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A. SCOPE 

The organometallic aspects of the coordination of unsaturated molecules to 
transition metals has received a tremendous amount of attention in recent years. 
Tl$s can be attributed to the use of some of these complexes in homogeneous 
catalysis, to the recent isolation of oxygen and nitrogen complexes and their rela- 
tion to the important problems of nit-ogen fixation and oxygen carriers and finally 
to the problems encountered in attempting to describe the bonding in these 
complexes. 

Since the literature has J-een rather carefully and completely reviewed through 
19641-28**, the greatest emphasis in this review will be placed on research pub- 
lished since that time. During the writing of this article a review was published 
on the same topic 26 The aspects of the coordination of unsaturated molecules . 

which have recently been r-. . - tied are: Reactions of coordinated ligands’, zerova- 
lent complexes2*3, metal zbonyls4-6, oxidative addition reactions”‘, cataly- 
sis’-“, and Ir-complexes 14-26. Much information useful to researchers in this 
area is the subject of several recent books27-32 and the American Chemical Society 
recently held a symposium dealing with homogeneous catalysis by palladium33. 
This review will deal primarily with monoolefin and acetylene complexes of nickel, 
palladium and platinum. The chemistry of complexes containing condensed ace- 
tylenes or carbon monoxide will not be discussed. 

B. PREPARATION 

(i) PIatinum 

1. Zerovalent platinum complexes 
The preparation of the most useful starting materials for these complexes 

* See also U. BELLUCO,B-CROCIANI, R PIETROPAOLO and P. UGUAGL~TI,~W~. Chim.Acr~ 
Rev., 3 <1969), 19 and H. W. QIJXNN and J. H. TSAI, Advan. Inorg. Chem. Radio Chem., 12 
(1969), 217. 
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has been fully reviewed 2*3*21. Nearly all of the zerovalent platinum complexes 
contain phosp’nines as stabilizing ligands and have the stoichiometry Pt(PR,),(un). 
These complexes are prepared by two general methods; (1) by reduction of divalent 
complexes and (2) by ligand exchange reactions of zerovalent complexes. 

a. Preparation from divalent species.- This method34 involves‘reduction of 
cis-C12Pt(PR3)2 usually with hydrazine in the presence of the unsaturated ligand. 
Two mechanisms have been proposed3 5 s3 6 for this reaction. The first mechanism34 
suggests that the reactive intermediate is bis-(triphenylphosphine)platinum(O) pro- 
duced by the hydrazine reduction of a platinum hydride, reaction (I), which in 
turn is the product of the hydrazine reduction of ci.s-Cl,Pt(PPh,),. 

(Ph,P),PtHCI+N,H, -+ Pt(Ph,P), 3 Pt(Ph,P),(un) (1) 

It has been shown3’ that the hydrazine reduction of cis-Cl,Pt(Ph,P), eventually 
leads to (Ph,P),PtHCl and that (Ph3P)2Pt reacts with both olefins and acetylenes 

3 8 to form coinplexes . However, (Ph,P),Pt has only been prepared from a platinum 
hydride employing oxidizing conditions3 8 rather than the reducing conditions of 
this reaction. The platinum hydride is probably not the intermediate since only in 
a limited number of cases has the reaction of hydrides with olefins or acetylenes 
produced olefin or acetylene complexes 3g The usual products are vinyl com- . 

plexes4044. 
The second mechanism is illustrated in Fig. 1. The reaction of 1-bromo-2- 

propyne with ck-Cl,Pt(Ph,P), and hydrazine to yield hydrazine hydrobromide 
and tripropynylhydrazine hydrobromide suggests’ ’ that the hydrazine bridged 
species (the structure of which has been determined by X-ray crystallography3’) 
is the reactive intermediate in these reactions3 ‘. 

The hydrazine reduction of platinum phosphine complexes is applicable to 
a wide variety of olefins and acetylenes but it has been noted to fail36 for both 
(Bu3P),PtC12- and (Ph,MeP),PtCl, with some acetylenes. 

A novel series of presumably zerovalent acetylene complexes of the type 

2 
-N..HcI _ 2 

Fig. 1. Proposed mechanism for the reaction of acetylenes with ci.r-PtClz(PPh3)Z. 

Coord. Chem. Rev., 6 (1971) 27-63 
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Pt(yne)z has been prepared4’ directly by adding disubstituted-dihydroxyacety_jenes 
to a solution of PtCl,‘-. 

b. Preparation from zerovalent species.-Complexes of the type (R&&I% 
and (R3Q)41% have served as excellent starting materials for the preparation of 
both zerovalent and divalent complexes. Much of the chemistry of these species 
has been reviewed’ l L ‘. The most extensively studied compound (PhsP).$t is 
known to undergo a wide variety of oxidative addition and replacement reactions 
in solution, which can be attributed to its becoming coordinatively unsaturated, 
equilibria (2) and (3). 

