosphine design can be enunciated. The details of the 
mechanism of asymmetric hydrogenation are discussed. 

W ilkinson's (I) discovery that the soluble rhodium(I) phosphine 
complex, [Rh(PPh 3 ) 3Cl], was capable of homogeneous catalytic 

hydrogénation of olefins immediately set off efforts at modifying the 
system for asymmetric synthesis. This was made possible by the paral
lel development of synthetic methods for obtaining chiral tertiary 
phosphines by Horner (2) and Mislow (3,4, 5). Almost simultaneously, 
Knowles (6) and Horner (7) published their results on the reduc
tion of atropic acid (6), itaconic acid (6), a-ethylstyrene (7) and 
a-methoxystyrene (7). Both used chiral methylphenyl-n-propyl-
phosphine coordinated to rhodium(I) as the catalyst. The optical yields 
were modest, ranging from 3 to 15%. 

Two major advances soon followed. The first was the discovery 
that rhodium(I) complexes incorporating bidentate chelating diphos
phines also were capable of hydrogenating olefins. The other impor
tant development was the discovery that (Z)-N-acylaminoacrylic acids 
(see Figure 1), the precursors of amino acids, were hydrogenated at 
surprisingly high rates in view (I ) of the fact that they were generally 
trisubstituted olefins. Moreover, these substrates seem to have charac
teristics that lead to high optical yields with a minimum of elabora-

0065-2393/82/0196-0337$05.00/0 
© 1982 American Chemical Society 
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Figure 1. Structure of the amino 
acid substrates 

, C 0 0 R 

t i on o f the p h o s p h i n e . T h u s K n o w l e s (8 ) f o u n d that ( Z ) - N - a c y l -
a m i n o a c r y l i c a c i d s w e r e r e d u c e d i n o p t i c a l y i e l d s u p to 9 0 % u s i n g 
the u n i d e n t a t e c h i r a l p h o s p h i n e , o - a n i s y l c y c l o h e x y l m e t h y l p h o s -
p h i n e . T h i s was s u r p r i s i n g b e c a u s e u n i d e n t a t e c h i r a l l i g a n d s are 
g e n e r a l l y c o n f o r m a t i o n a l l y n o n r i g i d a n d hence t e n d to g i v e o n l y 
m o d e s t d i s c r i m i n a t i o n . It is b e l i e v e d (8) that , i n the case o f the 
o - a n i s y l c y c l o h e x y l m e t h y l p h o s p h i n e l i g a n d , w e a k c o o r d i n a t i o n o f the 
o x y g e n a t o m to the r h o d i u m ( I ) p r o v i d e s a r e s t r i c t i on o n the r o t ame r i c 
fluxionality o f the l i g a n d . E v e n so, m a n y o f the o ther u n i d e n t a t e phos 
p h i n e s , w i t h o u t the p o s s i b i l i t y o f s e condary c o o r d i n a t i o n , gave re
s p e c t a b l e o p t i c a l y i e l d s w i t h the ( Z ) - N - a c y l a m i n o a c r y l i c a c i d s (8 ) . 

T h e nex t g ene ra t i on o f ca ta lys ts i n v e s t i g a t e d w e r e those that i n 
c o rpo ra t ed c h i r a l c h e l a t i n g d i p h o s p h i n e s . K a g a n (9) i n t r o d u c e d diop 
a n d K n o w l e s (JO) e x t e n d e d h is w o r k to the b i d en t a t e l i g a n d (R ,R ) -1 ,2 -
e t h a n e d i y l b i s - [ (2 - m e t h o x y p h e n y l ) p h e n y l p h o s p h i n e ] (1) ( D i P A M P ) 
(see F i g u r e 2). B o t h o f these l i g a n d s c a n generate ca t i on i c c o m p l e x e s 
d u r i n g the hydrogénation c y c l e a n d have s o m e w h a t d i f ferent m e c h a 
n i s m s for r e d u c t i o n ( J J ) c o m p a r e d w i t h the o r i g i n a l n e u t r a l spec i e s . 
K a g a n ' s d i o p has c h i r a l i t y r e s i d i n g at the c a r b o n a toms a n d has a c h i r a l 
p h o s p h o r u s a toms w h e r e a s D i P A M P con ta ins o n l y c h i r a l t e r t ia ry 
p h o s p h i n e cente rs . B o t h , h o w e v e r , p r o d u c e ve ry e f f ic ient a s y m m e t r i c 
hydrogénation cata lys ts for p r o d u c i n g o p t i c a l l y a c t i v e a m i n o a c i d s . 
F o l l o w i n g these s tud ies n u m e r o u s c h i r a l c h e l a t i n g p h o s p h i n e s h a v e 
b e e n d e v e l o p e d (12-24), a l l o f w h i c h h a v e b e e n r ea sonab l y success fu l 
for a s y m m e t r i c r e d u c t i o n o f ( Z ) - N - a c y l a m i n o a c r y l i c a c i d s . 

d i o p D I P A M P 

Figure 2. Structures of the diop and DiPAMP ligands 
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W e b e l i e v e that there is a ra t i ona l e x p l a n a t i o n for the success o f 
these c h e l a t i n g d i p h o s p h i n e s . T h e p u r p o s e o f th is chap t e r is to a d u m 
bra te a g ene ra l hypo thes i s for the c h i r a l d i s c r i m i n a t i o n o f these sys
t ems . W e d e s c r i b e o u r w o r k o n a series o f c h e l a t i n g d i p h o s p h i n e s 
w h i c h w e b e l i e v e , as a w h o l e , i nco rpora t e m o s t o f the s t ruc tu ra l fea
tures necessary to s u p p o r t o u r hypo thes i s . 

Mechanism of Hydrogénation 

T h e m e c h a n i s m o f hydrogénation o f o le f ins b y s o l u b l e ca t i on i c 
r h o d i u m ( I ) c o m p l e x e s appears to i n v o l v e : (a) o l e f i n c o o r d i n a t i o n ; (b) 
h y d r o g e n u p t a k e ; (c) a d d i t i o n o f one h y d r o g e n a t o m to the c o o r d i n a t e d 
o l e f i n to g i v e a σ-alkyl-hydrido-rhodium i n t e r m e d i a t e ; a n d (d) inser 
t i o n o f the r e m a i n i n g h y d r i d o l i g a n d i n t o the σ-alkyl b o n d to p r o d u c e 
the a l k a n e (11). T h i s s e q u e n c e o f events is s h o w n i n o n e o f the c o l 
u m n s o f F i g u r e 3 ; w e s h a l l d e a l w i t h the a d d i t i o n a l de ta i l s la ter i n th i s 
chap te r . D e s p i t e the p resence o f the σ-alkyl i n t e r m e d i a t e , there ap
pears to b e no s c r a m b l i n g o f the /3-hydrogen a toms o f th is i n t e r m e d i a t e 
as a r e su l t o f /3-e l iminat ion (25, 2 6 , 2 7 , 28 ) . T h e h y d r o g e n a d d i t i o n , at 
least for the substrates w e d e a l w i t h here , is c o m p l e t e l y s t e reospec i f i c 
g i v i n g a c i s - a d d i t i o n p r o d u c t , the h y d r o g e n a toms b e i n g d e l i v e r e d to 
the o l e f i n i c face c o o r d i n a t e d to the r h o d i u m a t om. F i g u r e 4 shows the 
consequences o f a d d i t i o n f o l l o w e d b y /3-e l iminat ion for I n t e r m e d i a t e 
Β u s i n g as a n e x a m p l e the i l l u s t r a t e d o l e f i n subst ra te . 

I n o rde r to a c h i e v e a s y m m e t r i c hydrogénation, w e n e e d to inco r 
porate a c h i r a l p h o s p h i n e that is c a p a b l e o f d i s t i n g u i s h i n g b e t w e e n the 
e n a n t i o t o p i c faces o f the p r o c h i r a l o l e f i n , so that one o f these faces is 
c o o r d i n a t e d p r e f e r e n t i a l l y to the r h o d i u m a t o m . (It s h o u l d b e n o t e d 
that the a t t a chmen t o f a p r o c h i r a l o l e f i n to a m e t a l a t o m p r o d u c e s a 
c h i r a l s y s t e m i r r e s p e c t i v e o f w h a t e l se is a t t a ched to the metal . ) T h u s 
the ca ta l ys t s o l u t i o n w i l l c o n t a i n t w o d i a s t e r e o m e r i c spec i e s , e a c h hav 
i n g the same p h o s p h i n e c h i r a l i t y b u t w i t h oppos i t e c h i r a l i t i e s o f the 
m e t a l o l e f i n center . S u c h a n e q u i l i b r i u m is s h o w n as Kt i n F i g u r e 3. 

I f K2, kl9 Zc_ x, a n d k2 h a d the same va lues as K ' 2 , k\, k'-u a n d k'2, 
t h e n the o p t i c a l p u r i t y o f the p r o d u c t , * R H , w o u l d b e d e t e r m i n e d 
s o l e l y b y the v a l u e o f the d i a s t e r e o m e r i c e q u i l i b r i u m constant Κ v If, 
h o w e v e r , the p r i m e d a n d u n p r i m e d constants w e r e di f ferent , the final 
o p t i c a l y i e l d c o u l d b e d e t e r m i n e d b y b o t h t h e r m o d y n a m i c a n d k i 
n e t i c factors, a n d i n one e x t r eme c o u l d r e su l t i n the obse r va t i on that the 
p r e f e r r ed e n a n t i o m e r o f the p r o d u c t o r i g i n a t e d i n the m i n o r d i a -
s tereomer . C l e a r l y , k i n e t i c factors c a n b e i m p o r t a n t s ince the s ter i c 
in te rac t i ons o f the i n i t i a l t w o d i as t e r eomers are d i f f e rent a n d these 
c o u l d affect the rate constants o f the r eac t i on . M o r e o v e r , the σ-alkyl 
i n t e r m e d i a t e is c h i r a l , as s h o w n for one o f the i n i t i a l o l e f i n d i a 
s te reomers i n F i g u r e 4, a n d the rate o f h y d r o g e n a d d i t i o n a n d inse r t i on 
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340 METAL PHOSPHINE COMPLEXES 

Figure 3. General mechanism for asymmetric catalytic hydrogénation 
using chelating phosphine rhodium complexes 

c o u l d b e a f fec ted b y the d i f f erent in te rac t ions o f the c h i r a l σ-alkyl 
i n t e r m e d i a t e s w i t h the c h i r a l p h o s p h i n e l i g a n d . T h u s , i n another ex
t r e m e , Κχ c o u l d r ep resen t u n i t y a n d y e t s i gn i f i can t a s y m m e t r i c r e d u c 
t i on c o u l d b e o b t a i n e d b e c a u s e o f the d i f ferent d i a s t e r e o m e r i c in te rac 
t ions o f the i n t e rmed i a t e s a f f ec t ing the o v e r a l l rates o f r eac t i on . 

I t is k n o w n , h o w e v e r , t h a t K j for ( Z ) - N - a c y l a m i n o a c r y l i c a c i d s w i t h 
a n u m b e r o f c h i r a l c h e l a t i n g d i p h o s p h i n e s or r h o d i u m ( I ) c o r r e sponds 
c l o s e l y to the va lues o b t a i n e d for the o p t i c a l y i e l d s (29). T h i s i n i t s e l f 
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does not m e a n that the r educ t i ons p r o c e e d u n d e r t h e r m o d y n a m i c c o n 
t r o l b u t that the c h i r a l p h o s p h i n e s are c a p a b l e o f s t rong , a s y m m e t r i c 
i n d u c t i o n . (We s h a l l d i s cuss at the e n d o f th is chap t e r some o f the 
s u r p r i s i n g features o f th i s i nduc t i on . ) 

Asymmetric Induction 

I n t e r n a l d i a s t e r eomers o f the k i n d d e p i c t e d i n F i g u r e 3 h a v e t w o 
k i n d s o f i n t e rac t i on b e t w e e n the c h i r a l cente rs : the to ta l i n t e r a c t i on 
a n d that par t o f the to ta l i n t e r a c t i on w h i c h is d i s c r i m i n a t o r y . T h e lat ter 
w e c a l l the d i a s t e r eo t op i c i n t e rac t i on , a n d i t is o n l y th is par t o f the 
i n t e r a c t i on that causes e i the r Κ ! i n F i g u r e 3 to b e d i s p l a c e d f r o m u n i t y 
or the a c t i va t i on energ i es o f the d i a s t e r e o m e r i c t r ans i t i on states to b e 
di f ferent . It f o l l o w s that the ob jec t i n a s y m m e t r i c synthes is is to 
m a x i m i z e the d i a s t e r eo t op i c i n t e rac t i on . I n the absence o f a c l e a r 
l o c k - a n d - k e y c o m p a t i b i l i t y for the i n d u c i n g m o l e c u l e a n d the s u b 
strate, the s t e r e o c h e m i c a l c r i t e r i a for m a x i m i z i n g the d i a s t e r eo t op i c 
i n t e r a c t i on are no t a l w a y s o b v i o u s . F o r e x a m p l e , i t is a c o m m o n l y h e l d 
v i e w that a n inc rease i n the r e l a t i v e s te r i c b u l k o f c e r t a i n g r oups w i l l 
inc rease d i s c r i m i n a t i o n . T h i s m a y o n l y inc rease the n o n d i s c r i m i n a t o r y 
i n t e r a c t i on un l e ss s u c h e l abo ra t i on is d i r e c t e d at features o f the s u b 
strate w h i c h c o n t r o l the d i s c r i m i n a t i o n . 

H o w e v e r one charac t e r i s t i c o f success fu l a s y m m e t r i c synthes is is 
c l ea r , that s ter ic r i g i d i t y is a necessary (but not suff ic ient) c o n d i t i o n . 
L a b i l e , flexible sys t ems g e n e r a l l y g i v e l o w o p t i c a l y i e l d s b e c a u s e the 
ne t d i a s t e r eo t op i c i n t e r a c t i on is c o n s t i t u t e d o f the w e i g h t e d average o f 
a l l o f the c on f o rma t i ona l a n d r o t ame r i c con f i gura t ions o f the s y s t em . 
T h e r e su l t is that a g i v e n con f i gu ra t i on (or i n d u c i n g m o l e c u l e a n d 
p r o c h i r a l substrate ) m a y i n d u c e one sense o f i n t e rac t i on , ano ther c o n 
figuration m a y i n d u c e i n the oppos i t e sense, a n d ye t others m a y not 
cause a n y d i s c e r n i b l e i n d u c t i o n . T h e effect is that the d i s c r i m i n a t i o n 
t ends to b e w a s h e d - o u t i n n o n r i g i d sys t ems (30). It f o l l o w s that r i g i d i t y 
is o n l y the first c o n d i t i o n ; the o ther is to h a v e the cor rec t s t e r e o c h e m i 
c a l con f i gura t i on . 

F o r the case o f the ( Z ) - N - a c y l a m i n o a c r y l i c a c i d s a t t a ched to 
r h o d i u m ( I ) i n c o r p o r a t i n g b i d e n t a t e p h o s p h i n e s , the substra te is h e l d 
i n a fixed con f o rma t i on t h r o u g h c o o r d i n a t i o n o f the o l e f i n a n d the 
a c y l - o x y g e n a t o m (31) (see F i g u r e 5). A s w e l l as i m p a r t i n g r i g i d i t y , 
c h e l a t i o n increases the s t a b i l i t y o f subst ra te c o o r d i n a t i o n a n d the r eby 
c on t r i bu t e s to the v e l o c i t y o f hydrogénation (see F i g u r e 3). 
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Phosphine Design 

Sa tu ra t ed b i d e n t a t e l i g a n d s f o r m i n g five-membered or h i ghe r -
m e m b e r e d che la t e r i ngs adopt p u c k e r e d con fo rmat ions ( 32 , 33 , 34 ) . A s 
i n sa tura t ed c a r b o c y c l i c sys t ems , the n u m b e r o f poss i b l e con format ions 
increases w i t h r i n g s i ze a l t h o u g h o n l y a f ew are s i gn i f i c an t l y p o p u 
l a t ed . F o r the case o f five-membered r ings , t w o e n a n t i o m e r i c confor
mat ions exist . T h e s e r ings r a p i d l y i n t e r conve r t f r o m one e n a n t i o m e r i c 
c on f o rma t i on to the o ther (see F i g u r e 6), p r o v i d e d no c h i r a l centers 
ex is t o n the l i g a n d or abou t the m e t a l center . I n the process , the s u b 
s t i tuents o n the dono r a toms a n d o n the c a r b o n a toms o f the r i n g in te r 
c h a n g e the i r q u a s i a x i a l a n d q u a s i e q u a t o r i a l d i spos i t i ons (see F i g u r e 6). 
I f one or b o t h o f the c a r b o n a toms is m o n o s u b s t i t u t e d , a n d the r eby 
c h i r a l c a r b o n centers are i n t r o d u c e d , the c on f o rma t i ona l e q u i l i b r i u m 
d e p i c t e d i n F i g u r e 6 w i l l b e d i s p l a c e d b y the r e q u i r e m e n t (32, 3 3 , 34 ) 
that the subs t i tuen t s b e d i s p o s e d e q u a t o r i a l l y . T h u s the c h i r a l c a r b o n 
centers w i l l i n d u c e the che l a t e r i n g to adop t one , p r e f e r r ed c h i r a l 
c on f o rma t i on a n d th is , i n t u r n , w i l l d i spose the subs t i tuen t s o n the 
donor a toms i n a p r e f e r r ed c h i r a l array. A p r o c h i r a l o l e f i n c o o r d i n a t e d 
to a m e t a l a t om i n c o r p o r a t i n g th is c h i r a l r i n g w i l l b e i n d u c e d to adop t a 
p r e f e r r e d e n a n t i o m e r i c con f i gu ra t i on b y the c h i r a l in te rac t i ons gener
a t ed m a i n l y b y the c h i r a l array o f subs t i tuen t s o n the donor a toms. 

Figure 6. Conformational equilibria of five-membered chelate rings 

F i g u r e 7 shows the p r e f e r r e d con fo rmat ions o f S , S - c h i r a p h o s a n d 
R - p r o p h o s . A c c o r d i n g to o u r hypo thes i s , cata lys ts f o r m e d b y these t w o 
l i g a n d s s h o u l d g i v e s i m i l a r o p t i c a l y i e l d s b u t o f oppos i t e c h i r a l i t y . 
T h i s is b e cause w e assert that the c h i r a l array o f p h e n y l g r oups deter 
m i n e s the o p t i c a l i n d u c t i o n a n d hence w h e t h e r the r i n g con fo rmat ions 

S 

Figure 7. The preferred conformations of S,S-chiraphos and R-prophos 
chelate rings 
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are i n d u c e d b y one or t w o m e t h y l g roups is i r r e l e van t . M o r e o v e r , the 
t w o p h o s p h i n e s s t a b i l i z e e n a n t i o m e r i c r i n g con fo rmat ions a n d hence 
s h o u l d generate oppos i t e o p t i c a l i n d u c t i o n s . 

S i x - m e m b e r e d che l a t e r i n g sys t ems present a s i m i l a r b u t some
w h a t m o r e c o m p l i c a t e d s i tua t i on . T h e s e r ings p o t e n t i a l l y h a v e m a n y 
con f o rma t i ona l a r rangements . O f these, o n l y t w o are i m p o r t a n t i n the 
p resen t c o n t e x t — t h e c h i r a l s k e w a n d the a c h i r a l c h a i r c o n f o r m a t i o n s — 
a n d o f these t w o the lat ter is i n t r i n s i c a l l y mo r e s tab l e (33, 34). S u b s t i 
t u t i o n at the 2- a n d 4-pos i t ions o f the r i n g c a n l e a d to s t a b i l i z i n g one 
or the o ther c on f o rma t i on . 

F i g u r e 8 shows some o f the con format ions o f S , S - s k e w p h o s -
( S , S - 2 , 4 - b i s ( d i p h e n y l p h o s p h i n o ) p e n t a n e ) . T h e c h i r a l s k e w r i ngs are 
s h o w n w i t h the m e t h y l g r oups i n b o t h d i a x i a l a n d d i e q u a t o r i a l d i s 
pos i t i ons , whe r eas the c h a i r c on f o rma t i on ne c e s sa r i l y has one ax i a l 
a n d one e q u a t o r i a l m e t h y l g r o u p . C o n f o r m a t i o n a l s tud ies (35, 36) o n 
the c o r r e s p o n d i n g d i a m i n e c o m p l e x e s suggest that the m o s t s tab le 
c on f o rma t i on is the s k e w a r r a n g e m e n t w i t h t w o e q u a t o r i a l m e t h y l 
g r oups . T h i s p re f e r ence , h o w e v e r , m a y not b e o v e r w h e l m i n g a n d 
s t e r e o c h e m i c a l e n c u m b r a n c e s o n the m e t a l a t o m m a y t i l t the stereo
c h e m i c a l b a l a n c e to the c h a i r c on f o rma t i on , e v e n t h o u g h th is c o n 
figuration possess a d e s t a b i l i z i n g a x i a l m e t h y l g r o u p . 

F i g u r e 9 shows some o f the con format ions o f S - c h a i r p h o s ( S - l , 3 -
b i s ( d i p h e n y l p h o s p h i n o ) b u t a n e ) . A c h a i r a n d a s k e w c on f o rma t i on 
ex is t that have e q u a t o r i a l l y d i s p o s e d m e t h y l g r oups . T h e c h a i r c o n 
f o rmat i on that is i n t r i n s i c a l l y m o r e s tab le is e x p e c t e d to b e p r e f e r r ed 
(33, 34, 37). T h e o ther c h a i r c on f o rma t i on w i t h a n a x i a l l y d i s p o s e d 
m e t h y l g r o u p is e x p e c t e d to b e less s tab le . 

Figure 8. Conformational isomers of S,S-skewphos 
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Figure 9. Conformational isomers of S-chairphos 

T h u s , i f w e a s sume that S , S - s k e w p h o s pre fers the c h i r a l s k e w 
con f o rma t i on a n d that S - c h a i r p h o s pre fers the a c h i r a l c h a i r con fo rma
t i on , w e c a n p r e d i c t the o p t i c a l y i e l d s g ene ra t ed b y ca ta lys t f o r m e d 
b y these t w o l i g a n d s . T h e s k e w con f o rma t i on d i sposes the p h e n y l 
g roups i n a c h i r a l array s i m i l a r to that d e s c r i b e d for the five-
m e m b e r e d r i n g sys t ems , a l t h o u g h there are d i f ferences i n the o r i en ta 
t ions . T h e s i x - m e m b e r e d s k e w r i n g fixes the p h e n y l g r oups i n m o r e 
c l e a r l y d e f i n e d a x i a l a n d e q u a t o r i a l pos i t i ons t h a n for the five-
m e m b e r e d r ings , a n d the i n c l i n a t i o n s o f the p h e n y l g r oups r e l a t i v e 
to the m e a n m o l e c u l a r p l a n e o f the c o m p l e x are s o m e w h a t d i f ferent 
i n the t w o cases. G e n e r a l l y , h o w e v e r , w e w o u l d e xpec t that S ,S-
s k e w p h o s cata lysts w i l l g i v e s i m i l a r o p t i c a l y i e l d s to those o b s e r v e d 
for c h i r a p h o s a n d p rophos . T h e S - c h a i r p h o s s y s t e m i n the c h a i r 
c on f o rmat i on , o n the other h a n d , is i n t r i n s i c a l l y a c h i r a l as far as the 
p h e n y l g r o u p or ienta t ions are c o n c e r n e d (see F i g u r e 9). W e t h u s 
e xpec t a cata lys t i n c o r p o r a t i n g S - c h a i r p h o s , a l t h o u g h o p t i c a l l y ac t i v e , 
to g i v e n e g l i g i b l e o p t i c a l y i e l d s . 

T h e s e f our l i g a n d s , there fore , p r o v i d e a n i n c i s i v e test for o u r 
hypo thes i s c o n c e r n i n g the o r i g ins o f the o p t i c a l i n d u c t i o n . 

Ligand Structures 

C r y s t a l s t ruc tures o f [ R h ( S , S - c h i r a p h o s ) C O D ] C l 0 4 (38), [Rh (R-
p r o p h o s ) N B D ] C 1 0 4 (39), [ R h ( S , S - s k e w p h o s ) N B D ] C 1 0 4 (39), a n d 
[ R h ( S , S - s k e w p h o s ) C O D ] C 1 0 4 (39), (where C O D is cyc l ooc ta -1 ,5 -
d i e n e a n d N B D is n o r b o r n a d i e n e ) h a v e b e e n d e t e r m i n e d . T h e m o l e c 
u l a r s t ruc tures o f the c h i r a p h o s a n d p r ophos c o m p l e x e s are essen t i a l l y 
those that are d e p i c t e d i n F i g u r e 7 bu t , whe r eas the s k e w p h o s - C O D 
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c o m p l e x has a s y m m e t r i c a l s k e w r i n g c on f o rma t i on i n the p r e d i c t e d 
c h i r a l i t y , the c o r r e s p o n d i n g N B D c o m p l e x has a c h a i r r i n g con f o rma
t i on . T h i s d i f f e rence m a y b e r e l a t e d to the ex i g enc i e s o f c r ys ta l p a c k i n g 
a n d the d i f ferent che l a t e b i t e ang les o f C O D a n d N B D . W h a t e v e r the 
o r i g ins , h o w e v e r , these r esu l t s suggest that there m a y b e o n l y a s m a l l 
d i f f e rence i n ene rgy for the s k e w a n d c h a i r r ings o f S , S - s k e w p h o s 
c o m p l e x e s . 

T h e p h o s p h o r u s N M R o f [ R h ( S , S - s k e w p h o s ) N B D ] + i n C D 2 C 1 2 so
l u t i o n g i ves a t w o - l i n e s p e c t r u m at 30°C a n d d o w n to the f r e e z i n g 
p o i n t o f the s o l u t i o n , i n d i c a t i n g that, o n a n N M R t i m e sca l e , the phos 
pho rus a toms are e q u i v a l e n t . T w o exp lana t i ons arre a d m i s s i b l e : e i the r 
the r i n g s y s t e m is fluxional i n th is t e m p e r a t u r e range or the ring exists 
i n a stat ic s k e w con f o rmat i on . T h e c i r c u l a r d i c h r o i s m ( C D ) spec t r a 
o f [ R h ( S , S - s k e w p h o s ) ( C H 3 O H 2 ] + a n d [ R h ( S - c h a i r p h o s ) ( C H 3 O H ) 2 ] \ 
h o w e v e r , suggest that the p r e p o n d e r a n t c on f o rma t i on o f the s k e w p h o s 
c o m p l e x is s k e w (40). (A d i s c u s s i o n o f th is w i l l appea r la ter i n th is 

A t en ta t i ve in f e r ence m a y b e d r a w n f r om these r e su l t s ; the s k e w 
phos c o m p l e x is p r e d o m i n a n t l y i n the s k e w con f o rma t i on i n s o l u t i o n , 
b u t m i n o r s t e r e o c h e m i c a l e n c u m b r a n c e s m a y t i p the r i n g i n t o the c h a i r 
c on f o rmat i on . 

Optical Yields 

A l l hydrogénations w e r e c a r r i e d ou t u n d e r a m b i e n t c ond i t i ons , 
a n d the g ene ra l m e t h o d s are d e s c r i b e d e l s e w h e r e (25). C h e m i c a l 
y i e l d s are q u a n t i t a t i v e i n a l l cases. T h e resu l ts are l i s t e d i n Tab l e s I, I I , 
I I I , a n d IV. T h e o p t i c a l y i e l d s speak for t h emse l v e s , b u t w e e m p h a s i z e 
a n u m b e r o f features. T h e S , S - c h i r a p h o s a n d R - p r o p h o s cata lysts g i v e 
s i m i l a r o p t i c a l y i e l d s , b u t t h e y d e l i v e r the oppos i t e c h i r a l i t y . T h e S,S-
s k e w p h o s ca ta l ys t g i ves s i m i l a r o p t i c a l y i e l d s to those for the five-
m e m b e r e d r i n g ana logs , b u t the S - c h a i r p h o s ca ta lys t g i ves v e r y l o w 
o p t i c a l y i e l d s that va ry i n e n a n t i o m e r w i t h changes i n so l v en t a n d 
subst ra te . A l l o f these observat ions w e r e p r e d i c t e d e x c e p t for the l o w 
o p t i c a l y i e l d s o b t a i n e d w i t h the s k e w p h o s ca ta l ys t for the l e u c i n e 
substrates . 

T h e fact that the S , S - s k e w p h o s a n d S - c h a i r p h o s cata lys ts g i v e 
s i m i l a r o p t i c a l y i e l d s for the l e u c i n e substrates m i g h t suggest that the 
che l a t e r i n g is c h a i r i n b o t h cases d u r i n g the hydrogénation o f the 
subst ra te . T h i s does not a p p e a r to b e the case at l east for the i n i t i a l 
s u b s t r a t e - b i n d i n g s tep. T h e C D spec t ra o f [Rh (S ,S - skewphos ) -
( C H 3 O H ) 2 ] + a n d [ R h ( S - c h a i r p h o s ) ( C H 3 O H ) 2 ] + are s i m i l a r i n f o rm bu t , 
as e x p e c t e d (34, 3 5 , 37 ) , the fo rmer s p e c t r u m is a b o u t five t imes la rger 
t h a n the latter . A n i d e n t i c a l r e l a t i o n s h i p h o l d s for the C D spec t r a o f 

chapter . ) 
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Table I. ( S, S )-Chiraphos 

Amino Acid 

Alan ine 

Phenylalanine 

Leuc ine 

Tyrosine 

Substrate 

C O O H 

N H C O C H 3 

C O O H 

^3> NHC°O 

A c O 

D O P A 

C H 

A c O 

C O O H 

N H C O C H 3 

œ o E t 

<Q NHC0O 
C O O H 

N H C O C H 3 

C O O H 

N H C O ο 
C O O H 

N H C O C H 3 

/ 

Optical Yield (%) 

THF 

88 

99 

74 

83 

100 

87 

74 

EtOH 

92 

95 

89 

93 

72 

88 

80 83 

(all R configurations) 

American Chemical 
Society Library 

«55 16ft St. Ν. ΨΙ. 

WwWugton, 0. C. 20036 
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Amino Acid 

Alan ine 

Phenylalanine 

Leuc ine 

Tyrosine 

METAL PHOSPHINE COMPLEXES 

Table II. (R)-Prophos 

Substrate 

C O O H 

N H C O C H g 

C O O H 

D O P A 

^ J ^ N H C O Q 

H O 

C H 3 O 

C O O H 

N H C O C H , 

C O O E t 

<^T^ H C O 0 
C O O H 

N H C O C H 3 

C O O H 

N H C O 

C O O H 

N H C O C H 3 

C O O H 

N H C O C H o 

Optical Yield (%) 

THF 

87 

93 

91 

88 

87 

92 

E tO H 

90 

91 

90 

87 

87 

89 

89 87 

(all S configurations) 

A c O 
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Table III. (S,S)-Skewphos 

Amino Acid 

Alan ine 

Phenylalanine 

Substrate 

C O O H 

N H C O C H 3 

C O O H 

Leuc ine 

< ^ A N H C O 0 

^ C O O H 

^ N H C O C H 3 

C O O E t 

^ A N H C O 0 

Optical Yield (%) 

EtOH 
THF ( 9 5 % ) MeOH 

95 (R) 98 (R) 96 (R) 

90 (R) 80 (R) 

93 (R) 92 (R) 

76 (R) 60 (R) 

C O O H 

N H C O C H 3 

C O O H 

N H C O Ο 

17 (R) 23 (R) 

8 (S ) 14 (S) 23 (S) 

Tyrosine 

D O P A 

C H , 0 

90 (R) 84 (R) 

93 (R) 92 (R) 

A c O 
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Table IV. (S)-Chiraphos 

Amino Acid 

Alanine 

Phenylalanine 

Substrate 

C O O H 

N H C O C H 3 

C O O H 

Leuc ine 

Tyrosine 

ο 

Optical Yield (%) 

EtOH 
THF (95%) MeOH 

9(R) 5(R) 4(R) 

12 (R) 10 (S) 

N H C O 

C O O H 

c P N H C O C H 3 

C O O E t 

<ζ) n h c o 0 
C O O H 

N H C O C H 3 

C O O H 

A c O 

N H C O 

C O O H 

C O O H 

Ο 

l ( S ) 20 (S) 

4 ( R ) 10 (S) 

5 (S ) 3 (S ) 

11(S) 16(S) 24 (S) 

5 ( f l ) 12 (S) 

D O P A C H 3 o - ^ Q N H C O C H 3 1 W 9 ^ S ) 

A c O 
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the c o r r e s p o n d i n g c o m p l e x e s f o r m e d w i t h the l e u c i n e substrates (40) 
a n d suggests that no major c on f o rma t i ona l c h a n g e has o c c u r r e d i n 
r e p l a c i n g the m e t h a n o l l i g a n d s for the b i d e n t a t e l e u c i n e substrate . 
T h i s , h o w e v e r , does no t e x c l u d e the p o s s i b i l i t y that the d i h y d r i d o 
i n t e rmed i a t e s have c h a i r r i n g s . (See d i s cuss i on βη th i s la ter i n th is 
chapter . ) 

Discussion 

T w o r e c en t s tud i es (41, 42) h a v e d e f i n e d the m e c h a n i s m o f a s y m 
m e t r i c c a t a l y t i c hydrogénation w i t h c o n s i d e r a b l e c l a r i t y . F i g u r e 10 
shows a n o u t l i n e o f the m e c h a n i s m . T h e d i a s t e r e omer e q u i l i b r i u m Kd 

g ives a major a n d m i n o r i s omer d e p e n d i n g o n w h i c h (p roch i ra l ) o l e f i n 
face is c o o r d i n a t e d to the r h o d i u m a t om. I n the case o f c h i r a p h o s , for 
e x a m p l e , Kd is la rge e n o u g h that the m i n o r i s omer canno t b e d e t e c t e d 
b y N M R (43). W h a t is r e m a r k a b l e , h o w e v e r , is that i t is the m i n o r 
i s omer a n d not the major one that con t ro l s the a s y m m e t r i c synthes is 
(42, 43). I t n o w seems c e r t a i n that the d i f f e rence i n v e l o c i t y o f h y d r o 
génation o f the t w o d i as t e r eomers is s u c h that n e a r l y a l l o f the p r o d u c t 
is d e r i v e d f r o m the m i n o r i somer . T h e d i f f e rence i n v e l o c i t y is o f the 
o rde r o f 1 0 3 for c h i r a p h o s (43) a n d the e v i d e n c e suggests that o ther 
p h o s p h i n e l i g a n d s b e h a v e i n the s a m e w a y . T h e o r i g ins o f th is v e l o c i t y 
d i f f e rence u l t i m a t e l y rest o n the s t e r eochemis t r y o f the i n t e r m e d i a t e s 
o f r eac t i on . It c anno t b e o the rw i s e b e c a u s e a s y m m e t r i c synthes is is 
e ssen t i a l l y a s t e r e o c h e m i c a l p h e n o m e n o n that cont ro l s k i n e t i c s . 

L o w - t e m p e r a t u r e hydrogénation (41, 42) r evea l s that the rate-
d e t e r m i n i n g s tep is k'z b e l o w - 4 0 ° C . A b o v e - 4 0 ° C , k\ is b e l i e v e d to 
b e the r a t e - d e t e r m i n i n g s tep. T h e σ-alkyl i n t e r m e d i a t e , as d e p i c t e d i n 
F i g u r e 10, has b e e n d e t e c t e d a n d its s t ruc ture has b e e n d e d u c e d b y 
N M R . W h a t seems to b e e s t a b l i s h e d is that the a c y l - o x y g e n a t o m a n d 
the αί-carbon a t om are b o u n d to the r h o d i u m a t o m ; the p a r t i c i p a t i o n o f 
the c a r b o x y l - o x y g e n a t o m i n c o o r d i n a t i o n is i n d i s p u t e (41, 42, 43), 
a l t h o u g h th is m a y d e p e n d o n w h e t h e r a n a c i d (42) o r a n ester (41) is 
i n v o l v e d . T h e d i h y d r i d o i n t e r m e d i a t e has no t b e e n d e t e c t e d , b u t 
c l e a r l y the o r i g ins o f the a s y m m e t r i c synthes is are d e s c r i b e d i n a n 
e x p l a n a t i o n for the d i f ferent rates o f d i h y d r i d o f o rmat i on (kt vs . k\), 
a n d p o s s i b l y to a lesser ex tent b y the p r o b a b l y d i f ferent rates o f f o rma
t i on o f the σ-alkyl i n t e r m e d i a t e s (k2 a n d fc'2). 

C o n s i d e r i n g the ki vs . k\ s tep first, the t w o squa r e p l a n a r d i a 
s te reomers i n p r i n c i p l e c a n generate a to ta l o f e i gh t c h i r a l c i s -
d i h y d r i d o - b i s ( b i d e n t a t e ) o c t a h e d r a l c o m p l e x e s , f our for e a c h square 
p l a n a r d i a s t e r e omer (see F i g u r e 10). N o n e o f these o c t ahed ra l c o m 
p l exes w i l l b e o f the same ene rgy b e c a u s e o f the d i f f e r ing i n t e r l i g a n d 
in te rac t i ons (32, 44). T h i s is a w e l l - k n o w n p h e n o m e n o n i n i n o r g a n i c 
c h e m i s t r y (44) w h e r e c h i r a l che l a t e l i g a n d s s t a b i l i z e a p r e f e r r e d c h i r a l -
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Figure 10. The mechanism of catalytic asymmetric hydrogénation of 
the amino acid substrates. This diagram depicts the structures of the 

intermediates. The absolute configurations refer to S,S-chiraphos. 
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i t y abou t the m e t a l ( d es i gna t ed Δ or Λ ) . T h u s the rate o f a s y m m e t r i c 
hydrogénation is g o v e r n e d b y the m o s t s tab l e o c t a h e d r a l i n t e r m e d i a t e ; 
the greater the s t a b i l i t y o f th is spec i es the greater the p r o b a b i l i t y that 
h y d r i d e transfer w i l l o c cu r . M o l e c u l a r m o d e l s o f these p u t a t i v e oc
t a h e d r a l i n t e r m e d i a t e s are no t c o n c l u s i v e to us i n d e c i d i n g w h i c h c o n -
figurational i s omer s h o u l d b e the m o s t s tab l e , b u t w h a t is c l e a r is that 
the c h i r a l array o f p h e n y l g r oups is the major source o f c h i r a l d i s c r i m i 
na t i on . T h e b i d e n t a t e o l e f i n i c subst ra te e xpe r i ences the greatest 
a m o u n t o f i n t e rac t i on f r om the p h e n y l g r oups . W e m a y o b t a i n a 
s p e c u l a t i v e e x p l a n a t i o n for the s k e w p h o s - l e u c i n e r e su l t i f w e a ssume 
that the p h o s p h i n e r i n g is i n a c h a i r c on f o rma t i on i n the d i h y d r i d o 
i n t e r m e d i a t e . 

I n a d d i t i o n to the s ter ic d i f f e r en t i a t i on o f the constants kx a n d k\, 
the v e l o c i t y o f the h y d r i d e transfer steps (k2 vs . k'2) c o u l d a lso b e 
d i f ferent b e cause the d e v e l o p m e n t o f the d i a s t e r e o m e r i c t rans i t i on 
states w i l l r e q u i r e d i f ferent energ i es . T h e c o n t r i b u t i o n to the r eac t i on 
v e l o c i t y o f th i s effect is d i f f i cu l t to assess. 

I f th i s is a g ene ra l m e c h a n i s m for a s y m m e t r i c hydrogénation, t h e n 
the q u e s t i o n o f d e s i g n i n g e f fec t ive l i g a n d s is a d d r e s s e d to the d i s 
c r i m i n a t i o n i n d u c e d at the d i h y d r i d o i n t e r m e d i a t e . R e a s o n a b l y r e l i 
a b l e m e t h o d s for assess ing the s t ab i l i t i e s h a v e b e e n d o c u m e n t e d (32, 
3 3 , 34, 44). T h e obse r va t i on that r i g i d b i d en t a t e p h o s p h i n e s a n d r i g i d 
b i d e n t a t e substrates h a v e g i v e n the h i ghes t o p t i c a l y i e l d s n o w is u n 
de r s t o od r e a d i l y s ince i t is the c h i r a l c h e l a t i n g l i g a n d s , as o p p o s e d to 
c h i r a l u n i d e n t a t e l i g a n d s , that i m p o s e the greater s t e r eospec i f i c i t y i n 
o c t ahed ra l c o m p l e x e s (32, 33, 34, 44). 
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22 
Mechanistic Studies of 
Rhodium-Catalyzed Asymmetric 
Homogeneous Hydrogenation 

JOHN M. BROWN, PENNY A. CHALONER, and DAVID PARKER 
Dyson Perrins Laboratory, South Parks Road, Oxford OX1 3 Q Y U.K. 

The reaction pathway for rhodium-catalyzed asymmet
ric hydrogenation of enamides is described and interme
diates are defined in solution by P-31, C-13, and H-1 
NMR. The stereochemical relationship of bound enamide 
to rhodium alkyl and to the product of hydrogenation is 
demonstrated. Experiments involving the addition of HD 
to a variety of olefins in the presence of rhodium biphos-
phine catalysts suggest that a concerted addition of hy
drogen to olefin and metal may occur in appropriate 
cases. 

Since the discovery (I ) of highly efficient catalysts for the asym
metric hydrogénation of dehydroamino acids, many groups have 

attempted to improve the range and selectivity of this reaction. Thus 
chiral biphosphines forming five- or seven-membered chelate rings 
have been widely used, with the site of asymmetry being phosphorus 
or more commonly one or more sites in the interphosphine chain. 
Hydrogénation normally is carried out close to atmospheric pressure in 
a polar solvent with the catalyst present as a cationic biphosphine 
rhodium complex most commonly derived from 1,5-cyclooctadiene or 
bicyclo[2,2,l]heptadiene. 

Most published work in the last eight years has been concerned 
with synthesizing different types of chiral biphosphine and applying 
their complexes to reducing dehydroamino acids and related sub
strates. This has led inevitably to less emphasis on the detailed path
way of reaction, although a precise understanding of mechanism is 
vital to perfecting and extending asymmetric hydrogénation. In a gen
eral sense, asymmetric induction in organic reactions is understood 

0065-2393/82/0196-0355$5.00/0 
© 1982 American Chemical Society 
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ra ther p o o r l y (2) a n d r e l i e s h e a v i l y o n e m p i r i c a l m o d e l s o f t rans i t i on -
state s t ruc ture . It m a y b e eas ier to u n d e r s t a n d a s y m m e t r i c i n d u c t i o n i n 
o r g a n o m e t a l l i c cata lys is b e cause c a t a l y z e d react ions p r o c e e d t h r o u g h 
a n u m b e r o f stages l i n k e d b y r e l a t i v e l y l o w ene rgy bar r i e rs a n d some 
o f the i n t e r m e d i a t e s are obse r vab l e or e v e n i so l a tab l e . 

T h r e e t ypes o f e x p e r i m e n t s h a v e p r o v e d i n f o r m a t i v e i n the m e c h 
an i s t i c s t u d y o f a s y m m e t r i c hydrogénation. T h e s e are , r e s p e c t i v e l y , 
rate m e a s u r e m e n t s a n d p r o d u c t ana lys i s , X - r a y c r y s t a l l o g r a p h y a n d 
N M R - d e r i v e d i d en t i f i c a t i on o f s tab le a n d t rans i en t spec i es i n v o l v e d 
i n the ca ta l y t i c c y c l e . T h e first t w o o f these have b e e n r e v i e w e d e lse 
w h e r e ( 2 , 3 , 4); o u r o w n w o r k has b e e n c o n c e r n e d w i t h N M R a n d 
has p r o v i d e d a s u r p r i s i n g w e a l t h o f s t ruc tu ra l a n d m e c h a n i s t i c d e t a i l . 
A v a r i e t y o f c h i r a l p h o s p h i n e proca ta l ys ts have b e e n u s e d b u t the 
c u r r e n t d i s c u s s i o n w i l l b e c o n c e r n e d l a r g e l y w i t h two . T h u s (R ,R ) -1 ,2 -
e t h a n e d i y l b i s - [ ( 2 - m e t h o x y p h e n y l ) p h e n y l p h o s p h i n e ] (1) ( D i P A M P ) 
(1) has b e e n u s e d b y the M o n s a n t o g r o u p for s y n t h e s i z i n g L - D o p a (4) 
a n d forms a r i g i d five-ring r h o d i u m che l a t e , whe r eas (R ,R ) -2 ,2 -
d i m e t h y l - i r a n 5 - 4 , 5 - ( d i p h e n y l p h o s p h i n o m e t h y l ) d i o x o l a n e ( D I O P ) 
(2) forms a s e v e n - r i n g che l a t e w i t h a c o r r e s p o n d i n g l y greater degree o f 
c on f o rma t i ona l flexibility. 

The Catalytic Cycle: Stage One 

T h e c r y s t a l s t ruc tures o f a i r - s tab l e o l e f in C o m p l e x e s 3 a n d 4 have 
b e e n d e t e r m i n e d (3) a n d g i v e a n i m m e d i a t e i n s i gh t in to the factors 
that m i g h t c o n t r o l s t e reose l ec t i on . I n b o t h cases the Ρ-phenyl r i ngs are 
o r i e n t e d i n a spec i f i c c on f o rma t i on so that th e i r n o n b o n d e d in te rac 
t ions w i t h d i o l e f i n are di f ferent , pa i r s o f a r y l g r oups b e i n g r e l a t e d b y a 
C 2 s y m m e t r y ax is . O l e f i n i c pro tons H a a n d H b are d i a s t e r eo t op i c a n d 
w i l l e x p e r i e n c e d i f ferent r i n g - c u r r e n t c o n t r i b u t i o n s f r om P - a r y l r ings 
to the i r H - l N M R c h e m i c a l shi f ts . T h e e x p e c t e d separa t i on is ob
s e r v ed r e a d i l y a n d is t empe ra tu r e d e p e n d e n t , as i n d i c a t e d i n F i g u r e 
1. T h e p r o x i m i t y o f o l e f i n i c pro tons to a r y l C - H is d e m o n s t r a t e d b y a 
n u c l e a r O v e r h a u s e r e x p e r i m e n t o n C o m p l e x 5. W h e n the o l e f i n i c re
g i o n is i r r a d i a t e d a n d the a r oma t i c r e g i o n is m o n i t o r e d , s i gn i f i can t 
changes i n in t ens i t y o c c u r as i n d i c a t e d . W i t h o u t a s te reospec i f i c l a b e l 
l i n g o f b i c y c l o [ 2 , 2 , l ] h e p t a d i e n e , these resul ts c anno t b e i n t e r p r e t e d i n 
d e t a i l b u t they s t rong l y suggest that i n t r a c o m p l e x H - H r epu l s i ons 
h e l p to d e t e r m i n e the course o f a s y m m e t r i c ca ta lys is . 

W h e n C o m p l e x 4 is d i s s o l v e d i n m e t h a n o l the P -31 N M R spec 
t r u m o f the r e s u l t i n g s o lu t i on is a sha rp d o u b l e t : δ = 17.1 p p m a n d 

/ p - R h = 153 H z . E x p o s u r e o f the s o lu t i on to h y d r o g e n l eads to a q u a n 
t i ta t i ve c h a n g e c o n c o m i t a n t w i t h h y d r o g e n a t i n g the l i g a n d . T h e n e w 
resonance at δ = 43 .0 p p m , a n d / P - R h 2 0 0 H z is i n d i c a t i v e o f a so l ven t 
a d d u c t 6 a n d no trace o f the c o r r e s p o n d i n g d i h y d r i d e 7 is o b s e r v e d 
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Figure 1. Proton NMR studies on olefin rhodium Complexes 1-5. The 
NOE effect is indicated in square brackets. 

here (5) or i n d e e d w i t h any o ther c i s - c h e l a t i n g b i p h o s p h i n e . D i h y -
d r i d e s (8) are the n o r m a l s tab le state o f the c o r r e s p o n d i n g m o n o p h o s -
p h i n e c o m p l e x e s u n d e r 1 a tm o f h y d r o g e n (6), a l t h o u g h excep t i ons 
have b e e n no t ed . T h e f o rmat i on o f C o m p l e x 6 rather t h a n o f C o m p l e x 
7 is d i c t a t e d b y the d e s t a b i l i z i n g effect o f m u t u a l l y trans h y d r i d e a n d 
p h o s p h i n e l i g a n d s ; its l a b i l i t y is d e m o n s t r a t e d b y a d d i n g b i c y -
c l o [ 2 , 2 , l ] h e p t a d i e n e w h e n C o m p l e x 4 is r e f o r m e d q u a n t i t a t i v e l y . T h i s 
i m m e d i a t e l y sugges t ed that d e h y d r o a m i n o a c i d r e d u c t i o n c o u l d p ro 
c e e d b y a s i m i l a r l i g a n d d i s p l a c e m e n t p a t h w a y o n C o m p l e x 6. 
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Hydrogénation o f C o m p l e x 3 u n d e r s i m i l a r c ond i t i ons is v e r y s l o w 
a n d i t p r o v e d more c o n v e n i e n t to generate the c o r r e s p o n d i n g b i c y -
c l o [ 2 , 2 , l ] h e p t a d i e n e c o m p l e x i n s i t u f r om D i P A M P a n d b i s - b i c y c l o -
[ 2 , 2 , l ] h e p t a d i e n e - r h o d i u m [ I ] h e x a f l u o r o p h o s p h a t e . 

The Catalytic Cycle: Stage Two 

So lu t i ons o f C o m p l e x 6 w e r e s tab l e for l o n g pe r i ods o f t i m e 
i n a n a r gon a tmosphe r e . A d d i n g a s o l u t i o n o f ( Z ) - a -benzamido -
c i n n a m i c a c i d p r o d u c e d a n i m m e d i a t e co l o r c h a n g e f r om y e l l o w -
b r o w n to scar le t . T h e P-31 N M R s p e c t r u m o f the r e s u l t i n g s o lu t i on 
was b r o a d at r o o m t e m p e r a t u r e b u t gave a sharp , w e l l - s e p a r a t e d 
e i g h t - l i n e m u l t i p l e t at 0°C, d e r i v e d f r om a spec i es w i t h t w o i n e q u i v a -
l en t m u t u a l l y c o u p l e d p h o s p h o r u s n u c l e i . T h e e v i d e n c e that th is is 
d u e to a s i n g l e d i a s t e r eomer o f the e n a m i d e c o m p l e x (9) has b e e n 
d i s c u s s e d i n d e t a i l e l s e w h e r e (7) a n d r e q u i r e d a s t u d y o f the C - 1 3 
a n d P -31 N M R spec t ra o f C - 1 3 - e n r i c h e d c o m p l e x e s . O n l y the o l e f in 
a n d a m i d e g r oups c o n t r i b u t e to c o m p l e x a t i o n a n d the c a r b o x y l g r o u p 
is not m e t a l b o u n d here or i n the c o r r e s p o n d i n g m e t h y l ester. It is 
i n t e r e s t i n g that N - v i n y l a c e t a m i d e does not c o m p l e x s t rong l y o ther 
t h a n at v e r y l o w t empe ra tu r e s ; a d d i t i o n a l l y i t is a n in f e r i o r subs t ra te , 
g i v i n g a n o p t i c a l y i e l d o f 2 4 % w h e n a d d i n g d e u t e r i u m c a t a l y z e d b y 
D I O P - r h o d i u m c o m p l e x e s . 

S i n c e o n l y one d i a s t e r e o m e r o f C o m p l e x 9 is o b s e r v e d , the N M R 
e x p e r i m e n t does not y i e l d any s t e r e o c h e m i c a l i n f o rma t i on a n d i t is 
p r e s u m p t u o u s to assume that th is is the spec i es that pa r t i c ipa t es i n the 
ca ta l y t i c c y c l e . B o t h d ias t e r eomers are o b s e r v e d i n o ther c h i r a l -
c h e l a t i n g p h o s p h i n e c o m p l e x e s a n d D i P A M P is p a r t i c u l a r l y interest 
i n g . H e r e , u n d e r s i m i l a r c ond i t i ons , t w o d ias t e r eomers ( C o m p l e x e s 
10a a n d 10b) are o b s e r v e d i n a 1 0 : 1 rat io at r o o m t e m p e r a t u r e i n a 
s p e c t r u m s h o w i n g no s i gn o f e x change b r o a d e n i n g , a l t h o u g h C o m p l e x 
10a p r e d o m i n a t e s v e r y s t rong ly at l o w e r t empera tures . 
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1J 

B o t h o f these d ias t e r eomers are b o u n d t h r o u g h o l e f in a n d a m i d e 
g roups o n the basis o f C - 1 3 N M R s tud ies (8). A t l o w t empera tures i t is 
p o s s i b l e to p r e p a r e a n o n e q u i l i b r a t e d s o lu t i on i n w h i c h the rat io o f 10a 
to 10b is abou t 2 : 1 b e c a u s e k i n e t i c s e l e c t i v i t y is c o n s i d e r a b l y l o w e r 
t h a n t h e r m o d y n a m i c s e l e c t i v i t y . It m a y b e that the first s tep i n 
e n a m i d e b i n d i n g is c o o r d i n a t i n g the a m i d e g r o u p w h i c h is r e m o t e 
f r om the c h i r a l center . I n suppo r t o f th is w e obse rve that e x c h a n g e 
b r o a d e n i n g is s t rong l y d e p e n d e n t on the na ture o f the a m i d e g r o u p 
a n d m u c h less d e p e n d e n t o n the a c i d or ester r e s i d u e (9). 

The Catalytic Cycle: Stage Three 

H y d r o g e n a t i n g e n a m i d e (see C o m p l e x 10) i n m e t h a n o l s o lu t i on 
causes a n e x t r e m e l y r a p i d r e v e r s i on to the m e t h a n o l c o m p l e x w i t h no 
obse r vab l e i n t e rmed i a t e s . I f the s a m p l e is c o o l e d to - 8 0 ° C be fore 
h y d r o g e n is i n t r o d u c e d a n d t h e n ag i ta ted at - 5 0 ° C for seve ra l m i n u t e s 
the P -31 N M R s p e c t r u m shows C o m p l e x 10a a n d abou t 1 0 % o f a n e w 
spec i e s w i t h s i m i l a r c h e m i c a l shi f ts b u t ve ry d i f ferent P - P a n d P - R h 
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c o u p l i n g constants . T h e p r opo r t i on o f th is n e w spec i es was e r ra t i c i n 
e a r l i e r e x p e r i m e n t s , b e i n g h i ghes t w h e n ( Z ) - a - b e n z a m i d o c i n n a m i c 
a c i d was a d d e d to the m e t h a n o l c o m p l e x at - 8 0 ° C a n d the s a m p l e t h e n 
w a s s e a l e d u n d e r 1 a tm o f h y d r o g e n p r i o r to the r eac t i on at —50°C. W i t h 
r e t r o spec t i v e w i s d o m , w e r e a l i z e d that these are p r e c i s e l y the c o n d i 
t ions u n d e r w h i c h the m i n o r d i a s t e r eomer (10b) is f o r m e d at h i ghes t 
c oncen t ra t i on a n d the absence o f th is spec i es from samp l e s e q u i l i 
b r a t e d w i t h h y d r o g e n at l o w t empera tures suggests that i t is the p r e c u r 
sor o f the n e w c o m p l e x . T h i s s u p p o s i t i o n was c o n f i r m e d b y t w o exper 
imen t s (see F i g u r e 2). F i r s t , the m e t h a n o l c o m p l e x was p r e p a r e d i n 
s i t u a n d t h e n r e a c t e d w i t h ( Z ) - b e n z a m i d o c i n n a m i c a c i d w i t h mon i t o r 
i n g b y P-31 N M R so that the p r o p o r t i o n o f C o m p l e x 10b w a s m a x i m i z e d . 

10a 10a 

A 

11 11 

1_0a 10a 

MeOH 

220 Κ 

10b 1 0 b 

70 6 0 50 ppm 

Figure 2a. P-31 NMR spectra demonstrating formation of the alkyl (11) 
from the minor diastereomer (Complex 10b) at 220 K: sample formed 

under kinetic control. 
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10a 10a 

H 2 

MeOH 

220 K 

10a 10a 

70 60 50 ppm 

Figure 2b. P-31 NMR spectra demonstrating formation of the alkyl (11) 
from the minor diastereomer (Complex 10b) at 220 K: sample formed 

under thermodynamic control and predominantly Complex 10a. 

T h e s a m p l e t h e n was c o o l e d to - 8 0 ° C a n d s e a l e d u n d e r h y d r o g e n . It 
was w a r m e d to - 5 0 ° C i n the p r o b e , a n d the P-31 N M R s p e c t r u m was 
m o n i t o r e d at th is t empe ra tu r e . T h e m i n o r d i a s t e r eomer (10b) d i s a p 
p e a r e d c o n c o m i t a n t w i t h the f o rmat i on o f C o m p l e x 11, w h i l e the c o n 
cen t ra t i on o f C o m p l e x 10a r e m a i n e d constant w i t h i n e x p e r i m e n t a l er
ror. I n a s e c o n d e x p e r i m e n t f o rmat i on o f the e n a m i d e c o m p l e x was 
e f fec ted at - 2 0 ° C , at w h i c h t empe ra tu r e the e q u i l i b r a t i o n o f C o m 
p l exes 10a a n d 10b is r a p i d a n d c o o l i n g the s a m p l e to - 5 0 ° C p r o v i d e s 
a s p e c t r u m f rom w h i c h the lat ter is e f f ec t i ve l y absent . W h e n th is s o l u 
t i on is b l a n k e t e d w i t h h y d r o g e n , l i t t l e obse r vab l e c h a n g e occurs i n the 
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course o f a n h o u r at - 5 0 ° C . T a k e n together , these e x p e r i m e n t s effec
t i v e l y demons t ra t e that C o m p l e x 11 has the same con f i gura t i on as 
C o m p l e x 10b, g i v e n that h y d r o g e n transfer o ccurs w i t h r e t en t i on o f 
con f i gura t i on . 

T h e s t ruc ture o f C o m p l e x 11 was p r o v e d b y C - 1 3 l a b e l l i n g exper 
i m e n t s as d e s c r i b e d (10). O n e o f these e x p e r i m e n t s i n t r o d u c e d a t e c h 
n i q u e that is u s e fu l for d e t e r m i n i n g the h y b r i d i z a t i o n state o f a b o u n d 
o rgan i c l i g a n d . I f ( Z ) - a - b e n z a m i d o c i n n a m i c a c i d is p r e p a r e d w i t h C - 1 3 
l a b e l s at b o t h C l a n d C 3 , t h e n a t w o - b o n d c o u p l i n g constant o f 5.6 H z 
is o b s e r v e d , w h i c h is a t t enua ted to 5 H z i n C o m p l e x 10. T h i s C - C 
c o u p l i n g canno t b e d e t e c t e d i n a l k y l ( C o m p l e x 11) or i n the r e d u c t i o n 
p r o d u c t N - b e n z o y l p h e n y l a l a n i n e , so that i t d e p e n d s ve ry s t r ong l y o n 
the C 1 - C 2 b o n d order . It demonst ra tes that the d o u b l e b o n d has b e e n 
r e d u c e d a l r e a d y i n C o m p l e x 11 a n d that th is , c o u p l e d w i t h the (even
tual ) obse r va t i on o f a m e t a l h y d r i d e resonance at - 1 9 . 3 p p m i n the 
p r o t o n N M R s p e c t r u m a n d other N M R e v i d e n c e (10), de f ines the h y -
d r i d o a l k y l s t ruc ture . T h e a m i d e g r o u p is b o u n d a n d the c a r b o x y l 
c a r b o n expe r i ences a c o n s i d e r a b l e d o w n f i e l d shi f t i n C o m p l e x 11 
c o m p a r e d w i t h C o m p l e x 10. T h i s m a y i m p l y m e t a l - c a r b o x y l b o n d 
i n g b u t i t a l t e r n a t i v e l y c o u l d ref lect the s h i e l d i n g e x p e r i e n c e d b y a 
sa tura ted a c i d w i t h a/3-rhod ium subs t i tuen t , for w h i c h f ew m o d e l s 
are a v a i l a b l e . H a l p e r n a n d C h a n (11) have o b s e r v e d the 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 (dppe ) a n a l o g u e o f C o m p l e x 11 a n d 
suggest that the c o o r d i n a t i o n site trans to h y d r i d e is o c c u p i e d b y a 
m o l e c u l e o f m e t h a n o l , th i s b e i n g r e i n f o r c e d b y the obse rva t i on o f its 
r a p i d d i s p l a c e m e n t b y a c e t on i t r i l e at l o w t empera tures . T h i s contrasts 
w i t h the u n r e a c t i v i t y o f C o m p l e x 11 t owards a c e t on i t r i l e at — 50°C, 
s u g g e s t i n g that the s t ructures o f the t w o a l k y l s are d i f ferent i n some 
w a y . B a s e d o n c u r r e n t e v i d e n c e it m a y b e e x p l a i n e d e q u a l l y w e l l b y 
c a r b o x y l b i n d i n g , or c o o r d i n a t i o n o f one o - m e t h o x y g r o u p trans to 
h y d r i d e i n C o m p l e x 11. P e r t i n e n t N M R in f o rma t i on is s u m m a r i z e d i n 
F i g u r e 3. 

S i n c e the f o rmat ion o f C o m p l e x 11 f r om 10b is a second-o rder 
process a n d the f o rmat ion o f p r o d u c t f r om C o m p l e x 11 is a first-order 
process , the i r en t rop ies o f a c t i va t i on w i l l b e v e r y di f ferent. A v a l u e o f 
A S f = - 1 2 1 J · m o l _ 1 d e g _ 1 has b e e n r e p o r t e d for h y d r o g e n a d d i t i o n to 
Vaska ' s c o m p o u n d , c a r b o n y l c h l o r o b i s - t r i p h e n y l p h o s p h i n e i r i d i u m ( I ) 
(12). A s p o i n t e d out b y H a l p e r n (11), f o rmat ion o f the a l k y l w i l l b e 
f a vo red at l o w t empera tures a n d i t is o b s e r v e d to d e c a y r a p i d l y above 
- 4 0 ° C . T h e obse r va t i on a n d charac t e r i z a t i on o f C o m p l e x 11 p r o v e d to 
b e b o t h for tunate a n d for tu i tous , s ince w e w e r e u n s u c c e s s f u l i n a l l o f 
o u r a t tempts to fo rm a l k y l s f r om c h i r a p h o s or D I O P , or f r om D i P A M P 
w i t h i t a con i c a c i d de r i va t i v e s . 
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Ph 

Rh 

o An 

Ph 2 \ P H 

ί A p p m J P 1 C . H Z •W.Hz 

C 1 1 2 - 1 3 - 5 2 - 5 

C 2 5 3 - 3 8 2 2 2 - 5 

C 3 9 1 - 3 3 

C 4 9 - 2 8 

J [C<1Hz 
L1 L3 

Figure 3. C-13 NMR data for the rhodium alkyl (11) 

Probes for the Structure of the Transition State 

T h e present u n d e r s t a n d i n g o f the ca ta l y t i c c y c l e i n a s y m m e t r i c 
hydrogénation m a y b e i l l u s t r a t e d i n F i g u r e 4. T h e r eac t i on f o l l ows a 
p a t h w a y i n w h i c h the o r i g i n a l c a t i on i c r h o d i u m d i o l e f i n c o m p l e x first 
is h y d r o g e n a t e d to g i v e a so lvate , w h i c h t h e n reacts r a p i d l y w i t h the 
d e h y d r o a m i n o a c i d substra te to g i v e a n e n a m i d e c o m p l e x e x i s t i n g i n 
t w o d i a s t e r e o m e r i c forms. T h e s e then traverse the r a t e - d e t e r m i n i n g 
s tep b y c i s - spec i f i c a d d i t i o n o f h y d r o g e n , the d i f f e rence i n the free 
ene rgy o f the d i a s t e r e o m e r i c t rans i t i on states b e i n g r e l a t e d to the op t i 
c a l y i e l d (y) as A G f = -RT l n ( 100 + y/100 - y). T h i s is b e c a u s e 
the e q u i l i b r i u m b e t w e e n the t w o e n a m i d e c o m p l e x e s w h i c h r e p 
resent the r e s t i n g state o f the ca ta lys t is fast r e l a t i v e to t h e i r h y d r o 
génation. I n the final p o s t - r a t e - d e t e r m i n i n g s tep o f the r eac t i on the 
r h o d i u m a l k y l d e c o m p o s e s r a p i d l y b y a c i s - spec i f i c m e c h a n i s m g i v i n g 
a p r o d u c t a n d the so lvate c o m p l e x . 

A t th is p o i n t m e c h a n i s t i c s tud i es have r e a c h e d a n impasse . A l l o f 
the obse r vab l e i n t e rmed i a t e s h a v e b e e n c h a r a c t e r i z e d i n s o l u t i o n , a n d 
e n a m i d e c o m p l e x e s d e r i v e d f r om d i p h o s a n d c h i r a p h o s have b e e n 
d e f i n e d b y X - r a y s t ruc ture ana l ys i s . B a s e d o n l i m i t e d N M R a n d X - r a y 
e v i d e n c e it appears that the p r e f e r r ed con f i gu ra t i on o f a n e n a m i d e 
c o m p l e x has the o l e f i n face b o n d e d to r h o d i u m that is oppos i t e to 
the one to w h i c h h y d r o g e n is t rans fe r red . T h e r e are n o w f our c r y s t a l 
s t ruc tures o f c h i r a l b i p h o s p h i n e r h o d i u m d i o l e f i n c o m p l e x e s , a n d 
cons ide ra t i on o f these l eads to a p r e d i c t i o n o f the d i r e c t i o n o f hy 
drogénation. T h e c r u x o f the a r g u m e n t is that n o n b o n d e d in te rac 
t ions b e t w e e n pa i r s o f p r o c h i r a l p h e n y l r i ngs a n d the subst ra te deter
m i n e the o p t i c a l y i e l d a n d that X - r a y s t ruc tures r e v e a l a s y s t ema t i c 
r e l a t i o n s h i p b e t w e e n P- p h e n y l o r i en ta t i on a n d p r o d u c t con f i gu ra t i on . 
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A n a l t e rna t i v e sugges t i on is b a s e d on the h e l i c i t y o f p s e u d o e q u a t o r i a l 
Ρ-phenyl r ings a n d e x p l a i n s the r e v e r sa l o f c on f i gu ra t i on b e t w e e n 
react ions c a t a l y z e d b y ( R , R ) - f r a n s - b i s - l , 2 ( N - d i p h e n y l p h o s p h i n -
a m i n o ) - c y c l o h e x a n e c o m p l e x e s a n d (R,R)-£rans-bis-l,2(N-methyl-IV-
d i p h e n y l p h o s p h i n a m i n o ) c y c l o h e x a n e c o m p l e x e s (13, 14, 15). 

I n g ene ra l , the e n a m i d e c o m p l e x is f o r m e d p r i o r to the rate-
d e t e r m i n i n g stage, a n d the a l k y l is f o r m e d after th i s s tep. A l l a t tempts 
to de f ine the o r i g ins o f a s y m m e t r i c i n d u c t i o n are p u r e con j ec ture u n 
less the s t ruc ture o f the t rans i t i on state is k n o w n . F i g u r e 5 shows three 
p o s s i b l e routes f rom C o m p l e x 10b to 11. I n Pa ths A a n d B , h y d r o g e n 
a d d i t i o n o c cu r s r e v e r s i b l y or i r r e v e r s i b l y to g i v e a d i h y d r i d e i n t e r m e 
d ia t e . T h i s i n i t s e l f i n t r o d u c e s a n e w e l e m e n t o f s t e r e o c h e m i c a l c o m 
p l e x i t y , s ince there are four poss i b l e o c t ahed ra l d i h y d r i d e s d e r i v e d 
f r om a s ing l e e n a m i d e c o m p l e x , t w o o f w h i c h ( C o m p l e x e s 12 a n d 13) 
m a y transfer a h y d r o g e n a t om to the b e n z y l i d e n e site b y a s te reoe l ec -
t r o n i c a l l y a l l o w e d p a t h w a y ; i n the o ther t w o C o m p l e x e s (14 a n d 15) 
th is is i m p o s s i b l e b e c a u s e the h y d r i d e w h i c h is s y n - c o p l a n a r w i t h the 
b o u n d o l e f in is p r o x i m a l to the β- rather t h a n the α-carbon. I n s p e c t i o n 
o f m o l e c u l a r m o d e l s p r o v i d e s l i t t l e i n s i gh t i n t o the reasons for 
s t e r eose l e c t i v i t y i n f o r m i n g a d i h y d r i d e . I n the D i P A M P case , m i n o r 
e n a m i d e ( C o m p l e x 10b) m u s t react w i t h h y d r o g e n at l east 3 0 0 t imes 
faster t h a n the major i s omer ( C o m p l e x 10a) a n d ye t there seems to b e 
l i t t l e s ter ic b a r r i e r to the h y d r o g e n a p p r o a c h to r h o d i u m i n e i ther case. 
A d i s c r i m i n a t i o n o f th is o rde r d e m a n d s a rather t i g h t l y o r g a n i z e d t r an 
s i t i on state, sugge s t i ng that the c once r t ed p a t h w a y C (see F i g u r e 5) is 
a ser ious p o s s i b i l i t y . 

I n the ea r l y papers (16, 17) on h o m o g e n e o u s hydrogénation b y 
t r i s ( t r i p h e n y l p h o s p h i n e ) r h o d i u m ( I ) c h l o r i d e , W i l k i n s o n a n d co 
worke r s f o u n d the k i n e t i c isotope effect for d e u t e r i u m a d d i t i o n to b e 

H H 
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Δϋ Δϋ Δΰ 

R e a c t i o n c o o r d i n a t e 

Figure 5. Routes from Complex 10b to Complex 11 

s l i g h t l y less t h a n u n i t y i n seve ra l cases (i.e., d e u t e r i u m reacts faster 
t h a n hyd rogen ) a n d a s c r i b e d th is to a s econdary isotope effect. It is 
n o w k n o w n (18, 19) that the a d d i t i o n o f h y d r o g e n is not rate l i m i t i n g . 
A d d i t i o n o f h y d r o g e n d e u t e r i d e to o le f ins o c c u r r e d w i t h o u t i so top i c 
s c r a m b l i n g a n d gave a n e q u i m o l a r m i x t u r e o f the t w o p o s s i b l e 
m o n o d e u t e r a t e d p r o d u c t s (16). W e e x p e c t e d that the c o n c e r t e d p a t h 
w a y C w o u l d g i v e a n u n e q u a l d e u t e r i u m d i s t r i b u t i o n w h e n H D was 
a d d e d b e c a u s e its t rans i t i on state has pa r t i a l b o n d i n g o f h y d r o g e n to 
b o t h r h o d i u m a n d c a r b o n . T h i s means that C o m p l e x 16 w i l l b e p r e 
f e r red ove r 17 s ince the heav i e r r h o d i u m a t om w i l l e x p e r i e n c e the 
s m a l l e r isotope effect o n the bas is o f the r e d u c e d mass e q u a t i o n . F o r 
th is r eason w e h a v e c a r r i e d ou t a series o f r educ t i ons i n m e t h a n o l 
s o lu t i on u s i n g H D (generated f r om L i A l D 4 a n d M e O H at - 8 0 ° C ) the 
resu l ts o f w h i c h are r e c o r d e d i n T a b l e I. T h e site o f d eu t e ra t i on m a y b e 
e s t a b l i s h e d ve ry c l e a r l y f r om the p r o t on a n d d e u t e r o n N M R s p e c t r u m 
a n d o n l y t w o p r o d u c t s are f o r m e d u s i n g C o m p l e x 4 as p roca ta l ys t i n 

T a b l e I. H o m o g e n e o u s Hydrogénation o f O l e f i n s w i t h H D 
a n d C a t i o n i c R h o d i u m C o m p l e x e s 0 

Selectivity1* 
Phosphine Substrate (± 0.03) 

D i p h o s ( Z ) - a - a c e t a m i d o c i n n a m i c a c i d 1 .37 :1 
D i p h o s o c t - l - e n e 1 .03 :1 
D i P A M P ( Z ) - a - a c e t a m i d o c i n n a m i c a c i d 1 .36 :1 
D I O P ( Z ) - a - a c e t a m i d o c i n n a m i c a c i d 1 .33 :1 

1-octene 1 .00 :1 
s tyrene 1 .01 :1 
a t rop i c a c i d ; N E t 3 1 :1 .21 
a c e t a m i d o e t h y l e n e 1 .02 :1 

a Reaction of olefins with H D (600 mm, 20°C, MeOH; catalyst: substrate = 50:1). 
Deuterium distribution was estimated by proton and deuterium NMR. 

* The isomer with deuterium at the more highly substituted site is listed first. 
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the r e d u c t i o n o f ( Z ) - a - b e n z a m i d o c i n n a m i c a c i d . H e r e , a n d i n the cor re 
s p o n d i n g r e d u c t i o n b y the d p p e c o m p l e x , n e a r l y 6 0 % o f the d e u t e r i u m 
is d e l i v e r e d to C l o f the a m i n o a c i d . T h i s is e n t i r e l y cons is tent w i t h a 
t r ans i t i on state s u c h as C o m p l e x 18 b u t less cons i s t en t w i t h i r r e v e r s i 
b l e a d d i t i o n o f H D to g i v e a r i g i d o c t ahed ra l spec i es s u c h as C o m p l e x 
12 or 13. It does not r u l e ou t M e c h a n i s m Β w h i c h i n v o l v e s r e v e r s i b l e 
a d d i t i o n o f h y d r o g e n d e u t e r i d e , f o l l o w e d b y a s tep i n w h i c h the t rans
fer o f p r o t i u m is f avo red b y a p r i m a r y isotope effect so that the a l k y l 
d e u t e r i d e is the p r e f e r r e d p r o d u c t . T h e d i s t i n c t i o n b e t w e e n Β a n d C is 
e x p e r i m e n t a l l y t es tab le b u t the f o rmer seems less l i k e l y . S i n c e i t is 
i m p o s s i b l e to obse rve a d i h y d r i d e b y N M R or o ther t e c h n i q u e s u n d e r 
hydrogénation cond i t i ons , i t is d i s f a vo r ed i n the h y p o t h e t i c a l e q u i l i b 
r i u m w i t h its e n a m i d e p r e cu r so r b y a m i n i m u m factor o f 1 0 : 1 . T h i s 
r e q u i r e s that r e v e r sa l o f the a d d i t i o n s t ep has a rate cons tant at l eas t 
t en t imes faster t h a n that o b s e r v e d for a s i ng l e c y c l e o f ca ta l y t i c h y d r o 
génation a n d there fore i n excess o f 2 s - 1 . T h i s is m u c h faster t h a n is 
o b s e r v e d i n o ther r e v e r s i b l e hydrogénations (20). 

Ph 
ο A n x I 

1 8 · = C 0 2 H 

T h u s c o n c e r t e d a d d i t i o n o f h y d r o g e n to the e n a m i d e c o m p l e x 
m u s t b e c o n s i d e r e d as a po s s i b l e m e c h a n i s m . It has the m a n i f o l d at
t rac t i on o f o f f e r ing a s i m p l e e x p l a n a t i o n o f the o r i g i n o f a s y m m e t r i c 
i n d u c t i o n . T h e p r o d u c t - r e l a t e d e n a m i d e con f i gura t i on is C o m p l e x 19, 
th is b e i n g n o r m a l l y present at a l o w e r c oncen t ra t i on t h a n its i s omer 
(20). T h e o r i en ta t i on o f a r y l g roups is s h o w n for ( R , R ) - D I O P . T h e ap
p r o a c h o f h y d r o g e n so that i t b o n d s s y n c h r o n o u s l y to the b e n z y l i d e n e 
c a r b o n a n d to r h o d i u m occurs w i t h m i n i m a l s t e r i c h i n d r a n c e i n C o m 
p l e x 19; i n C o m p l e x 2 0 , h o w e v e r , a ser ious n o n b o n d e d i n t e ra c t i on 
w i t h the ο-hydrogen o f the a x i a l p h e n y l r i n g o c curs as h y d r o g e n ap
p roaches . T h e s ynch ronous a d d i t i o n m a y be a c c o m p a n i e d b y the oc
c u p a t i o n o f the t r ans - coo rd ina t i on site b y so l v en t or the ca rboxy l a t e 
g r o u p . T h e same a r g u m e n t m a y b e u s e d to e x p l a i n the course o f 
a s y m m e t r i c cata lys is b y D i P A M P c o m p l e x e s o n the bas is o f a v a i l a b l e 
X - r a y s t ruc tu ra l e v i d e n c e , a n d s ince i t has b e e n c l a i m e d that a l l 
c h i r a l - c h e l a t i n g d i p h o s p h i n e s operate s i m i l a r l y , i t affords a g ene ra l 
e x p l a n a t i o n . F u r t h e r e x p e r i m e n t s are i n progress to test th is p o s s i b i l 
i ty , w h i c h is a d m i t t e d l y s p e c u l a t i v e at present . 
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19 20 

Since the submission of this article, further work by Halpern and 
co-workers (21) has led to the description of a chiraphos rhodium 
enamide crystal structure. 
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23 
Advances in Asymmetric 
Hydrocarbonylation 

GIAMBATTISTA CONSIGLIO and PIERO PINO 

Swiss Federal Institute of Technology, Department of Industrial and 
Engineering Chemistry, Universitaetstrasse 6, 8092 Zurich, Switzerland 

Optically active oxygenated products have been ob
tained with up to 69% optical yield by reacting olefins 
with carbon monoxide and hydrogen or alcohols. Synth
esizing optically active esters, including α-amino acid 
esters, from olefinic substrates, carbon monoxide, and 
alcohols is discussed in detail. Some regularities in the 
results obtained in enantiomer- and enantioface-discrim
inating reactions are emphasized. A simple model is 
discussed which provides for a correct qualitative pre
diction of prevailing antipode and regioisomer in the 
reaction products in more than 85% of the cases investi
gated. 

The first experiments in asymmetric hydrocarbonylation were 
carried out in the early seventies when styrene and other sub

strates containing aromatic groups were hydroformylated with chiral 
catalytic systems formed by [Rh(CO) 2 Cl ] 2 and (R)-methylphenyl-
propylphosphine (J) or by Co 2 ( CO ) 8 and [(S)-N-l-phenylethyl]sali-
cylaldimine (2) (see Scheme I, X = H). 

Subsequently, aliphatic 1-substituted, 1,1-, and 1,2-disubstituted 
ethylenes were investigated (3) using RhH(CO) (PPh 3 ) 3 in the presence 
of (-)DIOP (diisooctylphthalate) (4) as the chiral ligand, and asymmet
ric induction was shown to occur during or before the formation of a 
rhodium-alkyl intermediate (R-[Rh]). This formation appears to be 
practically irreversible under the reaction conditions used (5). As an
other consequence of this important feature, regioselection in hy
droformylation is likely to occur during or before the formation of the 
rhodium-alkyl intermediates. 

The regularities observed in the hydroformylation of different 
types of olefins have been rationalized using a simple model (5) based 

0065-2393/82/0196-0371$5.00/0 
© 1982 American Chemical Society 
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372 M E T A L PHOSPHINE COMPLEXES 

Scheme I. 

> C 6 H—CH—CH—COX 

CCH — C H = C H 0 * CO + HX 
b b I 

m 
> CRHc—CH—COX 

X = -H.-0AIK CH3 

o n the presence o f c h i r a l m e t a l a toms i n the ca ta l y t i c c o m p l e x a n d o n 
ster i c in te rac t ions b e t w e e n substrate a n d l i g a n d s b o u n d to the m e t a l 
a t om. 

T h e above resu l t s w e r e r e v i e w e d i n 1974 (5). S i n c e t h e n the m a i n 
advances i n the field h a v e b e e n the a c h i e v e m e n t o f a s y m m e t r i c h y d r o -
c a r b a l k o x y l a t i o n (see S c h e m e I, X = - O R ) u s i n g p a l l a d i u m cata lysts 
i n the presence o f ( - ) D I O P (6), the use o f o ther d i p h o s p h i n e s as a s y m 
m e t r i c l i g a n d s i n h y d r o f o r m y l a t i o n b y r h o d i u m (7), a n d the a c h i e v e 
m e n t o f the p l a t i n u m - c a t a l y z e d 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, 9). 
F u r t h e r w o r k i n the field o f 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 w i t h 
r h o d i u m cata lysts has b e e n d i r e c t e d m a i n l y t owards i m p r o v i n g o p t i c a l 
y i e l d s u s i n g di f ferent a s y m m e t r i c l i g a n d s (10), w h i l e o n l y v e r y f ew 
efforts w e r e d e v o t e d to 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 c a t a l y z e d b y 
coba l t or o ther me ta l s (11, 12) a n d i t w i l l b e d i s c u s s e d i n a m o d i f i e d 
f o rm i n th is chapte r . 

S u r p r i s i n g l y , i n v i e w o f the g e n e r a l l y s m a l l e n a n t i o m e r i c excess 
o b t a i n e d , the v e r y s i m p l e m o d e l p r o p o s e d (5) to e x p l a i n r eg i o se l e c t i v -

Scheme II. 

CH=CH2 

(R)(S)-R*-CH==CH2 + CO • HX rç"— CH2— CH— COX 

R — Cfa—C0X° 

X= - H, -OAIK 
CH3 

* MINOR ISOMER (UP TO 71) IN THE CASES INVESTIGATED. THE TYPE OF CHIRALITY OF THE ASYfWfTftlC 
CARBON ATOMS WAS NOT DETERMINED. 
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23. CONSIGLIO A N D P INO Asymmetric Hydrocarbonylation 373 

i t y a n d a s y m m e t r i c i n d u c t i o n g ives q u a l i t a t i v e l y co r rec t p r ed i c t i ons 
for i s o m e r i c a n d s t e r eo i somer i c c o m p o s i t i o n o f the r eac t i on p r o d u c t s i n 
abou t 8 5 % o f the e x p e r i m e n t s . T h i s m o d e l a lso makes i t po s s i b l e to 
l o g i c a l l y re la te the resu l ts o f e n a n t i o m e r - d i s c r i m i n a t i n g hyd ro ca r 
b o n y l a t i o n react ions (see S c h e m e II) w i t h those o f enant io face -
d i s c r i m i n a t i n g h y d r o c a r b o n y l a t i o n . 

I n the present r e v i e w , the resu l ts o b t a i n e d i n h y d r o c a r b a l k o x y l a -
t i on w i l l b e c o n s i d e r e d . T h e advances i n 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 
are d i s c u s s e d i n another r e v i e w (13). 

Asymmetric Hydrocarbalkoxylation of Olefins 

T h e h y d r o c a r b a l k o x y l a t i o n o f o le f ins w i t h p a l l a d i u m cata lysts has 
b e e n k n o w n for a l o n g t i m e a n d has b e e n r e v i e w e d a d e q u a t e l y (14, 
15) . A d d i n g H - a n d - C O O R to the o l e f in o c curs w i t h a c i s -
s t e r eochemis t r y (16); the mos t l i k e l y m e c h a n i s m p r o p o s e d u p to n o w 
is r e p o r t e d i n S c h e m e I I I (17). A c o m p l e t e d i s c u s s i o n o f the m e c h a 
n i s m w i l l b e p u b l i s h e d e l s e w h e r e . 

LnPd(X)H 

Scheme III. 

tROH.-HX^ 

'+HX.-R0H 

• ROH.-HX 
Ln(X)HPd<, 

+HX.-R0H 

cotf 
, .. . + R0H,-HX^ 

L n C0 X PdC-H- 4 • 
2 5 -HX-ROH 

+ R0H," HX, 
LJX)PdCOC,H 2 Π 5 < 

* HX.-ROH 

<tROH 

LnPd(0R)H 

2H4l 
L^ROiHPd^ 

A 
CO I 

• ! 

UC0)(R0)PdCJH, 2' '5 

jt 
Ln(R0)PdC0C2H5 

+HX. 

LnPd(X)H 

C2H5C00R 
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Scheme IV. 

II 

H C jH 5 

H ^ C H 3 

C 

II 

, C H 3 

H " " X C H 3 

CH 3 

I 
,C 

WI X [ P d ] 

C H 3 

I 
c 

H 

C H 3 

J . (S) 
H 5 C ; ' ' i X C 0 0 B u * 

C H 3 

HcCi COOBu* 
H 

CH . 

i (R) 

H' i COOBu T 

C 2 H 5 

o.p. 20.2% 

o.p. 2 3.2% 

o.p. 2 0.7% 

S i m i l a r l y to the h y d r o f o r m y l a t i o n , u n d e r c e r t a i n r eac t i on c o n d i 
t ions the f o rmat i on o f the i n t e r m e d i a t e p a l l a d i u m - a l k y l c o m p l e x c a n 
b e p r a c t i c a l l y i r r e v e r s i b l e as s h o w n b y the d i f ferent p r e v a i l i n g c h i r a l 
i t y o f the 2 - m e t h y l b u t a n o i c a c i d ester o b t a i n e d f r om 1-butene a n d 
(Z ) -2-butene , as w e l l as f r om (E)- a n d (Z ) -2-butene. The re f o r e , re-
g i o s e l e c t i on a n d enant io face s e l e c t i on m u s t o c cu r , as i n h y d r o f o r m y l a 
t i on , d u r i n g or be fore the f o rmat ion o f the p o s t u l a t e d p a l l a d i u m - a l k y l 
i n t e r m e d i a t e (see S c h e m e IV ) . 

R e g i o s e l e c t i v i t y o f the r eac t i on is a f fected d r a m a t i c a l l y b y the 
t y p e o f l i g a n d s that are u s e d ( 2 0 , 2 1 , 2 2 ) . F o r e x a m p l e , i n the h y d r o c a r -
b a l k o x y l a t i o n o f 2 -pheny l - 1 -bu t ene u s i n g ( - )D IOP, mo r e t h a n 9 6 % o f 
c a r b o n y l a t i o n takes p l a c e at P o s i t i o n 1 (19) i n d e p e n d e n t l y f r om the 
a l c o h o l u s e d ; o n the con t ra ry , u s i n g [ ( S ) - 2 - p h e n y l b u t y l ] d i p h e n y l p h o s -
p h i n e , abou t 9 5 % o f c a r b o n y l a t i o n o c cu r s at P o s i t i o n 2. A s i m i l a r effect 
has b e e n f o u n d i n the h y d r o c a r b a l k o x y l a t i o n s o f N - v i n y l s u c c i n i m i d e 
(22) a n d N - v i n y l p h t h a l i m i d e (23). 

T h e in f luence o f the t y p e o f a l c o h o l a n d o f the c a r b o n m o n o x i d e 
p a r t i a l p ressure o n the a s y m m e t r i c i n d u c t i o n has b e e n i n v e s t i g a t e d i n 
the a s y m m e t r i c h y d r o c a r b a l k o x y l a t i o n o f 2 -pheny l - 1 -p r opene u s i n g 
( - ) D I O P as the c h i r a l l i g a n d (18). F o r the same substra te d i f ferent 
c h i r a l p h o s p h i n e s a n d d i p h o s p h i n e s w e r e u s e d a lso (17, 24). 

T h e deg ree o f a s y m m e t r i c i n d u c t i o n is d e p e n d e n t on the s t ruc ture 
o f the a l c o h o l (see T a b l e I). I n the absence o f so l vent , a s y m m e t r i c 
i n d u c t i o n seems to inc rease as the b u l k i n e s s o f the a l c o h o l inc reases ; 
i n b e n z e n e the same appears to b e t rue for a c y c l i c a l c oho l s . I n b o t h 
cases s e c - b u t a n o l does not f o l l o w the g ene ra l t r e n d . T h i s is rather 
s u r p r i s i n g c o n s i d e r i n g that no e n a n t i o m e r d i f f e rent ia t i on o f th is a l co 
h o l takes p l a c e u n d e r the r eac t i on c ond i t i ons that are u s e d . 
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23. CONSIGLIO A N D P INO Asymmetric Hydrocarbonylation 375 

T a b l e I. In f luence o f the S t ruc tu r e o f the 
A l c o h o l o n the E n a n t i o m e r i c E x c e s s i n the 

A s y m m e t r i c H y d r o c a r b a l k o x y l a t i o n o f 
2 - P h e n y l - l - p r o p e n e a i n the P r e s ence 

o f ( - ) D I O P 

( S)-3-Phenylbutanoate 
Optical Purity, % 

Alcohol A B B C 

C H 3 O H 19.3 3.0 
C 2 H 5 O H 37.0 10.3 
i s o - C 3 H 7 O H 35.4 14.2 
sec-C4H9OH 40 .6 8.2 
f - C 4 H 9 O H 38.9 19.6 
c - C e H n O H 29.0 n . d . d 

C e H 5 C H 2 O H 30.6 n . d . d 

a Reaction conditions: 100°C; 400 atm CO (initial pres
sure at 100°C); P d C V i - J D I O P =1 :2 . 

6 A: Benzene as the solvent (40 mL); olefin, 0.1 mol; 
alcohol/olefin = 1.5. 

c B: Without solvent; alcohol, 50 mL; olefin, 0.1 mol. 
d n.d. = not determined. 

W h e n ( P P h 3 ) 3 P d C l 2 is u s e d as the ca ta lys t p r e cu r so r a n d o p t i c a l l y 
ac t i v e a l c oho l s are u s e d as the h y d r o g e n donors , a s m a l l a s y m m e t r i c 
i n d u c t i o n occurs (see T a b l e II) w h i c h c o u l d b e d u e to a so l v en t effect 
(25). H o w e v e r , the large i n f l u ence o f the a l c o h o l s t ruc ture o n re-
g i o s e l e c t i v i t y suggests that the a l c o h o l r e s i d u e is p resent i n (at l eas t 
one of) the ca ta l y t i c c o m p l e x e s . 

T a b l e I I . I n f luence o f the S t ruc tu r e o f the A l c o h o l i n the 
H y d r o c a r b a l k o x y l a t i o n o f 2 - P h e n y l - l - p r o p e n e i n the 

P r e s ence o f ( P P h 3 ) 2 P d C l 2
a 

Alcohol to 
3-Phenylbutanoate 

Olefin Optical Absolute 
Molar Purity, Con

Alcohol Ratio % b % figuration 

E t h a n o l 1 7 — 

( - ) - 2 - B u t a n o l c 1 2 1 0.2 ( R ) 
t-Butyl a l c o h o l 1 68 — 

( - ) - 2 - M e t h y l b u t a n o l d 1 12 0.1 ( S ) 
( - ) - M e n t h o l e 1 3 1.4 ( S ) 
( - ) - M e n t h o l e 4 n . d / 3.4 ( S ) 

a Reaction conditions: 100°C; 400 atm CO. 
6 With respect to the sum of both esters. 
c Optical purity 84%. 
d Optical purity 98%. 
e Under 260 atm CO. 
/ n.d . = not determined. 
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376 METAL PHOSPHINE COMPLEXES 

i s i 
[Rl 

Figure 1. Influence of carbon monoxide pressure on the ratio between 
the enantiomers of t-butyl-3-phenylbutanoate arising from asymmetric 
hydrocarbalkoxylation of 2-phenyl-l-propene by ( -)DIOP/PdCl2 in a 

benzene solution at 100 °C 

T h e effect o f the c a r b o n m o n o x i d e pressure o n the a s y m m e t r i c 
i n d u c t i o n i n 2 - p h e n y l - l - p r o p e n e h y d r o c a r b a l k o x y l a t i o n is oppos i t e o f 
w h a t is e x p e c t e d (see F i g u r e 1). I n fact, the o p t i c a l p u r i t y o f the reac
t i o n p r o d u c t is i n c r e a s e d as the c a r b o n m o n o x i d e p ressure is i n c r e a s e d 
(18). T h i s effect agrees w i t h the fact that w i t h the same subst ra te 
a s y m m e t r i c i n d u c t i o n is i n c r e a s e d b y l o w e r i n g the ( - ) D I O P to the 
P d C l 2 m o l a r rat io at a constant c a r b o n m o n o x i d e p ressure (18). I n fact, 
i n e x p e r i m e n t s i n w h i c h m i x t u r e s o f ( P P h 3 ) 2 P d C l 2 a n d [ ( - ) D I O P ] P d C l 2 

w e r e u s e d to m a i n t a i n the rat io P/Pd = 2 (26), the m a x i m u m o p t i c a l 
y i e l d has b e e n o b t a i n e d for a r a t i o ( - ) D I O P / P d = 0.5. I f a c o m p e t i t i o n 
for c o o r d i n a t i o n to p a l l a d i u m b e t w e e n c a r b o n m o n o x i d e a n d phos 
p h i n e exists (see S c h e m e V ) as i n the case o f c oba l t (27), the p resence 
i n the ca ta l y t i c c o m p l e x o f o n l y one p h o s p h o r u s a t om b o u n d to p a l -

X= -Cl, -OR 
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23. CONSIGLIO AND PINO Asymmetric Hydrocarbonylation 377 

l a d i u m as e x p e c t e d at h i g h c a r b o n m o n o x i d e p ressure , appears to b e 
more e f fect ive i n i n d u c i n g a s y m m e t r i c synthes is t h a n the p resence o f 
t w o p h o s p h o r u s a toms i n the c is po s i t i on . 

T h e s e data refer to the h y d r o c a r b a l k o x y l a t i o n o f 2 -pheny l -1 -p ro -
p e n e a n d canno t b e g e n e r a l i z e d . I n fact, no effect o f th is t y p e has b e e n 
o b s e r v e d i n the h y d r o c a r b a l k o x y l a t i o n o f N - v i n y l s u c c i n i m i d e (22). 

S o m e da ta are a lso a v a i l a b l e o n the effect o f the s t ruc ture o f the 
p h o s p h i n e or d i p h o s p h i n e o n the o p t i c a l y i e l d i n the a s y m m e t r i c hy 
d r o c a r b a l k o x y l a t i o n o f 2 -pheny l -1 -p ropene (24) (see T a b l e I I I ) . T h e 
bes t o p t i c a l y i e l d w a s o b t a i n e d u s i n g 2 , 2 - d i m e t h y l - 4 , 5 - b i s ( d i b e n z o -
p h o s p h o l - 5 - y l m e t h y l ) - l , 3 - d i o x o l a n e as the c h i r a l l i g a n d . M u c h l o w e r 
o p t i c a l y i e l d s w e r e o b t a i n e d u s i n g a m i n o p h o s p h i n e s or monophos -
p h i n e s . 

D i f f e r en t t ypes o f substrates have b e e n h y d r o c a r b a l k o x y l a t e d 
u s i n g ( - ) D I O P as the c h i r a l l i g a n d (see T a b l e IV ) . I n a d d i t i o n to the 
e x a m p l e s o f e n a n t i o f a c e - d i s c r i m i n a t i n g react ions , t w o e x a m p l e s o f 
e n a n t i o m e r - d i s c r i m i n a t i n g react ions are r e p o r t e d a lso. T h e p o s s i b i l i t y 
o f s y n t h e s i z i n g o p t i c a l l y ac t i v e a m i n o a c i d s s ta r t ing w i t h N - v i n y l s u c 
c i n i m i d e (22) or w i t h other e n a m i d e s or e n i m i d e s (23) is r e m a r k a b l e . 

F r o m a s t e r e o c h e m i c a l p o i n t o f v i e w , the resu l ts o b t a i n e d i n the 
h y d r o c a r b a l k o x y l a t i o n o f 2 -pheny l - 1 -bu t ene u s i n g [ (S ) -2 -pheny l -
b u t y l ] d i p h e n y l p h o s p h i n e as the c h i r a l l i g a n d are p a r t i c u l a r l y interest 
i n g . I n th is case t w o c h i r a l p r o d u c t s are o b t a i n e d ; the p r e v a i l i n g a n t i 
podes ar ise f r om the same enant io face b u t have d i f ferent o p t i c a l 
p u r i t i e s (see S c h e m e V I ) , s h o w i n g that, at l eas t f o rma l l y , r e g i o s e l e c t i on 
is d i f ferent on the t w o p r o c h i r a l faces o f the o l e f in (28). 

Scheme VI. 

CHrCOOC2H5 CHj-COOCjHg 

2.05% 2.95% 

> < 
H5C2 J H 

C6H5 

(S) 

ÇH 3 

46.36% CN 

H5C200C i V C 2 H 5 

48.64% 
H 5C2'J COOĈ g 

48.41% (S) (R) 51.59% 
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380 METAL PHOSPHINE COMPLEXES 

A Model to Interpret the Regularities Observed in Asymmetric 
Hydrocarbonylation 

E x p e r i m e n t a l F a c t s L e a d i n g to the C o n c e p t i o n o f the M o d e l . 
C o n s i d e r i n g i s o m e r i c a n d s t e r eo i somer i c c o m p o s i t i o n o f the 
p r o d u c t s o b t a i n e d i n the a s y m m e t r i c h y d r o c a r b a l k o x y l a t i o n i n v e s t i 
ga t ed u s i n g the p a l l a d i u m - ( - ) D I O P ca ta l y t i c s y s t e m , some interest 
i n g r e gu l a r i t i e s are apparen t . T h i s is a lso t rue o f the r h o d i u m -
( - ) D I O P - c a t a l y z e d h y d r o f o r m y l a t i o n u s i n g the same substrates (13). 

T h i s fact is s u r p r i s i n g i n v i e w o f the l o w e n a n t i o m e r i c excess 
e x p e r i m e n t a l l y f o u n d i n d i c a t i n g a l o w d i f f e rence i n the free energ i es 
o f the d i a s t e r e omer i c - a c t i v a t ed c o m p l e x e s c o n t r o l l i n g a s y m m e t r i c i n 
d u c t i o n . H o w e v e r , f r om e n a n t i o m e r i c excess o n l y a m i n i m u m v a l u e for 
that d i f f e rence c a n b e e v a l u a t e d a n d , there fore , the a c tua l v a l u e o f the 
d i f f e rence i n the above free energ i es m i g h t b e m u c h larger . 

I n a n y case, w h i l e f ew resu l ts i n v o l v i n g e n a n t i o m e r i c excesses 
s m a l l e r t h a n 4 0 % canno t b e t a k e n as a s o u n d basis for s p e c u l a t i n g 
a b o u t the factors i n f l u e n c i n g a s y m m e t r i c i n d u c t i o n , the r e gu l a r i t i e s 
that have b e c o m e apparen t i n the n u m e r o u s resu l t s c o n c e r n i n g m o r e 
t h a n 90 i n d e p e n d e n t e x p e r i m e n t s o f h y d r o c a r b o n y l a t i o n ( i n c l u d i n g 
b o t h h y d r o f o r m y l a t i o n a n d h y d r o c a r b a l k o x y l a t i o n ) i n w h i c h e i ther the 
subst ra te or the ca ta l y t i c s y s t e m is d i f ferent , i n o u r o p i n i o n m a k e 
w o r t h w h i l e a n a t t empt to cor re la te the above resu l ts w i t h a s i m p l e 
s t e r e o c h e m i c a l m o d e l . 

H y d r o c a r b o n y l a t i o n react ions are m u l t i s t e p ca ta l y t i c processes 
(14). F o r th i s r eason o u r first p r o b l e m was to d e t e r m i n e i n w h i c h s tep 
a s y m m e t r i c i n d u c t i o n takes p l a c e , s ince m o d e l s c o u l d b e v e r y dif fer
en t d e p e n d i n g o n the s tep i n w h i c h a s y m m e t r i c i n d u c t i o n is deter
m i n e d (e.g. i n the m e t a l a l k y l c o m p l e x f o rmat ion or i n the final r e d u c 
t i v e e l i m i n a t i o n step). 

W e first e s t a b l i s h e d that h y d r o c a r b o n y l a t i o n react ions o c c u r w i t h 
c i s - s t e r eochemis t r y (29, 16) a n d that a s y m m e t r i c i n d u c t i o n o c curs b e 
fore or d u r i n g the f o rmat i on o f the m e t a l a l k y l i n t e r m e d i a t e (5, 6). T h i s 
means that is e i ther d u r i n g the π-olefin c o m p l e x f o rmat i on b e t w e e n 
ca ta lys t a n d substrate or d u r i n g the inse r t i on o f the π-complexed o l e f in 
i n t o the M - H b o n d . The re f o r e , the m o d e l s h o u l d focus on the in te rac 
t ions b e t w e e n the substrate d o u b l e b o n d a n d the c a t a l y t i c a l l y a c t i v e 
m e t a l a t o m o f the cata lyst . 

S i n c e a s y m m e t r i c i n d u c t i o n decreases r a p i d l y w h e n the d i s t ance 
b e t w e e n the i n d u c i n g a s y m m e t r i c cen te r a n d the n e w a s y m m e t r i c 
c en te r to b e f o r m e d i n the p r o d u c t increases (25), w e a s s u m e d that the 
m e t a l a t om a p p r o a c h e d b y the subst ra te (that is the a t om o f the ca ta lys t 
d i r e c t l y i n t e r a c t i n g w i t h the unsa tu ra t ed a t om o f the substrate that 
b e c o m e s c h i r a l d u r i n g the react ion) is c h i r a l (5). C o m p l e x e s c o n t a i n i n g 
c h i r a l m e t a l a toms are k n o w n i n the l i t e ra ture (31); fu r the rmore , the 
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23. CONSIGLIO A N D P INO Asymmetric Hydrocarbonylation 381 

presence o f m e t a l a toms h a v i n g d i f ferent c h i r a l i t i e s i n ca t a l y t i c c o m 
p l exes c o n t a i n i n g di f ferent m e t a l a toms offers a v e r y s i m p l e e x p l a n a 
t i on for the fact that , w h e n the same c h i r a l l i g a n d ( ( - ) D I O P ) is u s e d , the 
same r e gu l a r i t i e s , b u t oppos i t e p r e v a i l i n g c h i r a l i t i e s , are f o u n d m o s t l y 
i n the series o f e x p e r i m e n t s w i t h the same substrates i n the 
p a l l a d i u m - c a t a l y z e d h y d r o c a r b a l k o x y l a t i o n a n d i n the r h o d i u m -
c a t a l y z e d h y d r o f o r m y l a t i o n (see T a b l e V ) . 

A S i m p l e M o d e l for the T r a n s i t i o n State L e a d i n g to the I n t e r m e 
d ia t e M e t a l - A l k y l C o m p l e x . T h e e n a n t i o m e r i c excess i n the p r o d 
ucts ref lects the r e l a t i v e free energ i es o f the t w o d i a s t e r e ome r i c -
a c t i v a t ed c o m p l e x e s c o n t r o l l i n g a s y m m e t r i c i n d u c t i o n a n d l e a d i n g to 
e i ther a n t i p o d e . I n the first a t tempts to sett le a s t e r e o c h e m i c a l m o d e l , 
the a s s u m p t i o n was m a d e that a c t i va t i on energ ies for the t rans forma
t i on o f the d i a s t e r e o m e r i c π-olefin c o m p l e x e s i n the m e t a l - a l k y l c o m 
p l exes l e a d i n g to e i ther a n t i p o d e w e r e v e r y s i m i l a r . I n th is case dif fer
ences i n free energ i es o f f o rmat i on o f π-complexes w o u l d ref lect, at 
l east q u a l i t a t i v e l y , energy di f ferences b e t w e e n t rans i t i on states c o n 
t r o l l i n g a s y m m e t r i c i n d u c t i o n (5). H o w e v e r n o s u i t a b l e w a y has b e e n 
f o u n d u p to n o w to con f i rm e x p e r i m e n t a l l y th is a s s u m p t i o n . The r e f o r e 
w e pre f e r to s c h e m a t i z e d i r e c t l y i n th is chap t e r the t rans i t i on states 
c o n t r o l l i n g a s y m m e t r i c i n d u c t i o n , l e a v i n g u n a n s w e r e d the p r o b l e m 
c o n c e r n i n g the p o s s i b l e r e l a t i onsh ips b e t w e e n the r e l a t i v e free ene rgy 
o f the t rans i t i on states l e a d i n g to the m e t a l - a l k y l c o m p l e x e s a n d that o f 
the c o r r e s p o n d i n g π-complexes. 

A v e r y s i m p l e w a y to s c h e m a t i z e these t rans i t i on states is to r ep r e 
sent i n a p l a n e the s ter ic s i tua t i on f a ced b y the d o u b l e b o n d w h e n i t 
approaches the M - H b o n d (see F i g u r e s 2 a a n d b) a n d to s u p e r i m p o s e 
the o l e f i n i c subst ra te (e.g., (Z ) -2-butene) to th is r ep resen ta t i on w i t h the 
d o u b l e b o n d p a r a l l e l to the M - H b o n d ( F i g u r e s 2 a ' a n d b ' ) . 

I f the t rans i t i on state c o n t r o l l i n g a s y m m e t r i c i n d u c t i o n is the one 
l e a d i n g f r om the π-olefin c o m p l e x to the m e t a l a l k y l c o m p l e x , the 
π-olefin c o m p l e x c a n b e c o n c e i v e d r easonab l y as a t r i g o n a l b i p y r a m i d 
i n w h i c h the m e t a l , s i tua t ed i n the cen te r o f the p y r a m i d , is c o o r d i 
n a t e d to a h y d r o g e n a t om , the o l e f i n i c d o u b l e b o n d , a n d three o ther 
l i g a n d s , t w o o f w h i c h m u s t di f fer i n s i ze (e.g., a P P h 2 R a n d a C O g r o u p 
for a m o n o m e t a l l i c c o m p l e x ) . I f the t rans i t i on state c o n t r o l l i n g a s y m 
m e t r i c i n d u c t i o n is the one l e a d i n g to the π-olefin c o m p l e x , i t is c o n 
c e i v a b l e that there is a s i m i l a r s t ruc ture for the cata lys t , w h e r e the 
m e t a l s t i l l is b o u n d to five l i g a n d s , one o f w h i c h (e.g., a so l ven t m o l e 
cu l e ) d issoc iates i m m e d i a t e l y be fore the a p p r o a c h o f the subst ra te . 
U n s a t u r a t e d c h i r a l m e t a l c o m p l e x e s m a i n t a i n i n g the i r c h i r a l i t y a l 
r e a d y h a v e b e e n p o s t u l a t e d i n the l i t e ra tu re (31). 

I n F i g u r e s 2 a a n d b L a n d S are t w o subs t i tuen t s h a v i n g d i f ferent 
s izes ( L > S) ; i n 2 b Ζ is a s u b s t i t u e n t that is l a rger t h a n H . T h e space 
a v a i l a b l e for a c c o m m o d a t i n g the subst i tuent (s ) o f the o l e f i n i c d o u b l e 
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C D 

H 

•M-
Θ 

Θ 

(α) 

Figure 2. Models for the transition states controlling asymmetric 
induction in the hydrocarbonylation of olefins 

b o n d o f the subst ra te ( pa ra l l e l to the M - H bond ) i n e a c h o f the f ou r 
q u a d r a n t s — Q u Q 2 , Q - i , a n d Q_2—(each one o f w h i c h is d e f i n e d b y the 
axis c o n n e c t i n g the m e t a l a t om w i t h the d o u b l e b o n d o f the a p p r o a c h 
i n g subst ra te a n d b y the pro jec t ions o f the b o n d s b e t w e e n t w o o f the 
subs t i tuen t s a n d the c en t r a l m e t a l a t om i n a p l a n e c o n t a i n i n g the M - H 
b o n d a n d p e r p e n d i c u l a r to the above axis) is d i f ferent , d e p e n d i n g o n 
the s i ze o f the subs t i tuen ts , w h i c h i n a r o u g h a p p r o x i m a t i o n are c o n 
s i d e r e d as spheres , the centers o f w h i c h are s i tua t ed o n the meta l - to -
l i g a n d b o n d . It is e x p e c t e d that the space a v a i l a b l e i n a q u a d r a n t for 
F i g u r e 2 b decreases i n the f o l l o w i n g order : Q 2 > Q i > Q-2 > Q - i - I f 
the subst ra te is a m o n o s u b s t i t u t e d e t h y l e n e , the subs t i tu en t c o u l d b e 
s i tua t ed i n e i ther o f the four quad ran t s , t hus g i v i n g r ise to f our p o s s i b l e 
l o w - e n e r g y t rans i t i on states. 

I f s te r i c in te rac t i ons are the m a i n factors i n d e t e r m i n i n g the di f fer
ent free energ i es for the four p o s s i b l e t rans i t i on states, the s u b s t i t u e n t 
w o u l d o c c u p y p r e f e r en t i a l l y that q u a d r a n t i n w h i c h m o r e space is 
a v a i l a b l e . I f the q u a d r a n t p r e f e r r e d b y the s u b s t i t u e n t is k n o w n , i.e., i f 
the r e l a t i v e pos i t i ons o f L , S, Z , a n d H are k n o w n , w e c a n p r e d i c t the 
e n a n t i o m e r that is f o r m e d p r e v a i l i n g l y . T h e same m o d e l a lso a l l o w s us 
to p r e d i c t w h i c h o f the t w o u n s a t u r a t e d c a r b o n a toms o f the substra te 
w i l l b e b o u n d to the m e t a l a n d c a r b o n y l a t e d e v e n t u a l l y . F o r i ns tance , 
i n the case o f a m o n o s u b s t i t u t e d o l e f i n (see S c h e m e V I I ) , I s omer b 
w i l l p r e v a i l o ve r the s u m o f the an t i podes o f the o ther i s omer (a + c) 
a n d A n t i p o d e a w i l l p r e v a i l o v e r A n t i p o d e c. 
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384 METAL PHOSPHINE COMPLEXES 

Scheme VII. 

(a) (b) (c) 

I n o rde r to d e c i d e i f m o d e l 2 a or 2 b m u s t b e chosen a n d to estab
l i s h the r e l a t i v e pos i t i ons o f L , S, a n d H i n the m o d e l , the resu l t s o f the 
h y d r o c a r b a l k o x y l a t i o n o f a subst ra te h a v i n g C s s y m m e t r y (e.g., 
1-butene) h a v e to b e c o n s i d e r e d . T h e p r e v a l e n c e o f the l i n e a r i s ome r 
o ve r the b r a n c h e d one t e l l s us that i n Q _ i a n d Q _ 2 there is less space 
a v a i l a b l e t h a n i n Q ! a n d Q 2 ; there fore Ζ m u s t b e p resen t a n d F i g u r e 2 b 
is p r e f e r r ed to F i g u r e 2a . P r e v a l e n c e o f the ( S ) - enan t i omer i n the 
b r a n c h e d i s o m e r t e l l s us that m o r e space is a v a i l a b l e i n Q _ 2 t h a n i n 
Q - i ; there fore the large l i g a n d L m u s t b e se t t l ed i n F i g u r e 2 b o n the 
r i g h t s i d e to the m e t a l . T h e r e s u l t i n g s i tua t i on is r e p r e s e n t e d i n 
S c h e m e V I I . 

J u s t as for the 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 e x p e r i m e n t s (13), the 
a g r e emen t b e t w e e n p r e d i c t e d a n d e x p e r i m e n t a l resu l ts is v e r y g o o d 
(see T a b l e V I ) . T h e o n l y p a r t i a l d e v i a t i o n is o b s e r v e d i n the case o f 
n o r b o r n e n e w h e r e the less h i n d e r e d d ias tereo face is the o n l y one 
r eac t ed , b u t the p r e v a i l i n g e n a n t i o m e r o b t a i n e d is oppos i t e to the one 
that is p r e d i c t e d . A n o t h e r case i n w h i c h p r e d i c t i o n is u n c e r t a i n is i n 
the case o f (E ) -2 -butene . I n fact, the t w o m e t h y l g r oups c a n o c c u p y i n 
e i the r Q i a n d Q _ 2 or Q 2 a n d Q_ i . A c c o r d i n g to the p r ed i c t i ons , space 
a v a i l a b i l i t y i n Q _ 2 is l a rger t h a n i n Q _ i , a n d i t is l a rge r i n Q 2 t h a n i n 
Q _ i . F u r t h e r m o r e , the r esu l t s o b t a i n e d w i t h 1 ,1 -d i subs t i tu ted 
e thy l enes s h o w that the s u m o f the space a v a i l a b l e i n Q i a n d Q 2 is 
m u c h greater t h a n the s u m o f the space a v a i l a b l e i n Q _ i a n d Q _ 2 . T h e 
r e su l t w i t h (E ) -2 -butene shows that the s u m o f the space a v a i l a b l e i n 
Q 2 a n d Q _ i is greater t h a n the s u m o f the space a v a i l a b l e i n Q i a n d Q _ 2 

cont ra ry to w h a t is o b s e r v e d i n the h y d r o f o r m y l a t i o n b y the r h o d i u m -
( - ) D I O P ca ta l y t i c s y s t e m (13). S i n c e w e k n o w that mo r e space is a v a i l 
a b l e i n Q-2 t h a n i n Q _ i , the d i f ference i n space a v a i l a b i l i t y i n Q 2 w i t h 
r espec t to Q i appears to b e la rger t h a n that b e t w e e n Q _ 2 a n d Q_ i . 
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F i n a l l y , the last u n c e r t a i n case concerns the p r e v a i l i n g i s omer 
a r i s i n g f r om h y d r o c a r b a l k o x y l a t i o n o f ( E ) - l - p h e n y l - l - p r o p e n e . I n th is 
case p r a c t i c a l l y none o f the p r e d i c t e d p r e v a i l i n g i s omer 2-
m e t h y l - 3 - p h e n y l p r o p a n o a t e is f o r m e d . H o w e v e r , the p r e v a i l i n g ester 
(55%) is not the o ther e x p e c t e d i s omer (2 -benzy lp ropanoate ) b u t rather 
the 4 - p h e n y l b u t a n o a t e w h i c h arises f r om i s omer i z a t i on o f e i ther the 
subst ra te ( ( E ) - l - p h e n y l - l - p r o p e n e to 3 - p h e n y l - l - p r o p e n e ) or the 
c a t a l y s t - subs t r a t e c o m p l e x . 

T h e same trans i t ion-state m o d e l c a n b e u s e d to cor re la te the re
su l ts for the e n a n t i o f a c e - d i s c r i m i n a t i n g h y d r o c a r b a l k o x y l a t i o n d i s 
c u s s e d above w i t h the f ew resu l ts o b t a i n e d i n the enan t i omer -
d i s c r i m i n a t i n g h y d r o c a r b a l k o x y l a t i o n , as w i l l b e d i s c u s s e d e l s e w h e r e 
(32). 

T a k i n g i n t o a c c o u n t the e x p e r i m e n t s c a r r i e d ou t w i t h the same 
subst ra te b u t w i t h d i f ferent a l c oho l s u s i n g the p a l l a d i u m - ( - ) D I O P 
ca ta l y t i c s y s t e m , the p r e d i c t i o n o f p r e v a i l i n g a n t i p o d e s is not co r rec t i n 
one out o f 2 1 e x p e r i m e n t s a n d the p r e d i c t i o n o f the p r e v a i l i n g i s omer 
is not cor rec t i n t w o ou t o f 24 e x p e r i m e n t s (17). 

U n f o r t u n a t e l y i n h y d r o c a r b o n y l a t i o n i n the p resence o f c h i r a l 
l i g a n d s o ther t h a n D I O P , o n l y 2 - p h e n y l - l - p r o p e n e was u s e d as the 
subst ra te a n d there fore the m o d e l canno t b e a p p l i e d b e cause the r e l a 
t i v e pos i t i ons o f the subs t i tuen ts L , S, H , a n d Ζ are u n k n o w n . H o w 
ever , the p r e v a i l i n g c h i r a l i t y a n d i s ome r o b s e r v e d i n h y d r o c a r b a l k o x y 
l a t i on o f 2 - p h e n y l - l - p r o p e n e w i t h five o ther l i g a n d s , h a v i n g s t ruc tures 
s i m i l a r to D I O P (24), i n d i c a t e (see T a b l e III ) that i n four cases out o f 
five, the r e l a t i v e p o s i t i o n o f the subs t i tuen ts i n the t rans i t i on state 
s h o u l d b e the same as i n the m o d e l o f the t rans i t i on state c o n t a i n i n g 
D I O P . 

T h e s i tua t i on is d i f ferent w i t h m o n o p h o s p h i n e s as far as the p r e 
v a i l i n g i s o m e r is c o n c e r n e d . I n fact i t appears (see T a b l e I I I ) that the 
b r a n c h e d i s omer p r e v a i l s ove r the l i n e a r one (17), con t rary to the p r e 
d i c t i ons o f the m o d e l f o r m u l a t e d for the p a l l a d i u m - ( - ) D I O P ca ta l y t i c 
s y s t em . T h e a v a i l a b l e e x p e r i m e n t a l da ta are no t suf f ic ient to a l l o w us 
to f o rmu la t e a m o d e l for the t rans i t i on state i n the case o f p a l l a d i u m 
m o n o p h o s p h i n e - c a t a l y t i c sys t ems . To a t t empt a p r e l i m i n a r y e x p l a n a 
t i o n o f the i s o m e r i c c o m p o s i t i o n f o u n d , w e suggest a t rans i t i on state 
h a v i n g a g e ome t r y a p p r o x i m a t i n g a square p y r a m i d i n w h i c h the 
o l e f i n i c b o n d o f the substra te interacts w i t h three a n d not w i t h f our 
subs t i tuen t s (see F i g u r e s 2 a a n d 2a ' ) . 

Final Remarks 

A s y m m e t r i c h y d r o c a r b o n y l a t i o n is a p r o m i s i n g m e t h o d for s y n 
t h e s i z i n g o p t i c a l l y ac t i v e o x y g e n a t e d c o m p o u n d s f r om p r o c h i r a l 
o le f ins . D e s p i t e the r eac t i on c ond i t i ons , w h i c h i n c l u d e h i g h c a r b o n 
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m o n o x i d e pressure a n d t empera tures u p to 120°C, the h i ghes t o p t i c a l 
y i e l d s o b t a i n e d u p to n o w r e a c h 4 7 % (33) i n the h y d r o f o r m y l a t i o n 
(1 -butene w i t h the P t / D I O P s y s t e m at 60°C) a n d 6 9 % i n the h y d r o c a r 
b a l k o x y l a t i o n ( 2 - p h e n y l - l - p r o p e n e w i t h a P d C l 2 / D B P - D I O P ca ta l y t i c 
s y s t e m a n d £-butyl a l c o h o l as the h y d r o g e n donor ) . T h e s e resu l t s are 
far f r om the best o p t i c a l y i e l d a c h i e v e d i n a s y m m e t r i c hydrogénation. 
H o w e v e r , a s y m m e t r i c i n d u c t i o n i n h y d r o c a r b o n y l a t i o n (as i n the ex
a m p l e s w e have d i scussed ) is b a s e d s u b s t a n t i a l l y o n r e p u l s i v e s te r i c 
in terac t ions , a n d i m p r o v e m e n t s c a n b e e x p e c t e d w h e n p o l a r g r oups i n 
a s u i t a b l e pos i t i on , c a p a b l e o f a t t ract ive in te rac t i ons w i t h the m e t a l 
a t om o f the cata lys t , are present i n the substrates . 

T h e fact that a m o d e l for the t rans i t i on state c o n t r o l l i n g a s y m m e t 
r i c i n d u c t i o n b a s e d o n ster ic in te rac t ions a l l o w s us to c o r r e c t l y p r e d i c t 
the t y p e o f p r e v a i l i n g reg io - a n d s te reo i somer for abou t 8 5 % o f the 
a s y m m e t r i c h y d r o c a r b o n y l a t i o n e x p e r i m e n t s ( i n c l u d i n g h y d r o f o r m y l a 
t i on a n d h y d r o c a r b a l k o x y l a t i o n ) is a n i n d i c a t i o n that a s y m m e t r i c i n 
d u c t i o n i n these ca ta l y t i c react ions is b a s e d m a i n l y o n s ter ic in t e rac 
t ions. T h e da ta o b t a i n e d so far d o not a l l o w us to e s t ab l i sh w h e t h e r the 
more s tab le or the less s tab le 7r-o le f in c o m p l e x i n t e r m e d i a t e is the one 
that reacts p r e f e r en t i a l l y . H o w e v e r , the r e gu l a r i t i e s that w e o b s e r v e d 
i n d i c a t e that the k i n e t i c features are the same , at l eas t i n mos t o f the 
e x p e r i m e n t s . 

Researchers have a s s u m e d that the d i f ferent p r e v a i l i n g c h i r a l i t y o f 
the p r o d u c t s a r i s i n g f r om the same substrate i n the h y d r o c a r b a l k o x y l a 
t i on w i t h the p a l l a d i u m - ( - ) D I O P ca ta l y t i c s y s t e m a n d i n h y d r o f o r m y 
l a t i on w i t h the r h o d i u m - ( - ) D I O P ca ta l y t i c s y s t e m is c o n n e c t e d w i t h 
the d i f ferent abso lu t e con f i gura t i on o f the m e t a l a t o m i n the t w o dif fer
ent ca t a l y t i c c o m p l e x e s . T h e d i f ferent c h i r a l i t i e s o f the m e t a l a t om, 
w h e r e the a s y m m e t r i c l i g a n d is the same , s h o u l d b e c o n n e c t e d w i t h 
d i f ferent n o n c h i r a l l i g a n d s i n the m e t a l c o m p l e x e s . I n fact, the p o s i t i o n 
o f the d i a s t e r e o m e r i c e q u i l i b r i u m (30, 31) i n v o l v i n g i n v e r s i o n o f c o n 
figuration at the m e t a l a t om ( and hence the p r e v a l e n c e o f m e t a l a toms 
h a v i n g the same ch i r a l i t y ) g e n e r a l l y d e p e n d s o n the na tu r e o f the 
l i g a n d s . 
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24 
P-31 NMR Comparisons of the 
Crystalline and Solution States of 
Rhodium(I) Diphosphine Catalysts 

GARY E . MACIEL, DANIEL J. O 'DONNELL , and RANDY GREAVES 

Department of Chemistry, Colorado State University, Fort Collins, CO 80523 

Six different rhodium(I) diphosphine catalysts and the 
corresponding ligands were investigated via P-31 NMR 
spectroscopy. For the solid samples cross polarization/ 
magic-angle spinning (CP/MAS) was used. A comparison 
of the solid-state spectra with solution NMR spectra 
showed a general pattern of similarity for most of the 
compounds, but a different degree of phosphorus atom 
nonequivalence between the two states for some of the 
compounds. P-31 NMR data were obtained also on a 
polymer-supported diphosphine ligand and its corre
sponding rhodium(I) catalyst. Prospects and limitations 
for using NMR as a structural tool for comparing the 
solid and liquid states are discussed. 

Several correlations have appeared in the recent literature (I, 2, 
3) concerning the use of X-ray-determined crystal structures of 

rhodium(I) diphosphine catalysts to aid in predicting the chirality in 
duced in the hydrogénation products obtained by using these homo
geneous catalysts. Such solid-vs.-liquid-structure correlations always 
present an inherent uncertainty concerning the validity of the extrapo
lation of structural data obtained by solid-state methods to the solution 
state. Since most of the reliable, detailed structural data available to 
chemists have been obtained by diffraction experiments on solids and 
since most chemical processes are carried out in solution, this kind of 
uncertainty is not uncommon. N M R , with the advent of the cross 
polarization and magic-angle spinning (CP/MAS) methods for solids 
(4, 5), presents a clear opportunity to examine directly the relationship 
between the structures of the solid and l iquid. 

0065-2393/82/0196-0389$5.00/0 
© 1982 American Chemical Society 
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390 METAL PHOSPHINE COMPLEXES 

U n t i l ra ther r e c en t l y , h i g h - r e s o l u t i o n N M R t e c h n i q u e s w e r e l i m 
i t e d to the l i q u i d state, i n w h i c h r a p i d , r a n d o m m o l e c u l a r t u m b l i n g 
mot i ons e l i m i n a t e the sp l i t t i n g s a n d l i n e b r o a d e n i n g effects o f m a g 
n e t i c d i p o l e - d i p o l e in te rac t ions a n d the l i n e - b r o a d e n i n g effects o f 
c h e m i c a l sh i f t an i so t ropy , a n d g i v e r ise to e f f ic ient s p i n - l a t t i c e r e l axa 
t i o n m e c h a n i s m s that m a k e p o s s i b l e f r equen t r epe t i t i ons o f p u l s e N M R 
e x p e r i m e n t s . H o w e v e r w i t h s o l i d samp l es these mot i ons are absent , 
a n d the a p p l i c a t i o n o f s t a n d a r d l i q u i d - s t a t e (pu l se F o u r i e r t ransform) 
approaches is l a r g e l y fu t i l e . R e c e n d y the use o f h i g h - p o w e r H - l d e 
c o u p l i n g (for m i n i m i z i n g l i n e b r o a d e n i n g d u e to d i p o l a r in terac t ions 
w i t h protons) w i t h cross p o l a r i z a t i o n (to e l i m i n a t e the b o t t l e n e c k o f 
l o n g s p i n - l a t t i c e r e l axa t i on t imes ) has b e e n c o m b i n e d w i t h M A S 
( w h i c h e l i m i n a t e s the l i n e b r o a d e n i n g d u e to c h e m i c a l sh i f t an iso
tropy) to p r o v i d e a n N M R t e c h n i q u e for s p i n - o n e - h a l f n u c l e i i n s o l i d s 
that approaches the l i q u i d - s t a t e t e c h n i q u e s i n r e so lu t i on charac te r i s 
t i c s (4, 5 ) . It is th i s c o m b i n a t i o n that makes the d e t a i l e d s t ruc tu ra l 
c o m p a r i s o n o f s o l i d a n d l i q u i d states pos s i b l e . 

P r e s e n t e d h e r e i n are the resu l ts o f a P-31 N M R s tudy o f the s o l i d 
states a n d l i q u i d s o lu t i on states o f the f o l l o w i n g r h o d i u m cata lysts a n d 
the i r c ons t i tuen t d i p h o s p h i n e l i g a n d s : ( R h ( C O D ) d i p h o s ) + C 1 0 4 " , I ; 
(Rh (COD )DiPAMP)+ ClOr, I I ; (Rh (COD )BPPM)+ ClOr, I I I ; 
( R h ( N B D ) c h i r a p h o s ) + ClOr a n d ( R h ( C O D ) c h i r a p h o s ) + ClOr, I V a 
a n d I V b ; a n d ( R h ( N B D ) p r o p h o s ) + C 1 0 4 " , V . ( C O D = c y c l o o c t a d i e n e ; 
N B D = n o r b o r n a d i e n e ; d i p h o s = l , 2 - e t h a n e d i y l b i s ( d i p h e n y l p h o s -
p h i n e ) ; D i P A M P = ( R , R ) - l , 2 - e t h a n e d i y l b i s ( o - m e t h o x y p h e n y l -
p h e n y l p h o s p h i n e ) ; B P P M = ( 2 S , 4 S ) - N - i - b u t o x y c a r b o n y l - 4 - d i p h e n y l -
p h o s p h i n e - 2 - d i p h e n y l p h o s p h i n o m e t h y l p y r r o l i d i n e ; c h i r a p h o s = 
(S ,S ) - 2 , 3 - b u t a n e d i y l b i s ( d i p h e n y l p h o s p h i n e ) ; a n d p rophos = (R) -
l , 2 - b i s ( d i p h e n y l p h o s p h i n o ) p r o p a n e . T h e spec t ra s h o w some d i s t i n c t 
d i f ferences b e t w e e n the p h o s p h i n e e n v i r o n m e n t s o f the s o l i d a n d 
s o lu t i on states, i m p l y i n g that s i gn i f i cant s t ruc tu ra l d i f ferences ex is t 
w h i c h m a y b e i m p o r t a n t w h e n c o n s i d e r i n g the p r e d i c t i o n o f s o lu t i on 
p roper t i e s f r om so l id-state s t ruc tures . H o w e v e r , m a n y unce r t a in t i e s 
r e m a i n r e g a r d i n g the o r i g ins o f n o n e q u i v a l e n c e s o b s e r v e d i n the 
so l id -s ta te N M R spec t ra . I n a n y case, th i s c h a p t e r presents the first 
ex t ens i ve c o l l e c t i o n o f so l id-s tate P -31 N M R da ta o n p h o s p h i n e l i 
gands and/or the i r m e t a l c o m p l e x e s . 

Experimental 

Preparation of the L igands . S,S-chiraphos and R-prophos were pre
pared v ia methods given i n the literature (6, 7). Diphos was obtained from 
Strem Chemica ls . B P P M was generously suppl ied by K. A c h i w a and R,R-
D i P A M P also was generously suppl ied by W. Knowles. 
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Preparation of the Complexes. [ R h ( C O D ) C l ] 2 and [ R h ( N B D ) C l ] 2 were 
prepared by Chatt and Venanzi 's method (8) for [ R h ( C O D ) C l ] 2 . These were 
used to prepare Rh(COD)acac and Rh(NBD)acac by Cramers method (9) for 
Rh(C2H 4 ) 2 acac. The complexes [Rh (COD)d iphos ] + C 1 0 4 - , I; [Rh(COD)-
D iPAMP ]+ C 1 0 4 " , II; [Rh(NBD)chiraphos ] + C 1 0 4 - , IVa; [Rh(NBD)prophos ] + 

C10 4 ~ , V ; and [Rh(COD)chiraphos ] + C 1 0 4 ~ were prepared v ia Schrock and 
Osborn's method (10) from the corresponding Rh(diene)acac precursor. The 
complex [ R h ( C O D ) B P P M ] + C 1 0 4 " , III, was prepared from [ R h ( C O D ) C l ] 2 v ia 
the method for [ R h ( C O D ) P ( C e H 5 ) 2 C H 3 2 * ] + C 1 0 4 " by Schrock and Osborn (10). 

N M R Spectra. A l l solution P-31 spectra were obtained on a Nico let NT-
150 spectrometer operating at 60.7455 M H z . A l l solution samples were pre
pared i n a K .S .E . glove box under a nitrogen gas atmosphere. Solution spectra 
of the ligands were obtained in D C C 1 3 . The solution spectra of the prophos 
and diphos complexes also were obtained in D C C 1 3 . Spectra of the complexes 
of chiraphos, B P P M , and R , R - D i P A M P were taken i n acetone-c/e. The sol id-
sample spectra were obtained on a J E O L F X - 6 0 Q spectrometer modi f ied to 
produce CP/MAS spectra at a frequency of 24.22 M H z (P-31) and on a home-
bui l t mult i-nuclear C P / M A S spectrometer based on a Varian HR-60 magnet. 
Samples were packed i n 10 or 13-mm (diameter) bul le t rotors and were spun 
at the magic angle at speeds of about 2500 H z . 

Results and Discussion 

T h e P-31 N M R spec t ra o f s o l i d a n d s o lu t i on samp l e s o f the 
d i p h o s p h i n e l i g a n d s a n d c o m p l e x e s s t u d i e d i n th is i n v e s t i g a t i on are 
s h o w n i n F i g u r e s 1-11. T h e c o r r e s p o n d i n g da ta are s u m m a r i z e d i n 
Tab l e s I a n d II . T h e l i g a n d s s h o w a c h e m i c a l shi f t range i n e i ther the 
s o l i d or s o lu t i on states o f abou t 2 3 p p m , r o u g h l y c o r r e s p o n d i n g to the 
i n t e r n a l sh i f t b e t w e e n the t w o c h e m i c a l l y n o n e q u i v a l e n t p h o s p h o r u s 
atoms o f p r ophos . T h e d i p h o s p h i n e c o m p l e x e s s h o w a c h e m i c a l shi f t 
range o f 47 .5 p p m i n the l i q u i d state a n d abou t 51 p p m i n the s o l i d 
state. 

I n s p e c t i o n o f the da ta i n Tab l e s I a n d I I s h o w for b o t h l i g a n d s a n d 
c o m p l e x e s some appa r en t shi f ts b e t w e e n the s o l i d a n d l i q u i d states 
that a p p e a r to b e large e n o u g h to ref lect s i gn i f i cant s t ruc tu ra l di f fer-

T a b l e I. P -31 N M R D a t a o f the D i p h o s p h i n e L i g a n d s 

Ligand Solution* 
àp(ppm)h dp(ppm) 

Solid 

D i p h o s - 1 1 . 9 
D i P A M P - 2 1 . 0 
B P P M - 7 . 3 , - 2 1 . 9 
C h i r a p h o s - 8 . 7 
P r o p h o s 2.3, - 2 0 . 0 

- 1 2 . 5 
- 2 5 . 6 

- 1 4 . 8 , - 2 1 . 7 
- 1 1 . 9 , - 1 4 . 0 

- 4 . 5 , - 2 7 . 3 
( /P_P=20 .4 ) 

a The solvent was DCC1 3 . A 11c s u i v c m w a s χ-/ν>ν>ΐ3· 
b Chemical shifts given with respect to 85% H 3 P 0 4 . 
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ences . H o w e v e r , one s h o u l d k e e p i n m i n d that a l l o f the c h e m i c a l 
shi f ts w e r e d e t e r m i n e d b y s u b s t i t u t i o n , w h i c h does not take dif fer
ences i n b u l k s u s c e p t i b i l i t i e s i n t o a ccoun t . S u c h effects c a n b e ex
p e c t e d to a m o u n t to u p to a f e w parts p e r m i l l i o n , as one is not c o n 
c e r n e d o n l y w i t h di f ferences i n c o m p o u n d i den t i t i e s , b u t a lso w i t h 
d i f ferent states o f mat ter a n d major di f ferences i n dens i t y . Fo r th is 
r eason , the so l id-s tate c h e m i c a l shi f ts s h o u l d be c o n s i d e r e d to b e u n 
c e r t a i n b y u p to abou t ± 3 p p m . O f s p e c i a l in teres t i n th i s r e ga rd are 
the i n t e r n a l c h e m i c a l shi f ts o b t a i n e d for the n o n e q u i v a l e n t phos 
pho rus a toms w i t h i n a g i v e n c o m p o u n d , i.e., B P P M a n d p rophos a n d 
the i r c o m p l e x e s . S u c h i n t e r n a l shi f ts do not b ea r unce r t a in t i e s asso
c i a t e d w i t h b u l k s u s c e p t i b i l i t y d i f ferences. T h e p rophos l i g a n d shows 
an i n t e r n a l shi f t d i f f e rence o f 22 .3 p p m i n s o l u t i o n a n d 22 .8 p p m i n the 
s o l i d state; for the p rophos c o m p l e x (S t ruc ture V ) the i n t e r n a l shi f t is 
18.6 p p m i n the s o lu t i on s a m p l e a n d 20.6 p p m i n the s o l i d state. T h e s e 
di f ferences are su f f i c i ent ly s m a l l to i n d i c a t e no major s t ruc tu ra l dif fer
ences b e t w e e n the s o l i d a n d s o lu t i on states o f e a c h o f these t w o c o m 
p o u n d s . F o r the B P P M l i g a n d , the i n t e r n a l c h e m i c a l shi f t d i f f erence is 
14.6 p p m i n the s o l u t i o n state a n d 6.9 p p m i n the s o l i d ; the c o r r e s p o n d 
i n g v a lues for the B P P M c o m p l e x are 28.8 p p m for the s o lu t i on state 
a n d 26 .2 p p m for the s o l i d state. T h e fact that the i n t e r n a l shi f t di f fer
ence for the B P P M l i g a n d is n e a r l y three t imes as la rge as for the 
c o r r e s p o n d i n g r h o d i u m ( I ) c o m p l e x m a y b e d u e to the c o n s t r a i n i n g 
in f luence o f r h o d i u m - p h o s p h o r u s b o n d i n g o n the g e o m e t r y o f the 
l i g a n d . I n the absence o f th is c o n s t r a i n i n g effect, the g e o m e t r y o f the 
l i g a n d is m o r e l i k e l y to r e s p o n d to c r y s t a l p a c k i n g in f luences , y i e l d i n g 
a s o m e w h a t d i f ferent s t ruc ture (e.g., con format ion ) i n the s o l i d state 
t h a n i n s o lu t i on . 

I n g ene ra l the so l id-s tate spec t ra i n F i g u r e s 1-11 have c o n s i d 
e r a b l y b r o a d e r l i n e s , a n d i n some cases a r e l a t e d dec rease i n fine 
s t ruc tu re . T h e s e di f ferences i n l i n e w i d t h s are t y p i c a l o f the d i f f erence 
i n r e s o lu t i on l i m i t s that one finds b e t w e e n the spec t ra t a k e n o n so l i ds 
b y C P / M A S a n d o n so lut ions . I n a f ew cases one a c t u a l l y sees a d d i 
t i o n a l fine s t ruc ture (or a p p a r e n t l y h i g h e r m u l t i p l i c i t i e s ) i n the s o l i d -
state spec t r a i n c o m p a r i s o n w i t h the c o r r e s p o n d i n g c o m p o u n d s i n so
l u t i o n . S u c h s i tuat ions c l e a r l y c o r r e s p o n d to cases i n w h i c h there is 
greater s t ruc tu ra l d i v e r s i t y i n the s o l i d state t h a n i n s o l u t i o n , a n d they 
c l e a r l y s h o w the great s t ruc tu ra l s ens i t i v i t y o f C P / M A S P-31 N M R o f 
s o l i d s . 

O n e c a n i m a g i n e severa l po s s i b l e sources o f the h i g h e r l e v e l o f 
s t r u c t u r a l d i v e r s i t y o b s e r v e d for s ome o f the so l i d s i n c o m p a r i s o n w i t h 
the l i q u i d s . A l l o f these p o s s i b i l i t i e s i n v o l v e s t ruc tu ra l d i f ferences that 
are l o c k e d i n b y the r i g i d i t y o f the s o l i d state, b u t t h e y are lost i n the 
m o t i o n a l a v e r a g i n g m a d e p o s s i b l e b y the s t r u c t u r a l flexibilities o f m o l -
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e c u l e s i n the l i q u i d state. T h e s e s t ruc tu ra l d i f ferences c a n b e d e p e n 
d e n t on c h e m i c a l l y v e r y c o n s e q u e n t i a l factors s u c h as con fo rmat i on . 
T h e y a lso m i g h t b e d u e to s u c h cons idera t i ons as c r y s t a l l o g r a p h i c 
n o n e q u i v a l e n c e s or e v e n p o l y m o r p h i s m , w h i c h are not r e l a t e d so d i 
r e c t l y to l o c a l s t ruc ture or the m o l e c u l a r cor re la t ions b e t w e e n m o l e c u 
la r s t ruc ture a n d r ea c t i v i t y w h i c h are so i n t e r e s t i n g i n c h e m i s t r y . O n e 
does not e xpec t n o n l o c a l c h e m i c a l n o n e q u i v a l e n c e s to g i v e r ise to 
c h e m i c a l sh i f t d i f ferences o f v e ry la rge m a g n i t u d e , b u t l ong - range ef
fects o f a f ew parts pe r m i l l i o n i n P -31 N M R spec t ra canno t b e r u l e d 
out . F u r t h e r m o r e , i n o rde r to r u l e out or e va lua t e p h o s p h o r u s 
n o n e q u i v a l e n c e s o f n o n l o c a l c r y s t a l l o g r a p h i c o r i g i n a n d to u n e q u i v o 
c a l l y i d en t i f y so l id -s ta te N M R data w i t h so l id -s ta te s t ruc tures b a s e d o n 
X - r a y d i f f rac t ion , one m u s t have the d e t a i l e d d i f f rac t ion s tudy o f the 
same s a m p l e o n w h i c h the N M R e x p e r i m e n t s are c a r r i e d out or at l east 
o n a c r y s t a l l o g r a p h i c a l l y e q u i v a l e n t s a m p l e . T h a t is, the s m a l l c r y s t a l 
u s e d for the X - r a y d i f f rac t ion s tudy m u s t b e r epresen ta t i v e o f the large 
s a m p l e u s e d i n the P -31 C P / M A S N M R e x p e r i m e n t s . W h i l e these re
q u i r e m e n t s have not b e e n m e t i n the present s t u d y , w e have m a d e 
e ve ry r easonab l e effort to use samp l e s p r e p a r e d i n the same ways as 
those u s e d b y others i n the r e l e v a n t X - r a y s tud i es ( except ions are 
n o t e d i n the text). I n th is r e g a r d i t m a y b e p e r t i n e n t to note that iso
l a t e d s t ruc tu ra l d i so rde r that m i g h t r ende r a c r y s t a l use less for X - r a y 
ana lys i s w o u l d not c o n t r i b u t e i n a s i gn i f i cant w a y to the b u l k N M R 
proper t i es o f the s a m p l e a n d p r o b a b l y w o u l d not g i v e a n obs e r vab l e 
effect i n the N M R spec t ra . I n d e e d i t is q u i t e l i k e l y that m a n y o f the 
c rys ta l s u s e d i n th is s t u d y w e r e " f l a w e d " i n the sense that they w o u l d 
b e use less for X - r a y d i f f rac t ion ana l ys i s . 

O n e i n t e r e s t i n g w a y to v i e w the da ta g i v e n i n Tab l es I a n d I I is to 
c ons i d e r the c o m p l e x a t i o n shi f t for e a c h l i g a n d , i.e., the P -31 c h e m i c a l 
sh i f t o f the l i g a n d c o m p l e x m i n u s the P -31 shi f t o f the l i g a n d . T h e s e 
va lues are s u m m a r i z e d i n T a b l e I I I for the s o l u t i o n - a n d so l id-s tate 
data . O n e sees that for m o s t o f the c o m p l e x e s these shi f t d i f ferences 

T a b l e I I I . C o m p l e x a t i o n S h i f t s 0 

Ligand (Complex) Solution (ppm) Solid State (ppm) 

D i p h o s (I) 70.2 69 
D i P A M P (II) 73 .3 74 
B P P M (III) 50.8», 36 .6 5 4 , 3 5 
C h i r a p h o s ( IVa a n d I V b ) 67 .9 75 

65 .3 68 
P r o p h o s (V) 5 9 . 9 , 6 3 . 6 68 , 71 

a P-31 chemical shift of complex minus P-31 chemical shift of ligand. 
b Obtained by considering the average peak position of the multiplets at 43.4 

and 43.6 ppm for the complex. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
19

6.
ch

02
4

In Catalytic Aspects of Metal Phosphine Complexes; Alyea, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1982. 



24. MACIEL ET AL. Rhodium(I) Diphosphine Catalysts 395 

(Ph)2P P(Ph)2 

So lu t i on ! 

• " I—'—'—ι—I—ι—l—'—I— I— ι—l—I—ι—ι v j — j J - - | - - ^ p q p = 

60 40 20 O -20 -40 PPM 

Figure 1. Solid-state (top) and solution (bottom) P-31 NMR spectra 
of diphos. The solution spectrum was obtained in DCCl3. The scale 

is in parts per million from external 85% H3P04. 

c o r r e s p o n d rather w e l l b e t w e e n the s o lu t i on - a n d so l id-s tate data . T h e 
largest d ev i a t i ons ( C o m p l e x e s I V a a n d V ) are 7 or 8 p p m , n e a r l y w i t h i n 
the e x p e r i m e n t a l unce r t a in t i e s o f sub t rac t i on o f t w o so l id -s ta te c h e m i 
c a l sh i f t v a lues . F r o m th is p o i n t o f v i e w , i t w o u l d a p p e a r that i n g en 
e ra l there are no d r a m a t i c s t ruc tu ra l d i f ferences b e t w e e n the s o l i d a n d 
s o lu t i on states o f these rhod ium( I ) d i p h o s p h i n e c o m p l e x e s . N e v e r t h e 
less, there are some i nd i c a t i ons d e s c r i b e d b e l o w , w h e r e e a c h s y s t e m is 
d i s c u s s e d b r i e f l y , i n w h i c h s i gn i f i can t s o l i d - v s . - so lu t i on s t ruc tu ra l di f 
ferences m a y exist . 

Diphos 

T h e so l id-s tate a n d l i qu id - so lu t i on - s t a t e P -31 N M R spec t ra o f the 
d i p h o s l i g a n d are p r e s e n t e d i n F i g u r e 1. A s m a l l d i f f e rence i n s h i e l d -
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396 METAL PHOSPHINE COMPLEXES 

i n g was o b s e r v e d b e t w e e n the s o lu t i on s p e c t r u m o f the d i p h o s l i g a n d 
( - 1 1 . 9 p p m r e l a t i v e to e x t e rna l H 3 P 0 4 ) a n d the c o r r e s p o n d i n g s o l i d -
state s p e c t r u m ( - 1 2 . 5 p p m ) . 

T h e s o l i d a n d s o lu t i on P -31 N M R spec t r a o f the c o r r e s p o n d i n g 
r h o d i u m c o m p l e x are g i v e n i n F i g u r e 2. A la rger s h i e l d i n g was ob
s e r v ed i n the so l id-s tate s p e c t r u m for the h i g h e r - s h i e l d i n g s i g n a l w h e n 
c o m p a r e d w i t h the s o l u t i o n s p e c t r u m . A s l i g h t dec rease i n the c o u 
p l i n g c o n s t a n t , / R h _ P , was o b s e r v e d i n the s p e c t r u m o f the s o l i d as w e l l 
(132 H z i n s o lu t i on , 126 H z i n the so l id ) , w h i c h m a y i n d i c a t e a s m a l l 
cons t ra in t o n the m o l e c u l e i n the s o l i d state not present i n s o lu t i on . 
H o w e v e r , the o v e r a l l c o m p a r i s o n b e t w e e n the s o l i d a n d s o l u t i o n 
s p e c t r a for d i p h o s a n d the d e r i v e d r h o d i u m ( I ) c o m p l e x r e v e a l e d no 
major d i f ferences b e t w e e n the t w o states that c o u l d b e a t t r i b u t e d to 
d i f ferences i n the con f i gura t i on abou t the r h o d i u m a tom. T h i s is not 
v e ry s u r p r i s i n g s ince d i p h o s is a s y m m e t r i c a l a c h i r a l l i g a n d w i t h no 
s t e r i c a l l y p o s i t i o n e d subs t i tuen ts that m i g h t b e e x p e c t e d to i n f luence 
d r a s t i c a l l y the s t ruc ture i n the s o l i d state. 

S o l u t i o n 

1 I 1 1 

60 
Τ - 1 " 
40 

' 1 I 1 

20 0 
1 1 I 1 

-20 -40 PPM 

Figure 2. Solid-state (top) and solution (bottom) P-31 NMR spectra 
of diphos complex I. The solution spectrum was obtained in DCCl3. 

The scale is in parts per million from external 85% H3P04. 
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Solid 

Solution ^ 

ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—r—ι—ι—ι—r-i—ι—|—ι—ι—ι— 
60 40 20 O -20 - 4 0 PPM 

Figure 3. Solid-state (top) and solution (bottom) P-31 NMR spectra 
of DiPAMP. The solution spectrum was obtained in DCCl3. The scale 

is in parts per million from external 85% H3P04. 

DiPAMP 

T h e s o l i d a n d so lu t i on P-31 N M R spec t r a o f the D i P A M P l i g a n d 
are p r e s e n t e d i n F i g u r e 3. A sh i f t o f - 4 . 5 p p m ( i nc r eased s h i e l d i n g ) 
was o b s e r v e d for the s ing l e t o b s e r v e d i n the s o l i d ( - 2 5 . 6 p p m ) c o m 
p a r e d w i t h the s o l u t i o n s p e c t r u m ( - 2 1 . 0 p p m ) . O v e r a l l , the spec t r a 
r e s e m b l e the c o r r e s p o n d i n g spec t ra for d i p h o s , a n d hence the same 
conc lus i ons c o u l d b e d r a w n — i . e . , there are no major s t r u c t u r a l ( i n c l u d 
i n g con fo rmat iona l ) d i f ferences b e t w e e n the s o l i d a n d s o lu t i on states o f 
the l i g a n d . It s h o u l d b e n o t e d that the D i P A M P l i g a n d is c h i r a l at e a c h 
p h o s p h o r u s a tom, as o p p o s e d to the a c h i r a l i t y o f the d i p h o s l i g a n d . 

T h e s o l i d a n d so lu t i on P -31 N M R spec t ra for the c o r r e s p o n d i n g 
r h o d i u m - D i P A M P c o m p l e x are g i v e n i n F i g u r e 4. T h e s o l u t i o n spec 
t r u m d i s p l a y e d the e x p e c t e d d o u b l e t c e n t e r e d at 52 .3 p p m , w i t h a / R h - P 

o f 150.9 H z . T h e s o l i d , h o w e v e r , s h o w e d a n appa ren t t r i p l e t c e n t e r e d 
at 48 .8 p p m . It is p r o p o s e d that th i s g r o u p o f s igna ls is i n fact a set o f 
t w o o v e r l a p p i n g d o u b l e t s , c o r r e s p o n d i n g to n o n e q u i v a l e n t phos 
pho rus a toms, e a c h o f t h e m w i t h R h - 1 0 3 - P - 3 1 s p i n - s p i n c o u p l i n g , i n 
the s o l i d state. A c c o r d i n g to th is i n t e rp r e ta t i on the t w o c o n t r i b u t i n g 
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398 METAL PHOSPHINE COMPLEXES 

c h e m i c a l shi f ts are abou t 51 .6 p p m a n d 45 .8 p p m , w i t h a s s o c i a t e d / R h _ P 

va lues o f 136 H z a n d 145 H z , r e spe c t i v e l y . T h i s w o u l d suggest that 
v e r y de f in i t e s t ruc tu ra l in f luences ex is t i n the s o l i d s t ruc ture w h i c h are 
not present or are a v e raged ou t i n s o lu t i on , g i v i n g r ise to cons t ra in ts 
that man i f e s t t h emse l v e s as n o n e q u i v a l e n c e s o f the p h o s p h o r u s reso
nances i n the s o l i d state. C o m p a r i s o n w i t h the d i p h o s c o m p l e x (see 
F i g u r e 2) i m p l i e s that th is cons t ra in t is assoc ia ted w i t h the ortho-
m e t h o x y g r o u p and/or the p resence o f c h i r a l i t y at the p h o s p h o r u s 
a toms i n the D i P A M P c o m p l e x . It has b e e n c o n c l u d e d f r om X - r a y 
s tud i e s (3) o f the D i P A M P c o m p l e x ( w i t h B F 4 " an ion ) that the spec i f i c 
a r r angemen t o f the c h i r a l centers , a n d mor e exac t l y the p h e n y l s u b -
s t i tuents o n the p h o s p h o r u s atoms, i m p o s e c h i r a l i t y i n the hydrogéna
t i o n subst ra te . H o w e v e r , no s i gn i f i cant s t ruc tu ra l d i f f e rence b e t w e e n 
the p h o s p h o r u s atoms is o b v i o u s f r om the X - r a y resu l ts ( i , 3 ) . 

Ph. An 

So lut ion 

6 0 2 0 0 
1 1 I 1 

- 2 0 - 4 0 P P M 

Figure 4. Solid-state (top) and solution (bottom,) P-31 NMR spectra 
of the DiPAMP complex II. The solution spectrum was obtained in 
acetone-όβ. The scale is in parts per million from external 85% H3P04. 
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I 
C 0 2 — t - b u 

60 40 20 0 -20 -40 PPM 

Figure 5. Solid-state (top) and solution (bottom) P-31 NMR spectra 
of RPPM. The solution spectrum was obtained in DCCl3. The scale 

is in parts per million from external 85% H3P04. 

BPPM 

T h e s o l i d a n d s o lu t i on P -31 N M R spec t r a o f the B P P M l i g a n d are 
g i v e n i n F i g u r e 5. T h e t w o s i gna ls i n the so l id-state s p e c t r u m o f the 
l i g a n d o c c u r at - 1 4 . 8 a n d - 2 1 . 7 p p m , c o m p a r e d w i t h - 7 . 3 a n d - 2 1 . 9 
p p m for the s o lu t i on s p e c t r u m . T h u s , the l i n e s i n the so l id-s tate spec 
t r u m w e r e more t h a n 7 p p m c lose r to e a c h o ther i n c h e m i c a l shi f t t h a n 
the s i gna l s i n the s o lu t i on s p e c t r u m , a p p a r e n t l y b e cause the s h i e l d i n g 
o f the less s h i e l d e d p h o s p h o r u s n u c l e u s is abou t 7 p p m h i g h e r i n the 
s o l i d t h a n i n the s o lu t i on . Neve r the l e s s , the t w o spec t r a c l e a r l y r e s em
b l e d one another q u a l i t a t i v e l y . 

T h e s o l i d a n d s o lu t i on P -31 N M R spec t r a o f the B P P M - r h o d i u m 
c o m p l e x are s h o w n i n F i g u r e 6. T h e s o lu t i on s p e c t r u m was o b t a i n e d 
i n acetone-de as the so lvent , a n d d i s p l a y s a n u n u s u a l c o u p l i n g pa t t e rn 
w h e n c o m p a r e d w i t h the p r e v i o u s l y p u b l i s h e d s p e c t r u m o b t a i n e d i n 
m e t h a n o l - d 4 ( I I , 12) . T h e s p e c t r u m s h o w n i n F i g u r e 6 d i s p l a y s f our 
sets o f p h o s p h o r u s s i gna l s : t w o sets o f f our s i gna ls are c e n t e r e d at 43 .5 
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400 METAL PHOSPHINE COMPLEXES 

60 40 20 0 "20 -40 PPM 

Figure 6. Solid-state (top) and solution (bottom) P-31 NMR spectra 
of the RPPM complex III. The solution spectrum was obtained in 
acetone-άβ. The scale is in parts per million from external 85% H3P04. 

p p m , a r i s i n g from the d i p h e n y l p h o s p h i n o m e t h y l p h o s p h o r u s (see 
C o m p l e x III) i n two d i f f erent s t ruc tu ra l con formers i n s o l u t i o n , a n d 
t w o sets o f d o u b l e t s are c e n t e r e d at 14.7 p p m a n d a s s i g n e d to the 
d i p h e n y l p h o s p h i n o p h o s p h o r u s (see C o m p l e x III). T h e spec t r a p r e 
v i o u s l y p u b l i s h e d b y A c h i w a (I J ) a n d O j i m a (12) s h o w e d t w o sets o f 
d o u b l e t s ( r e su l t i n g from P - 3 1 - P - 3 1 a n d R h - 1 0 3 - P - 3 1 sp l i t t i ngs ) c e n 
t e r ed at c a . 42 p p m ( d i p h e n y l p h o s p h i n o m e t h y l p h o s p h o r u s ) a n d t w o 
sets o f f our s i gna l s ( r e su l t i n g f r om t w o p h o s p h o r u s e n v i r o n m e n t s , e a c h 
w i t h P - 3 1 - P - 3 1 a n d R h - 1 0 3 - P - 3 1 sp l i t t ings ) c e n t e r e d at c a . 15 p p m 
( d i p h e n y l p h o s p h i n o p h o s p h o r u s ) . T h e i n t e r c h a n g e o f s p l i t t i n g pat
terns b e t w e e n the t w o p h o s p h o r u s s igna ls o n c h a n g i n g the so l v en t 
m u s t r esu l t f r om a c h a n g e i n the na tu r e o f so l v en t i n t e rac t i on w i t h the 
c o m p l e x . T h i s al ters the r e l a t i v e i n f luence on the con f o rma t i ona l p o p u 
lat ions o f the l o c a l s t ruc tures abou t the t w o p h o s p h o r u s a toms i n the 
l i g a n d . 
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T h e s o l i d - s a m p l e P-31 N M R s p e c t r u m o f the c o m p l e x (see F i g u r e 
6) d i s p l a y e d t w o b r o a d s igna ls that c o r r e s p o n d to the t w o di f ferent 
p h o s p h o r u s types i n B P P M . T h e ex t r eme broadness o b s e r v e d i n th is 
s p e c t r u m c a n r e su l t f r om b o t h the presence o f b r o a d e n i n g d u e to the 
q u a d r u p o l a r N - 1 4 n u c l e u s a n d the u n d e r l y i n g m u l t i p l e s i g n a l patterns 
e v i d e n t i n the s o l u t i o n spec t ra . 

Chiraphos 

T h e s o l i d a n d so lu t i on P-31 N M R spec t ra o f the c h i r a p h o s l i g a n d 
are d i s p l a y e d i n F i g u r e 7. T h e so l id-s tate s p e c t r u m o f the l i g a n d is 
no t ab l e s ince t w o s igna ls , one at - 1 1 . 4 p p m a n d one at - 1 4 . 0 p p m , 
w e r e o b s e r v e d , whe reas the s o l u t i o n s p e c t r u m r e v e a l e d o n l y one s ig 
n a l at - 8 . 7 p p m . T h i s d i f f e rence c o u l d r e su l t f r om c r y s t a l - p a c k i n g 
forces i n the s o l i d state w h i c h c o u l d d i c ta te a con f o rma t i ona l a r range-

ι — ι — J — ι ι ι—ρ—-1—ι—ι—ι—r—ι—τ—|—• ι • | • • • 

60 40 20 0 -20 -40 PPM 

Figure 7. Solid-state (top) and solution (bottom) P-31 NMR spectra 
of chiraphos. Solution spectrum was obtained in DCCl3. The scale is 

in parts per million from external 85% H3P04. 
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m e n t that makes the p h o s p h o r u s atoms n o n e q u i v a l e n t . T h e absence o f 
these forces a n d the p r esence o f r o ta t i ona l mot i ons i n the l i q u i d l e a d to 
o n l y one p h o s p h o r u s e n v i r o n m e n t i n that state. T h i s feature m a y be 
assoc ia t ed w i t h the c h i r a l ca rbons o f the b u t a n e b a c k b o n e o f the m o l e 
c u l e , s ince th is was the o n l y ins tance i n w h i c h n o n e q u i v a l e n c e oc
c u r r e d i n the s o l i d w i t h o u t a c o r r e s p o n d i n g n o n e q u i v a l e n c e i n the 
s o l u t i o n s p e c t r u m for a n y o f the l i g a n d s . 

T h e s o l i d a n d s o lu t i on P -31 N M R spec t r a o f the c h i r a p h o s -
r h o d i u m c o m p l e x are g i v e n i n F i g u r e 8. T h e s o lu t i on s p e c t r u m 
s h o w e d the e x p e c t e d d o u b l e t c e n t e r e d at 59 .2 p p m , a r i s i n g f r om 
e q u i v a l e n t p h o s p h o r u s atoms c o u p l e d to the r h o d i u m a t om 
( /R I I - P = 154 H z ) . T h e so l id-state s p e c t r u m appears to d i s p l a y four 
o v e r l a p p i n g s i gna ls at 64 .6 , 64 .1 , 60 .0 , a n d 58.6 p p m . It is sugges t ed 
here that these s i gna ls ar ise f r om t w o n o n e q u i v a l e n t p h o s p h o r u s atoms 
w i t h c h e m i c a l shi f ts o f 62 .2 a n d 61.4 p p m , e a c h c o u p l e d to the 
r h o d i u m a t om , w i t h a p p r o x i m a t e c o u p l i n g constants o f abou t 107 H z 

, C I 0 4 

ινα 

Solid 

Solution 

60 40 20 
Τ 
0 

τ—ι—τ 
-20 -40 PPM 

Figure 8. Solid-state (top) and solution (bottom) P-31 NMR spectra 
of the chiraphos complex IVa. The solution spectrum was obtained in 
acetone-όβ. The scale is in parts per million from external 85% H3P04. 
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M 
f~~i—ι—ι—ι ι ι—ι—τ—T—|—ι—r—ι—ι—ι—ι—ι—ι—ι—ι—ι— 

60 40 20 0 -20 -40 PPM 

Figure 9. Solid-state (top) and solution (bottom) P-31 NMR spectra 
of [Rh(COD)chiraphos] +C104~, Complex IVb. The scale is in parts per 

million from external 85% Η3Ρ04. 

a n d 133 H z . T h e b r e a d t h o f the l i n e s p r e v e n t e d a n accura te d e t e r m i n a 
t i on o f the c o u p l i n g constants . H o w e v e r , the presence o f n o n e q u i v a -
l e n c y b e t w e e n the p h o s p h o r u s a toms i n the s o l i d state seems l i k e l y , 
i n d i c a t i n g the o c c u r r e n c e o f another s o l i d - v s . - s o lu t i on s t ruc tu ra l di f 
f e rence . It w o u l d a p p e a r that , w h a t e v e r forces cause the n o n e q u i v a 
l ence i n the s o l i d state, they m u s t b e s o m e w h a t w e a k e r i n the case o f 
c h i r a p h o s w h e n c o m p a r e d w i t h D i P A M P , for w h i c h a la rger c h e m i c a l 
sh i f t d i f f erence was o b s e r v e d (see e a r l i e r d i scuss ion ) . T h e cente r o f 
c h i r a l i t y o f the c h i r a p h o s l i g a n d is further a w a y f rom the r h o d i u m a t o m 
t h a n is the cen te r o f c h i r a l i t y o f the D i P A M P l i g a n d , a n d th is inc rease 
i n d i s t ance m a y b e a c t i n g to lessen the to ta l effect seen for c h i r a p h o s . 

I n o rder to test the effect o f the d i e n e on the na tu re o f the cata lysts 
i n the s o l i d state, spec t ra o f the s o l i d a n d so lu t i on state o f 
[ R h ( C O D ) c h i r a p h o s ] + C 1 0 4 " a lso w e r e o b t a i n e d a n d are p r e s e n t e d i n 
F i g u r e 9. T h e s o l u t i o n s p e c t r u m aga in d i s p l a y e d the e x p e c t e d d o u 
b l e t , c e n t e r e d at 56 .6 p p m , ( / R h - p = 146.2). T h e di f ferences b e t w e e n 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
19

6.
ch

02
4

In Catalytic Aspects of Metal Phosphine Complexes; Alyea, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1982. 



404 METAL PHOSPHINE COMPLEXES 

the c h e m i c a l shirts a n d c o u p l i n g constants i n the s o l u t i o n spec t ra o f the 
C O D a n d N B D c h i r a p h o s c o m p l e x e s m u s t ar ise f r om di f ferences i n 
d u c e d b y the d i e n e i n so lu t i on . T h e so l id-state P-31 N M R s p e c t r u m 
(see F i g u r e 9) a g a i n s h o w e d t w o o v e r l a p p i n g d o u b l e t s , one c e n t e r e d at 
57.6 p p m ( / R h - p = 117 H z ) a n d one c e n t e r e d at 54.6 ( / R h - p = 125 H z ) . 
C o m p a r i n g these va lues w i t h those o b t a i n e d f r om the s p e c t r u m o f the 
s o l i d [ R h ( N D B ) c h i r a p h o s ] + C 1 0 4 ~ cata lys t (see F i g u r e 8), one c a n see 
v e r y l i t t l e effect i n the s o l i d spec t ra w h i c h c o u l d b e ass i gned to an 
in f luence o f the d i e n e . S i n c e the X - r a y s t ruc ture o f th is c o m p l e x (2) has 
s h o w n that the p h o s p h o r u s atoms i n th is c o m p l e x are s i tua t ed ve ry 
n e a r l y i d e n t i c a l l y , the d i f ferences b e t w e e n the so l id -s ta te a n d s o l u t i o n 
spec t r a o f the C O D - c h i r a p h o s c o m p l e x m u s t arise f r om ve ry s u b t l e 
cons t ra in ts i n the c r ys ta l , p o s s i b l y a r i s i n g f rom the na ture o f the c h i r a l 
l i g a n d . 

Solid 

Solution 

I 1 ' 
60 40 

" Ί r 

20 

τ — ι — Γ 

•20 - 40 P P M 

Figure 10. Solid-state (top) and solution (bottom) P-31 NMR spectra 
of prophos. The solution spectrum was obtained in DCCl3. The scale 

is in parts per million from external 8 5 % H3P04. 
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60 40 20 0 -20 - 40 PPM 

Figure 11. Solid-state (top) and solution (bottom) P-31 NMR spectra 
of the prophos complex V. The solution spectrum was obtained in 

DCCl3. The scale is in parts per million from external 85% H3P04. 

Prophos 

T h e s o l u t i o n a n d s o l i d P -31 N M R spec t ra o f the p r ophos l i g a n d are 
p r e s e n t e d i n F i g u r e 10. A s seen f rom th is figure, the e x p e c t e d 
n o n e q u i v a l e n c e o f the p h o s p h o r u s a toms was o b s e r v e d i n b o t h 
spec t ra . T h e s igna ls i n the so l id-s tate s p e c t r u m s h o w e d i n c r e a s e d 
s h i e l d i n g r e l a t i v e to the s o lu t i on s p e c t r u m . T h e s o l u t i o n s p e c t r u m also 
r e v e a l e d a P - P c o u p l i n g (/P_P = 20 .5 H z ) . 

T h e s o l i d a n d s o lu t i on spec t ra o f the p r o p h o s - r h o d i u m c o m p l e x 
are s h o w n i n F i g u r e 11. I n the s o lu t i on s p e c t r u m , b o t h R h - P a n d P - P 
c o u p l i n g s are o b s e r v e d (/Κι1-Ρ = 155.0 a n d 156.0 H z ; / P _ P = 33.4 H z ) . 
T h e so l id-s tate s p e c t r u m , w i t h la rger l i n e w i d t h s , s h o w e d o n l y the 
R h - P c o u p l i n g ( / R h - P = 162 a n d 124 H z ) . A s l i gh t i m p u r i t y was a lso 
e v i d e n t f r o m the N M R s p e c t r u m o f the s o l i d , b u t th is s h o u l d not in t e r 
fere w i t h the o v e r a l l i n t e rp re ta t i on . T h e di f ferences i n the c o u p l i n g 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
19

6.
ch

02
4

In Catalytic Aspects of Metal Phosphine Complexes; Alyea, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1982. 



406 METAL PHOSPHINE COMPLEXES 

constants o b s e r v e d b e t w e e n the s o l i d - a n d l i q u i d - s t a t e spec t r a m a y b e 
the r e su l t o f s u b s t a n t i a l d i f ferences i n the c o o r d i n a t i o n g e o m e t r y be 
t w e e n the s o l i d a n d l i q u i d - s o l u t i o n states. 

Polymer-Supported BPPM Systems 

I n a d d i t i o n , a p o l y m e r - a t t a c h e d a n a l o g u e o f the B P P M l i g a n d a n d 
a c o r r e s p o n d i n g r h o d i u m ( I ) ca ta l ys t w e r e o b t a i n e d f r om J . K . S t i l l e . 
B e c a u s e o f the na tu re o f the p o l y m e r , X - r a y or n o r m a l - s o l u t i o n N M R 
ana lys i s w e r e not pos s i b l e . H o w e v e r , the so l id -s ta te P -31 C P / M A S 
N M R ana lys i s was p e r f o r m e d o n a p o l y m e r - a t t a c h e d l i g a n d a n d a cor
r e s p o n d i n g r h o d i u m ( I ) c o m p l e x . T h e spec t ra are s h o w n i n F i g u r e 12. 
T h e p o l y m e r - a t t a c h e d l i g a n d s h o w e d t w o s igna ls c e n t e r e d at - 1 6 a n d 
2 5 p p m , as c o m p a r e d w i t h - 7 . 3 a n d - 2 1 . 9 p p m for B P P M i n s o l u t i o n 
a n d to - 1 4 . 8 a n d - 2 1 . 7 p p m for B P P M i n the s o l i d state. T h i s s t rong l y 
i m p l i e s s ome s u b s t a n t i a l , s t ruc tu ra l d i f ferences for the B P P M l i g a n d i n 
these three s i tuat ions . T h e r h o d i u m ( I ) ca ta lys t p r e p a r e d f r om the 
p o l y m e r - a t t a c h e d l i g a n d d i s p l a y e d o n l y one b r o a d P -31 s i g n a l c e n 
t e r e d at 2 5 p p m , as c o m p a r e d w i t h m u l t i p l e t s c e n t e r e d at 43 .5 a n d 14.7 
p p m for C o m p l e x I I I i n s o l u t i o n a n d to the t w o s i gna l s c e n t e r e d at 
38 .9 a n d 12.7 p p m for C o m p l e x I I I i n the s o l i d state. T h e fact that o n l y 

0 - 1 0 0 PPM 

Figure 12. Solid-state P-31 NMR spectra of a polymer-bound BPPM 
ligand ( top) and the corresponding polymer-bound rhodium(I)COD 
catalyst (bottom). The scale is in parts per million from external 

85% H3P04. 
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one P-31 b a n d was o b s e r v e d for the p o l y m e r - b o u n d cata lysts i m p l i e s 
that there are major s t ruc tu ra l d i f ferences b e t w e e n that ca ta lys t a n d 
the s i m p l e cata lys t ( C o m p l e x III ) . M o r e w o r k c l e a r l y is n e e d e d w i t h 
th is a n d o ther p o l y m e r - a t t a c h e d spec i es to d e t e r m i n e the s i gn i f i cance 
o f these observat ions . 

Conclusions 

T h e resu l ts g i v e n here demons t ra t e the great s t ruc tu ra l s ens i t i v i t y 
o f so l id -s ta te C P / M A S P-31 N M R . A f ew o f the resu l ts i n d i c a t e that 
s i gn i f i can t d i f ferences m a y ex ist b e t w e e n the s o l i d a n d l i q u i d - s o l u t i o n 
states o f s ome o f the c o m p o u n d s s t u d i e d ; b u t the na tu re a n d c h e m i c a l 
s i gn i f i cance o f these di f ferences r e m a i n i n some respects i n d o u b t be 
cause o f p o s s i b l e in f luences o f c r y s t a l l o g r a p h i c factors that are as ye t 
u n c h a r a c t e r i z e d . E m p i r i c a l l y these d i f ferences seem to b e assoc ia ted , 
at l eas t i n part , w i t h the c h i r a l i t y o f the d i p h o s p h i n e l i g a n d s . U n t i l 
s u c h di f ferences are r e s o l v e d , they m u s t cast s ome d o u b t o n the v a l i d 
i t y o f e x t r a p o l a t i n g so l id-state s t ructures o b t a i n e d b y X - r a y data to the 
s o l u t i o n state (I, 2 , 3) . Neve r the l e s s , w e do not w i s h to q u e s t i o n the 
subs tance o f cor re la t i ons d r a w n f r om X - r a y s tud i es o n the r h o d i u m ( I ) 
d i p h o s p h i n e cata lysts (1 ,3 ) . S u c h cor re la t ions have y i e l d e d i n a lmos t 
a l l o f the cases the correc t p r e d i c t i o n o f the c h i r a l i t y i n d u c e d b y the 
spec i f i c hydrogénation cata lyst . H o w e v e r , the p resent s tudy p l e a d s for 
c a u t i o n i n the p r e v a l e n t t e n d e n c y i n m a n y c h e m i c a l fields to a s sume 
that so l id -s ta te s t ructures c a n b e u s e d to i n t e rp r e t s t e r eochemis t r y i n 
s o lu t i on . M o r e w o r k is n e e d e d i n the areas o f X - r a y - s t ruc tu r e d e t e r m i 
na t i on a n d s o l i d - s a m p l e N M R spec t roscopy . I n any case, there is a 
g ene ra l s i m i l a r i t y b e t w e e n the P-31 N M R so l id-s tate a n d the s o l u t i o n 
spec t r a o f mos t o f the c o m p o u n d s o f th is s tudy . 

It s h o u l d be m e n t i o n e d that o ther n u c l e i (C -13 a n d Rh-109 ) are 
a v a i l a b l e for fur ther s tudy o f the sys tems d i s c u s s e d i n th is chap te r . 
P r e l i m i n a r y resu l ts i n o u r labora tory i n d i c a t e that the s o l i d - s a m p l e 
C - 1 3 N M R spec t ra o f these cata lysts m a y be too c o m p l e x to b e r o u 
t i n e l y u s e f u l for these sys tems , b u t they m a y b e u s e f u l i n c e r t a in cases. 
R h - 1 0 3 e x p e r i m e n t s are p l a n n e d . 

C P / M A S N M R , w i t h C - 1 3 , P - 3 1 , a n d a v a r i e t y o f s p i n - o n e - h a l f 
n u c l i d e s c a n y i e l d h i g h - r e s o l u t i o n N M R data that p r o v i d e b a d l y 
n e e d e d b r i d g e s b e t w e e n the l i q u i d a n d s o l i d states. T h e s e b r i d g e s c a n 
be u s e d to es t imate the ex tent to w h i c h d i f f r a c t i on -de t e rm ined s t ruc 
t u r a l r esu l t s o n c r y s t a l l i n e so l i ds c a n be e x t r apo l a t ed i n t o the l i q u i d 
state. A s u b s t a n t i a l effort i n th is d i r e c t i o n is u n d e r w a y i n o u r l abo ra 
tory. T h e p o t e n t i a l for C P / M A S N M R i n c h a r a c t e r i z i n g p o l y m e r -
s u p p o r t e d cata lysts is also e v i d e n t . 
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ments of Chemistry and Geology, Wright State University, Dayton, O H 
45435 and D . W. Meek, Department of Chemistry, The Ohio State 
University, Columbus, O H 43210 

5. New Ligand Systems for the Linkage of Dissimilar Transition Metals 
N . E . Schore, L . Benner, and S. Sundar, Department of Chemistry, 
University of Cali fornia at Davis, Davis, C A 95616 

6. Synthesis and Structural Properties of Phosphenium Ion Complexes 
R. T . Paine, C. F . Campana, L . D . Hutchins, and R. W. Light, Depart
ment of Chemistry, University of New Mexico, Albuquerque, N M 87131 

7. Cyclopentadienylbis(ligand)nickel(I): Synthesis, Characterization, and Re
activity 

E . Kent Barefield, Dav id A . Krost, Rodney Trytko, Scott Edwards, and 
Shaun O'Rear, School of Chemistry, Georgia Institute of Technology, 
Atlanta, G A 30332 and A lex N . Will iamson, Department of Chemistry, 
Nor th Carol ina State A & T University, Greensboro, N C 27411 

8. Controlling the Number of Metal Sites to Which a Poly(tertiary phosphine) 
Coordinates in Tungsten Carbonyls 

R. L . Keiter, J . W. Brodack, and R. D . Borger, Department of Chemis
try, Eastern Illinois University, Charleston, I L 61920 and L. W. Cary, 
Li fe Science Div is ion, Stanford Research Institute, Menlo Park, C A 
94025 

9. Kinetics and Mechanisms of Ligand Replacement Reactions in Trigonal 
Bipyramidal Nickel(II) Complexes of a Tetradentate Ligand Containing an 
Apical Phosphorus Donor Atom 

Eugene Grimley and Nancy MacNe i l l , Department of Chemistry, Missis
sippi State University, Mississippi State, M S 39762 
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10. Ruthenium Complexes with Polydentate Phosphines 
Bernardo Fontal, Chemistry Department, Universidad de Los Andes, 
Merida, Venezuela and Henry Taube, Chemistry Department, Stanford 
University, Stanford, C A 94305 

11. Application of High-Pressure IR Spectroscopy to the Study of the Inter
action of Small Gaseous Molecules with V(II), V(III), and Ti(III) Phos
phine Complexes 

V . H a l l and C. David Schmulbach, Department of Chemistry and Bio
chemistry, Southern Illinois University, Carbondale, I L 62901 

12. Stereochemistry and Mechanism of Carbonyl Insertion on Octahedral Low-
Spin Iron(II) 

C. R. Jablonski, Department of Chemistry, Memoria l University of 
Newfoundland, St. John's, Newfoundland, Canada A I B 3X7 

13. A Copper(I)-Triphenylphosphine System to Reduce Dinitrogen 
B. D . James, R. Payne, and Β. E . Green, LaTrobe University, Bundoora, 
Victor ia, Austral ia 3083 

14. Enantioselective Carbon-Nitrogen Bond Formation 
G . E . Bossard and T . A . George, Department of Chemistry, University 
of Nebraska at Lincoln, L incoln, N E 68588 

15. Studies in Asymmetric Synthesis, Preparation, Reactivity, and Solid-State 
Structures of Cationic Rhodium Complexes Containing a Chiral Amino-
phosphine or Aminoarsine Ligand 

Douglas W. Stephan, Jo-Ann E . Forrest, and Nicholas C. Payne, De
partment of Chemistry, University of Western Ontario, London, On
tario, Canada N 6 A 5B7 

16. Synthesis of a New Chiral Phosphine and Its Application to Asymmetric 
Catalysis 

Dennis P. Riley and Robert Shumate, The Procter & Gamble Company, 
M i a m i Val ley Laboratories, P.O. Box 39175, Cincinnati, O H 45239 

17. Phosphine Nitrosyl Complexes of Rhenium(I) 
K. R. Grundy, K . Robertson, and E . Woods, Department of Chemistry, 
Dalhousie University, Hali fax, Nova Scotia, Canada B 3 H 4J3 

18. Chemical and Catalytic Studies on Binuclear Cationic Complexes of 
Rhodium(I) 

Joel T . Mague and Steven H . DeVries, Department of Chemistry, 
Tulane University, New Orleans, L A 70118 

19. Complexes of Rhodium(I) with Carbon Monoxide, Bis(diphenylphosphino)-
methane, and Various Anionic Ligands 

A l a n R. Sanger, Alberta Research Counci l , 11315-87 Avenue, Edmon
ton, Alberta, Canada T 6 G 2C2 

20. Reactions of 2,6-Bis(di-/-butylphosphinomethyl)phenylrhodium(I) 
Wil l iam C. Kaska and Craig Jensen, Department of Chemistry, Univer
sity of California, Santa Barbara, C A 93106 

21. An Extremely Active and Selective Homogeneous Hydrogénation Catalyst, 
AcetyIdicarbonyl-Bis(trimethyIphosphite)cobaIt(I), CH 3 C(0)Co(CO) 2 (P -
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22. PD(PPH3)4-Catalyzed Alkylation of Enol Phosphates with Trialkylalumi-
num Compounds 

Kazuhiko Takai , Ko ichiro Oshima, and Hitosi Nozaki , Department of 
Industrial Chemistry, Kyoto University, Japan 
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INDEX 
A 

A-frames, molecular 246/ 
A-frame species 247 
Absorbance data for the reaction 

of imrw-[Rh(PR 3 ) 2 Cl(CO] 
with methyl iodide 288* 

Acetyl chloride, reaction of 
RhCl (PPh3) 3 196 sch 

Acetylides 
Μ2-η 2, reactivity 184-188 μ3-ν2, reactivity 184-188 
μζ-η2 and nucleophilic attack . . . 188 

Acid yields 
from cyclic and acyclic alcohols 298* 
using Rh6(CO)ie with changing 

pressure of CO and O2 . . . 298* 
using R h e ( C O ) i 6 vs. the pres

sure of CO/total pressure . 299* 
a-(Acylamido)cinnamic acid de

rivatives, optical yields for the 
asymmetric hydrogénation . . 322* 

Acyl chlorides, oxidative addition 
to IrCl( PMePh 2 ) 3 . . . . . . . . . . 198 

Acyl chlorides, oxidative addition 
to MCIL3 197-201 

(Z)-N-Acylaminoacrylic acids. . . 338 
Alcohol(s) 

cyclic and acylic, acid yields . . 298* 
oxidation 297 
structure, dependence of asym

metric induction 375* 
structure, influence on hydro

carbalkoxylation of 2-
phenyl-l-propene 375* 

Aldehydes 
and catalyst selectivity, steric 

effects 70* 
decarbonylation, diphosphine 

complexes as effective 
catalysts 72 

product yield and conversion . . 72* 
Alkoxy groups, terminal, synthesis 

of polyphosphines 318-319 
Alkyl migration in cationic 

rhodium (III) and iridium-
(III) complexes 199 

Alkylcobaloximes 87 
Alkyliridium(III) complexes, sec

ondary, containing tertiary 
phosphines, isomerization . .201-205 

Alkyliridium(III) complexes, sec
ondary, isomerization rates . . 204* 

r-Alkyl-rhodium-hydrido inter
mediates, ^-elimination 341/ 

Allylic alcohols 224-225 
π-Allylic palladium halide com

plexes 215 
Aluminum alkyls, P-31{H-1} N M R 

data in solutions 261* 
Amino acid substrate, catalytic 

symmetric hydrogénation . . . . 352/ 
Amino acid substrates, chelation . 342/ 
Arrhenius plot for PPri3-Rh 

complex dissociation 54/ 
Arsinobenzaldehydes 304 
Asymmetric 

homogeneous catalysts 325-336 
hydrocarbalkoxylation of ole

fins with palladium 
catalysts 373-379 

hydrocarbalkoxylation by 
P d C l 2 / ( - ) D I O P 385* 

hydrocarbonylation, advances 371-387 
hydrocarbonylation, model . .380-386 
hydrogénation 

catalytic 337-353,340/ 
energy barriers for steps . . . . 365/ 
homogeneous, rhodium-

catalyzed 355-369 
reaction cycle 364/ 

induction 342 
dependence on alcohol 

structure 375* 
Β 

Benzaldehyde 
decarbonylation 78 

catalytic 68* 
using cationic diphosphine 

complexes of rhodium(I) 67 
Benzaldehydes, para-substituted, 

electronic effects 71* 
Benzene production 

vs. benzaldehyde concentration 
at 158° for Rh(dppp) 2 . . . 75/ 

from neat benzaldehyde at 
135 °C as a function of 
Rh(dppp) 2 concentration . 74/ 

rate, at 158°C 76/ 
Benzoyl chloride 79 
Binding energies, ESCA, for 

platinum-tin complexes 38* 
Binding energy of platinum, 

effect of SnCl3 37 
Binuclear 

complexes, desirable functional 
groups 231-232 

organoplatinum complexes as 
catalytic intermediates . .231-240 

reductive elimination 236 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

98
2 

| d
oi

: 1
0.

10
21

/b
a-

19
82

-0
19

6.
ix

00
1

In Catalytic Aspects of Metal Phosphine Complexes; Alyea, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1982. 



414 METAL PHOSPHINE COMPLEXES 

Bis ( diphenylphosphino ) -
methane 232,243 

as bridging ligand 243-255 
planar metal centers bridged 

by, idealized structural 
types 244/ 

Bisdiphosphine catalysts 70 
Bisphosphine(s) 330i 

oxides, physical data 335i 
rhodium complex hydroformu

lation catalyst systems, P-31 
N M R studies of equilibria 
and ligand exchange 43-64 

synthesis 333-335 
Bis-1,2-diphenylphosphinoethane 57 
Bis-l,3-diphenylphosphinopropane 57 
Bond length structure, influence 

of X variation 90-92 
Bond lengths in L C o ( D H ) 2 C l 

and L C o ( D H ) 2 C H 3 91/ 
Bonding, metal-phosphorus and 

P-31 N M R 1-22 
Bonding modes in bridging 

situations 232f 
Bonding modes in terminal 

situations 232t 
1-Butene hydroformylation 

studies 47 

C 
C-13 N M R (see NMR, C-13) 
C-13 shift in ( C H 3 0 ) 3 P C o ( D H ) 2 X 

vs. the P-31 shift of ( C H 3 0 ) 3 -
P C o ( D H ) 2 X ( C D C l 3 ) 89/ 

Carbon dioxide complexes, 
formation 156-157 

Carbon dioxide, reduction 142 
Carbonyl clusters 

with μζ-ν2 acetylides 171 
binuclear 174-175 
open triangular 180 
phosphido-bridged iron 

group 163-192 
rhodium, complexes 291-300 
structural parameters 173/ 
tetranuclear 179 

Carbonyl derivatives of binuclear 
organoplatinum complexes .234-235 

Carbonyl phosphines 304 
Carbonyls, binuclear iron, P-31 

chemical shift-bond angle 
correlations 183-189 

Catalysis, effect of ligand excess . . 47i 
Catalysts, asymmetric homo

geneous 325-336 
Catalyst selectivity and aldehydes, 

steric effects 70i 
Catalytic 

activity, effect of added 
reagents 73i 

cycle of olefins 356-363 
hydrogénation, asymmetric . .337-353 

Catalytic (continued) 
amino acid substrates 352/ 

intermediates, binuclear organo
platinum complexes . . . .231—240 

Chelate complexes 
large-ring vs. open-chain 104 
trimethylene bisphosphine . . .60/, 61i 
derived from tris( triphenyl

phosphine ) rhodium ( I ) 
carbonyl hydride and 
bisphosphines 57-63 

Chelate ring(s) 
conformational equilibria of 

five-membered 343/ 
(S,S) -chiraphos 343/ 
large 

coupling constants 108 
stabilization 104-107 
treatment with base 107 

nine-membered 308 
(R)-prophos 343/ 
stability 104-114 
systems, six-membered 344 

Chelates in tridentate en=P2 
complexes 308 

Chelating agents, iminoarsine, 
metal complexes 303-311 

Chelating agents, iminophosphine, 
metal complexes 303-311 

Chelating phosphine rhodium 
complexes assymetric cata
lytic hydrogénation using . . . 340/ 

Chelation of amino acid 
substrates 342/ 

Chirality, influence in asymmetric 
hydrocarbonylation 382f 

Chlorocobaloximes containing 
phosphorus ligands, ORTEP 
drawings 97/ 

Cobaloxime, L C o ( D H ) 2 X 86/ 
Cobalooximes containing phos

phorus-donor ligands 85-98 
Cobalt-phosphorus bond lengths 

in R 3 P C o ( D H ) 2 X compounds 91i 
Cobalt-X bond lengths in the 

L C o ( D H ) 2 X series 98f 
Cobalt(I) compounds 86 
Cobalt (II) compounds 86 
Cobalt (III) compounds 87 
Cobalt (III) reaction rates, influ

ence of X variation 87-88 
Cobalt (IV) compounds 87 
Complexation shifts of ligands . .. 394* 
Coupling constant(s) 1 

[Ag(PBu 3 ) „ ] + (BF 4 ) -
against 1/n 5/ 

with bond length, correlation .. 6-10 
bonds to the ligand 

cw-[PtCl 2 L(PEt 3 ) ] 18/ 
f f f l n5 - [P tC l 2 L (PCy 3 ) ] 18/ 
[W (CO) 5 L ] 19/ 

bonds to PPh 3 in platinum (II) 
complexes 18/ 
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INDEX 415 

Coupling constant ( s ) ( continued ) 
cis and trans 

[ P t (SCF 3 )X (PEt 3 ) 2 ] 12/ 
c«-[PtCl( CX„) (PPh 3 ) 2 ] . . . 13/, 14/ 
[PtCl (SnX 3 ) (PPh 3 ) 2 ] 15/ 
fmrw-[PtCl(SnX 3 ) (PPh 3 ) 2 ] . 14/ 
relationship to varying 

ligand Χ 11-16 
dependence on cis ligands 10-16 
interpretations 2 
large chelate ring 108 
N M R 31-36 
one-bond, for platinum-tin 

complexes 35 
PPh 3 trans to tin 16/ 
trans- [PtCl 2 ( N H 2 R ) L ] against 

that for trans-
[ P t C l ^ P B u ^ L ] 3/ 

phosphonato ligand in trans-
[PtX{P(0) (OPh) 2 } -
(PBu 3 ) 2 ] against that for 
f rarw-Pt (CH 3 )X (PEt 3 ) 2 . . 2/ 

phosphine ligands 17 
phosphite ligands 17 
protonated phosphorus donors 

for platinum (II) complexes 20/ 
Pt-P bond lengths in plati-

num(II) and (IV) It 
Coupling, two-bond 35-36 
Crystalline structure of 

O s 3 ( C O ) 9 ( C O O E t ) ( O H ) -
(Ph 2 PC=CiPr ) 181/ 

Cyclohexanol, oxidation to adipic 
acid, solvent effects 297i 

Cyclohexanol, reaction pathway 
in autoxidation 296 

Cyclohexanone, oxidation 294-297 
to adipic acid, solvent effects . . 294i 
to adipic acid, temperature and 

oxygen pressure effects .. . 295f 
Rhe ( CO ) i6-catalyzed, pressure 

effects 299-300 
Cyclohexanone, reaction pathway 

in autoxidation 296 
Cyclohexyl ring, dehydro

genation 151-152 
Cyclometallation reactions . .. .107-111 

stereopopulation control . . . .104-114 

D 

Decarbonylation 
aldehyde, diphosphine com

plexes as effective catalysts 72 
benzaldehyde 78 

catalytic 68f 
using cationic diphosphine 

complexes of rhodium(I) 67 
RhC l ( PPh 3 ) 3 71 
reaction(s) 

homogeneous catalytic, effect 
of chelating diphosphine 
ligands 65-82 

Decarbonylation (continued) 
reactions (continued) 

mechanism using Rh(bis-1,3-
diphenylphosphinopro-
pane) 2

+ 73 
mechanism using RhCl-

( PPh 3 ) 3 66-67 
synthetic usefulness 69-73 

Dehydrogenation of a cyclohexyl 
ring 151-152 

Dehydrovaline 333i 
Dialkylamino groups, terminal 

synthesis of polyphosphines 
containing 318-319 

Diiminodiphosphines 306-308 
Diiminodiarsines, chiral 308-310 
Dinuclear metal complexes, novel 

reactions 243-255 
Diphos-rhodium complex 396/ 
Diphos, solid-state P-31 N M R 

spectra and solution . 395/, 395-397 
Diphosphine 

catalysts, rhodium(I), P-31 
N M R comparisons 398-408 

complexes as effective catalysts 
for aldehyde decarbonyla
tion 72 

ligands, chelating, effect on 
homogeneous 65-82 

ligands, P-31 NMR data 391f 
Diplatinum(I) complexes 232-234 
Dirhodium tetrahydridotetrakis-

( triisopropylphosphine ) 
angles 128f 
bond distances 128f 
crystal data and intensity 

collection 120f 
fragmentation 125 
hydrido hydrogen atom 

locations 129-131 
molecule 127 
parameters derived for the rigid 

group atoms 124i 
positional and thermal parame

ters for the nongroup 
atoms 122-123 

preparation 118 
reactions 121 
solution and refinement 119 
spectra 121 
structure 126-129,131 
synthesis 121 
as tetrahydride 126 
unit-cell packing 127/, 129 

Ε 

Electron-donating ligands 141 
^-Elimination of <r-alkyl-rhodium-

hydrido intermediates 341/ 
Enamide complex 366 

addition of hydrogen 368 
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416 METAL PHOSPHINE COMPLEXES 

Energy barriers for the steps of 
asymmetric hydrogénation .. 365/ 

ESCA binding energies for plati
num-tin complexes 38* 

F 

Fermi contact expression 32 
Fermi contact term 2 

evaluation 3 
Fragmentation of 

R u 3 ( C O ) i i ( P h 2 P C = C R ) .167-168 

H 

H - l N M R (see NMR, H- l ) 
Halogens, addition to Pd 2 ( dpm) 3 . 252 
1-Hexene, vinylic substitution 

productions 220* 
Homogeneous catalysts, 

asymmetric 325-336 
Homogeneous hydrogénation, 

asymmetric, rhodium-
catalyzed 355-369 

Homogeneous hydrogénation of 
olefins with H D and cationic 
rhodium complexes 367* 

Hydration of unsaturated 
compounds 138 

Hydride derivatives of binuclear 
organoplatinum complexes .235-238 

Hydride fluxionality processes . . . . 110 
/3-Hydride elimination 214 
irarw-Hydridoalkyls or hydrido-

aryls of platinum (II) 207 
Hydrido-bridged rhodium dimer 

angles 128* 
bond distances 128* 
crystal data and intensity 

collection 120* 
fragmentation 125 
hydrido hydrogen atom 

locations 129-131 
molecule 127 
derived parameters for the rigid 

group atoms 124* 
positional and thermal parame

ters for the nongroup 
atoms 122-123 

preparation 118 
reactions 121 
solution and refinement 119 
spectra 121 
structure 126-129,131 
synthesis 121 
as tetrahydride 126 
unit-cell packing 127/, 129 

Hydrido complexes of plati-
num(II) 205-210 

Hydrido-hydroxo complexes of 
platinum (II) 206 

Hydroxo complexes, inert 208 
Hydroxo complexes of plati-

num(II) 205-210 
Hydrocarbaloxylation 

asymmetric, of olefins 373-379 
palladium-catalyzed 379* 

assymetric, by 
P d C l 2 / ( - ) D I O P 385* 

effect of carbon monoxide 
pressure 376 

palladium-catalyzed asymmet
ric, of 2-phenyl-l-propene . 378* 

2-phenyl-1-propene, influence 
of alcohol structure 375* 

substrate having C 9 symmetry . 384 
(E)-l-phenyl-l-propene 386 

Hydrocarbons, H - D exchange 
reaction 138 

Hydrocarbonylation, asymmetric 
advances ,371-387 
influence of chirality %... 382* 
influence of optical 382* 
model 380-386 

Hydrocarbonylation of olefins, 
transition states controlling 
asymmetric induction 383/ 

Hydroformylation 332 
olefin, energetics of catalytic 

intermediates 56/ 
studies, 1-butene 47 

Hydrogen 
addition, to enamide complex . .. 368 
consumption vs. time for the 

hydrogénation of 1-octene 
at constant pressure . . . . 266/ 

evolution from water by rhodium 
complex 140-142 

- D exchange reaction of hydro
carbons 138 

molecular exchange reaction 
with D 2 0 139 

peroxide, decomposition 297-299 
catalyzed 298* 

pressure, effect on hydrogéna
tion of olefins 266* 

Hydrogénation 
asymmetric 

a- ( acylamino ) cinnamic acid 
derivatives, optical yields 322* 

catalytic 337-353,340/ 
amino acid substrates . . . . 352/ 

energy barriers for steps . . . . 365/ 
homogeneous, rhodium-

catalyzed 355-369 
reaction cycle 364/ 

catalysis of olefins by rhoduim 
hydride complex 257-271 

catalyst species, PPh 3 -Rh 
complex 44 

homogeneous, of methyl 
linoleate . . . 280*, 282*, 284*, 285* 
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INDEX 417 

Hydrogénation ( continued ) 
homogeneous, of olefins with 

H D and cationic rhodium 
complexes 367* 

low-temperature 351 
1-octene 267/ 
olefin 279-282 

effect of hydrogen pressure . . 266* 
mechanism 339—342 

rhodium catalyzed, probes for 
structure of transition 
state 363-369 

I 

Imines, chiral 305 
Iminoarsine chelating agents, 

metal complexes 303-311 
Iminophosphine chelating agents, 

metal complexes 303-311 
Induction, asymmetric 342 
Iron carbonyls, binuclear, P-31 

chemical shift-bond angle 
correlations 183-189 

Iron group, phosphido-bridged, 
carbonyl clusters 163—192 

IR data for platinum-tin 
complexes 39* 

Iridium 
complexes 148-151 

tertiary phosphine 195-212 
tricyclohexylphosphine . .. 145-161 

-diphosphine chemistry I l l 
hydride, stereochemistry 112 
trichloride I l l 

Iridium (III) complexes, cationic, 
alkyl migration 199 

Isomerization 

r a i e r C l I { C H ( C H ( C H 3 ) 2 } -
( C O ) L 2 203* 

I rC l I {CH(CH 3 ) 2 } (CO) -
(PMe 2 Ph ) 2 202* 

various secondary alkyl-
iridium(III) complexes . 204* 

secondary alkyliridium ( III ) 
complexes containing ter
tiary phosphines 201-205 

tetrahydrofuran 202 

Ketones, cyclic acid yields 296-297 
Ketone oxidation 294 

Ligand(s) 
bis ( dimethylphosphino ) methane 233 

bridging, palladium complexes 
containing 243-255 

complexation shifts 394* 

Ligand(s) (continued) 
complexes containing R 2 ( 0 ) P " .96-97 
cis, dependence of coupling 

constants 10-16 
diphosphine, P-31 N M R data .. 391* 
effect of excess on catalysis . . . . 47* 
en= P 2 306 

angular parameters for 309/ 
exchange 

rate variation for X ligands in 
( C H 3 0 ) 3 P C o ( D H 2 X ) 
vs. Taft's polar substitu
ent constant 88/ 

reaction, log Kobs vs. electron-
donor ability 93/ 

reaction, log Kobs vs. Tolman 
cone angle 93/ 

phosphine-rhodium complex 
catalyzed hydroformyla
tion of olefins 45/ 

PPh 3 compounds with 
chelating bisphosphines . 58/ 

PPh 3 -Rh complex with tri-
methylene bisphosphine 
at different temperatures 62/ 

PPh 3 -Rh complex with 
ethylene bisphospine . . . 59/ 

influence on N M R spectra . . . .95-96 
L-donor 96 
structures 345-346 
tertiary phosphine 274 
variation on reaction rates 

and equilibria, influence . . 92 
variation, influence on structure 96 

M 

Melting points of cis-
[P t {P (n-C m H 2 m + i ) 3 ) } 2 Cl 2 ] 
complexes 277/ 

Metal 
complex (es) 

dinuclear, novel reactions .243-255 
iminoarsine chelating agents 303-311 
iminophosphine chelating 

agents 303-311 
-alkyl, transition states leading 

to intermediate 381 
oxidation state and phosphorus 

ligand constant 4-6 
-phosphorus bonding, applica

tions of P-31 N M R 1-22 
O-Metallation 102 
Methoxo complexes of 

platinum(II) 205-210 
Methyl 

halides, addition to 
Pd 2 ( dpm) 3 252-255 

linoleate, homogeneous hydro
génation .. 280*, 282*, 284*, 285* 

migration 201 
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418 M E T A L P H O S P H I N E C O M P L E X E S 

Methylplatinum complexes of 
binuclear organoplatinum 
complexes 238-240 

Michael addition 314 
Monoiminophosphines 305 

Ν 

N M R 
C-13, data for rhodium alkyl . . 363/ 
C-13, spectrum of RhCl(ttp) 

and A l E t 2 C l 265 
coupling constants 31-36 
H - l 

data for platinum-tin 
complexes 34i 

high-field, for H 2 I rC l (CO ) -
( P C y 3 ) 2 151/ 

olefin-rhodium complexes .. . 357/ 
parameters for palladium 

compounds 253i 
parameters of RhCl(ttp) and 

A l E t 3 or A l E t 2 C l 263f 
spectrum(a) 

[Cu (en==As2)C104] 310/ 
[Cu(R-pn=As 2 )C10 4 ] . . . 310/ 
Pd 3 (dpm) 2 (/*-CH 2 ) I 2 . . . . 252/ 
RhCl(ttp) plus EtijAl in 

toluene-dg 262/ 
H-1{P-31}, N M R spectroscopy . 112 
P-31 

comparisons of rhodium(I) 
diphosphine catalysts .389-408 

coordination shifts of 
phosphines 96 

data 
diphosphine ligands 39 It 

platinum-tin complexes 33i 
rhodium(I) diphosphine 

catalysts 392i 
isomers of Ru 2 (CO)s -

(C=CiPr (PPh 2 ) -
(Ph 2PCE=CiPr) 183/ 

parameters 
phosphido-bridged iron-

group carbonyl 
complexes 178i 

for phosphinoacetylene 
iron-group carbonyl 
complexes 178* 

trends and implications . . . 180 
spectrum(a) 

chiraphos 401-405 
demonstrating formation 

of rhodium alkyl .360/-361/ 
D iPAMP 397/ 
( N m e ) ( C 6 H 5 ) P C H 2 C H 2 -

P ( C 6 H 5 ) 2 321 
polymer-bound BPPM 

ligand 406/ 
prophos 404-406,404/ 
proton-decoupled, of 

[ P d 2 ( P h 2 P C H 2 C H 2 -
PPhCH 2 PPh 2 ) 2 ] [ PF 6 ] 2 249/ 

N M R (continued) 
P-31 (continued) 

spectrum ( a ) ( continued ) 
[Rh(COD) chiraphos]+-

C10 4 - 403/ 
rhodium-DiPAMP complex. 398/ 
solid-state, of 

diphos 395/, 395-397 
solution, of diphos . 395/, 395-397 

study(ies) 
crystalline and solution 

status of rhodium(I) 
diphosphine complexes 390 

equilibria and ligand ex
change in bisphosphine 
rhodium complex hy
droformylation catalyst 
systems 43-64 

equilibria and ligand ex
change in PPh 3 -Rh 
complex 43-64 

ligand exchange in PPhs-Rh 
complexes at various 
temperatures . . . .49/, 49-53 

metal-phosphorus bonding . 1-22 
platinum-tin homogeneous 

hydrogénation cata
lysts 23-39 

P-31{H-1} data for solutions 
containing aluminum alkyls 26 l i 

P-31{H-1} spectrum(a) 
as a function of temperature 

for [Rh(dppb) 2 ]BF 4 . . . 81/ 
as a function of temperature 

for [Rh(dppp) 2 ]BF 4 . . . 77/ 
trans [P tCl (SnCl 3 )PEt 3 ) 2 ] 

and frans-[Pt(SnCl 3) 2-
PEt 3 ) 2 ] mixture 29/ 

RhCl(ttp) and A lE t 3 259-260 
Pt-195, data for platinum-tin 

complexes 34i 
Pt-195 studies on platinum-

tin homogeneous hydro
génation catalysts 23-39 

Sn-119 
data for platinum-tin 

complexes 34f 
spectrum of trans-[Pt( SnCl 3 )2-

PEt 3 ) 2 ] 27/ 
spectrum of trans-[FtH-

(SnCl 3 )PPh 3 ) 2 ] 30/ 
studies on platinum-tin 

homogeneous hydro
génation catalysts 23-29 

spectra, influence of X 
variation 89/ 

time scale 113 
Neomenthyl groups, terminal, 

synthesis of polyphosphines 
containing 319-320 

Ο 
1-Octene, hydrogénation 267/ 

hydrogen consumption vs. time . 266/ 
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Olefin(s) 
catalytic cycle 356-363 
concentration, effect on reac

tion rate 268i 
five-carbon 227 
four-carbon 226 
functionalized 

reactions 222-228 
three-carbon, additions . . .222-226 
for vinylic substitution 

reaction 217i 
with H D and cationic rhodium 

complexes, homogeneous 
hydrogénation 367i 

hydrocarbakoxylation 
asymmetric 373-379 

palladium-catalyzed 379ί 
hydroformylation, energetics 

of catalytic intermediates .. 56/ 
hydrogénation 279-282 

catalysis by rhodium hydride 
complex 257-271 

effect of hydrogen pressure . . 266i 
mechanism 339-342 

rhodium complexes, proton 
N M R studies 357/ 

six-carbon 228 
7T-01efin complex 381 
Optical yield(s) 

( S )-chiraphos, catalysts . .. .346-351 
influence in asymmetric hydro

carbonylation 382i 
(S,S)-skewphos catalysts 346-351 

Organic compounds, oxidation . .293-294 
Organoplatinum complexes, 

binuclear 
carbonyl derivatives 234-235 
catalytic intermediates 231-240 
hydride derivatives 235-238 
methylplatinum complexes . .238-240 

ORTEP drawing 
[Pd 2 Cl 4 { fBu 2 P (CH 2 ) 7 -

PfBu 2 } 2] 105/ 
[Rh(dppb) 2 ]BF 4 82/ 
[Rh 2 (CO ) 4 ( dppb ) 3 ] 2 + 80/ 

ORTEP II plot of R u 3 ( C O ) 8 -
(C=C iBu ) (PPh 2 ) 174/ 

ORTEP II plot of R u 3 ( C O ) 9 -
(C=CiPr ) (PPh 2 ) 172/ 

Oxidative addition 
acyl chlorides to 

I rC l (PMePh 2 ) 3 198 
acyl chlorides to MC1L 3 197-201 
reactions of Pd 2 (dmp) 3 , two-

center, three-fragment . .250-252 
frarw-[Rh(PR 3 ) 2Cl(CO)] . . .283-289 
water to low-valence transition 

metal compounds 136 
Oxidation 

cyclohexanol to adipic acid, 
solvent effects 297/ 

cyclohexanone 294-297 
to adipic acid, solvent effects . 294i 

Oxidation (continued) 
cyclohexanone (continued) 

to adipic acid, temperature 
and oxygen pressure 
effects 295* 

Rh 6 ( CO ) i6-catalyzed, 
pressure 299-300 

ketone 294 
organic compounds 293-294 
PPh 3 292-293 

Ρ 

P-31 
chemical shift-bond angle corre

lations in binuclear iron 
carbonyls 183-189 

NMR (see NMR, P-31) 
shift of ( C H 3 0 ) 3 P C o ( D H ) 2 X 

vs. that of B u 3 P C o ( D H ) 2 -
X (CDC1 3 ) 90/ 

Palladium 
catalysts, asymmetric hydro

carbalkoxylation of 
olefins with 373-379 

-catalyzed asymmetric hydro
carbalkoxylation of 2-
phenyl-l-propene 378i 

-catalyzed asymmetric hydro
carbalkoxylation of olefins . 379f 

complexes containing dpm as a 
bridging ligand 243-255 

compounds, H - l N M R 
parameters 253f 

-palladium bond in Pd 2 -
( dpm) 2 X 2 244-250 

-triarylphosphine complexes as 
catalysts for vinylic halide 
reactions 213-230 

Phosphido 
bridge, characteristics 164 
bridge reactivity 188-189,191 
-bridged 

complexes 165 
iron group carbonyl 

clusters 163-192 
iron group carbonyl com

plexes, P-31 N M R 
parameters 178< 

groups bridging nonbonding 
metals 182 

groups, synthesis of complexes 
containing 166-170 

Phosphine 
complexes, tertiary, of rhodium, 

iridium, and platinum . . 195-212 
design 343-345 
ligands, tertiary 274 
long-chain tertiary, transition-

metal complexes 273-289 
P-31 N M R coordination shifts . . 96 
sulfone-based 33It 
tertiary, isomerization of 

secondary alkyliridium(III) 
complexes containing . . . 201-205 
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Phosphinoacetylene iron group 
carbonyl complexes, P-31 
NMR parameters 178* 

Phosphinobenzaldehyde 304 
Phosphorus 

atoms, nonequivalence 405 
-donor ligand, variation 92-96 
donors, protonated 20/ 
-hydrogen bonds, polyphos

phines containing, 
synthesis 315-318 

- H coupling of methyl resonance 
in [ L C o ( D H ) 2 C H 3 O H ] + vs. 
electron-donor ability . . . . 95/ 

ligand constant and metal 
oxidatioin state 4-6 

ligand, dependence 16-21 
Platinum 

binding energy 37 
chemical shifts 37 
- L bond lengths in platinum (II) 

complexes 20/ 
- P bond length plotted against 

coupling constants for 
platinum (II) complexes of 
trialkylphosphines 9/ 

- P bond lengths in platinum (II) 
and ( IV ), coupling con
stants and 7* 

- P against coupling constants 
for cw-PtCl 2 L(PEt 3 ) 
complexes 11/ 

-t in complexes 23-39 
ESCA binding energies 38* 
IR data 39* 
P-31 NMR data 33* 
Pt-195, Sn-119, and H-I 

NMR data 34* 
tertiary phosphine complexes 195-212 

Platinum (II) 
complexes 

coupling constants of proto
nated phosphorus donors 20/ 

hydrido 205-210 
hydrido-hydroxo 206 
hydroxo 205-210 
methoxo 205-210 
mononuclear 205-210 
P t -L bond lengths 20/ 
of trialkylphosphines 8 

frans-hydridoalkyls or 
hydridoaryls 207 

and platinum(IV), coupling 
constants and Pt-P bond 
lengths 7* 

preparation of cw-hydrido-
methyls 209 

Polymer-bound rhodium(I) C O D 
catalyst 406 

Polymer-supported BPPM 
systems 406-407 

Polyphosphines synthesis 
containing phosphorus-hydro

gen bonds 315-318 

Polyphosphine synthesis (continued) 
containing terminal dialkyl-

amino or alkoxy groups .318-319 
containing terminal neomenthyl 

groups .319-320 
recent advances 313-323 

Phosphos-rhodium complex 405 
Pt-195 NMR (see NMR, Pt-195) 
Pyridine, aqueous, at 20°C, 

p H values 136* 

R 

Reduction of carbon dioxide 142 
Rhodium 

alkyl, C-13 N M R data 363/ 
alkyl, P-31 NMR spectra 

demonstrating forma
tion 360/-361/ 

carbonyl clusters, complexes .291-300 
-catalyzed asymmetric homo

geneous hydrogénation . .355-369 
-catalyzed hydrogénation, probes 

for structure of transition 
state 363-369 

complexes 155 
chelating phosphine 340/ 
H 2 evolution from water 

by 140-142 
concentration, effect on 

reaction rate 268* 
concentration vs. rate of 

reaction 269/ 
dimer, hydrido-bridged 

angles 128* 
bond distances 128* 
crystal data and intensity 

collection 120* 
fragmentation 125 
hydrido hydrogen atom 

locations 129-131 
molecule 127 
derived parameters for the 

rigid group atoms 124* 
positional and thermal 

parameters for the 
nongroup atoms 122-123 

preparation 118 
reactions 121 
solution and refinement 119 
spectra 121 
structure 126-129,131 
synthesis 121 
as tetrahydride 126 
unit-cell packing 127/, 129 

- D i P A M P complex 397 
P-31 N M R spectra 398/ 

-diphos complex 396/ 
hydride complex, hydrogénation 

catalysis of olefins by . . .257-271 
hydride complex, solutions .. .264-265 
tertiary phosphine complexes 195-212 
tricyclohexylphosphine com

plexes 145-161 
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INDEX 421 

Rhodium(I) 
complex catalysts 337-353 
complexes of (Nmen)(CQHS)-

PCH 2 CH 2 P (CeH5)2 321 
diphosphine catalysts, P-31 

N M R comparisons 389-408 
diphosphine catalysts, P-31 

N M R data 392f 
diphosphine complexes, P-31 

N M R study of crystalline 
and solution status 390 

Rhodium (III) complexes, cationic, 
alkyl migration 199 

Ruthenium complexes 146-148 
tricyclohexylphosphine 145-161 

S 
Sn-119 N M R (see NMR, Sn-119) 
SnCla" ligand, interaction with 

platinum 24 
Spectroscopic data for trans-

P t H ( R ) L 2 complexes 208 
Stabilization of large chelate 

rings 104-107 
Stereochemistry of [RhCl-

( C O C H 3 ) ( P M e 2 P h ) 3 ] + 

cation 200/ 
Stereopopulation control 103 

on cyclometallation reactions 101-114 
Steric rigidity 342 
Substrates, hydrogenated 270-271 
Synthesis of F e 2 ( C O ) 6 -

(C=CfBu) (PPh 2 ) 166-167 

Τ 
Tertiary phosphines, long-chain, 

transition-metal complexes .273-289 
Tetrahydrofuran, isomerization . .. 202 
Thorpe-Ingold effect 102-104 
Tolman cone angle 92 
Transition 

metal complexes of long-chain 
tertiary phosphines 273-289 

metal compounds, low-valence, 
oxidative addition of water . 136 

states controlling asymmetric 
induction in the hydrocar
bonylation of olefin 383/ 

states leading to intermediate 
metal-alkyl complex 381 

Tris ( PPh 3 ) rhodium ( I ) carbonyl 
hydride and bisphosphines, 
chelate complexes derived 
from 57-63 

Tris ( PPh 3 ) rhodium ( I ) carbonyl 
hydride plus triphenylphos
phine systems 48-57 

Trialkylphosphine( s ) 
complexes, splitting of water 

molecule by 135-144 
coupling constants for plati

num (II) complexes 9/ 
platinum (II) complexes 8 

Triarylphosphine-palladium, com
plexes as catalysts for vinylic 
halide reactions 213-230 

Tricyclohexylphosphine complexes 
of ruthenium, rhodium, and 
iridium 145-161 

Tricyclohexylphosphine complexes, 
spectroscopic data 147f 

Trimethylene bisphosphine, 
chelate complexes 60/ 

parameters 61i 
Triphenylphosphine 

dissociation 48-54 
-rhodium catalyzed 1-butene 

hydroformylation, Arrhenius 
plots 55/ 

-rhodium complex 
dissociation, Arrhenius plot . . 54/ 
ligand exchange, with 

ethylene bisphosphine . . 59/ 
P-31 N M R studies of equi

libria and ligand 
exchange 43-64 

at various temperatures, P-31 
N M R studies of ligand 
exchange 49/, 49-53 

oxidation 292-293 

U 
Unsaturated compounds, hydration 138 

V 
Vinylic 

halide reactions 214 
olefin-amine reaction 216 
palladium-triarylphosphine 

complexes as catalysts 
for 213-230 

substitution productions from 
1-hexene 220* 

substitution reaction 
chain extension and func-

tionalization 216-221 
functionaliezd olefins 217f 
functionalized vinylic 

bromides 217i 

W 
Water 

-adduct formation 137 
H 2 evolution by rhodium 

complexes 140-142 
molecule, splitting by trialkyl-

phosphine complexes . . . 135-144 
oxidative addition to low-valence 

transition metal compounds 136 
reversible splitting 153-155 

X 
X-ray crystal structure of Fe 2 -

{ (CO) 6 [C(CNfBu)CPh] }-
(PPh 2 ) 189/ 

X-ray structure of R u 3 ( C O ) n -
(Ph 2 PC=CPh) 168/ 
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