(Ph3P)4Pt g (Ph,P),Pt+Ph,P (2) 

(PhsP)& g (PhsP)$t+Ph,P (3) 

with46 K1 large and K2 = (1.6 + 1) x 10m4. 
X-ray crystallographic studies have shown that (Ph,P),Pt has%a trigonal 

planar structure4’. Hydroxyacetylenes react with (Ph,P),Pt to yield two types of 
complexes35, (Yph,P),Pt(un) and (l?h,P),Pt(H),(un-H), and the mechanism pro- 
posed for this reaction is shown in Fig. 2. 

(Ph,P), Pt y R*o - (Ph,P).Pt + Ph,P 

Fig. 2. Proposed mechanism for the reaction of acetylenes with (Ph3P)4Pt. 

In the presence3’ of excess bulky, terminal acetylenes the dihydride diacetyl- 
ide complexes are formed whereas less bulky acetylenes yield Pt(Ph,P),(un) type 
complexes. Attempts to prepare the dihydride diacetylide complexes from the 
monoacetylene complexes have been unsuccessful. The intermediate (Ph,P),Pt(un) 
could be tetrahedral similar to (Ph3P)3Ni(TFE)48*4g, Pt(Ph3P)3C050~51 and 
(Ph3P)4Pt3 or square planar similar to divalent platinum complexes such as Zeise’s 
salt. Since hydroxyacetylenes have been shown to be better trans-directors than 
triphenylphosphine 5 2 and the nature of the reaction product is sterically controlled 
it is tempting to assume that the (Ph,P),Pt(un) intermediate is square planar. 
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2. Divalent platinum complexes 

31 

Platinum hydrides react with olefins and acetylenes’6~3g44*53 to yield 
olefin3 ‘, acetylene’ 6, or vinyl complexes4o44 as illustrated in reactions(4), (5), 
and (6)_ 

(Et3P)J’tHCl + TCNE -+ (Et,P),Pt(TCNE) + HCl (4) 
Et3P Et3P =Hz=H3 

Br’ ‘PEt3 
+ ‘=2b e ‘PY 

Br’ ‘Pm3 
(5) 

F F 
Cl 

>( 
PEt3 

1200 Et3P &C’ 
‘Pt’ ‘F (6) 

Et3P H 
+=zF4 cyclohexane’ cL / wPEt 

3 

In the reverse of reaction (5) the hydride can come from either ethyl carbon 
as shown by deuterium labeling studies s3 The rate of reaction (4) has been studied _ 
and the proposed mechanisms for reactions (4) and (5) are presented in Fig. 3. 

L 

X-Pt-CH,CH, 
t 
L 

Fig. 3. Proposed mechanism for the reaction of olefins with platinum hydrides. 

The intermediate trans-(H)CNPt(PEt3),(TCNE)16 has been isolated and 
characterized. However, the complex first thought44 to be &‘t(H)Cl(PEt,),(C,F,)1 
has since been shown by X-ray and chemical analyses to be irmrs-mCl(C0) 
(PEt3),]*SiFS- formed by reaction with the glass vessels4. 

Dicyanoacetylene reacts’ 6*55 similarly to tetracyanoethylene, reaction (4), 
in tetrahydrofuran to give an acetylene complex but in benzene a vinyl complex 
is formed similar to reaction (6). Solvent assistance has been suggested as the 
discriminating factor for the difference in the nature of the products .formed. 

Chloroallenes and cr-chloroacetylenes have been found to reaCts6 with 
Pt(Ph3P)4 by oxidative addition to yield o-bonded allene complexes as illustrated 
in reaction (7). 

Coord. hem. Rev., 6 (1971) 27-63 
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_ 71 
+ H-CEC-F-X 

A Pt(Ph3PL,\ , 

H, /*1 
+ ,c=c=c, 

CL R2 

Cl 
‘Pt’ 

PPh, 

91 
PbP’ ‘CH=C=C, 

*2 

R,=R2=H. X= Br 
R,=H, R,=CH,, X=Cl 

(7) 

This reaction is undoubtedly complex as Pt(Ph3P), reacts with allene5’ - 5 *. to form 
the zerovalent complex Pt(Ph,P),(CH, =C =CH2) and the allene is displaced in 
the presence of excess triphenylphosphine. Thus, a x-bonded complex is probably 
first formed which undergoes internal rearrangement to form the a-bonded com- 
plex. 

The isolation5’ of a divalent platinum olefin complex, which can best be 
formed by bubbling ethylene through a saturated solution of potassium tetra- 
chloroplatinate(II), has proven to be a general route to a variety of olefln and 
acetylene complexes of platinum(U) Zeise’s salt and Zeise’s dimer (Fig. 4) react 
with a variety of Lewis bases (this involves bridge breaking in the case of the 
dimer) to form complexes of the type trgns-(base) PtCl,(olefin). 

Fig. 4. Structures of Zeise’s salt, Zeise’s dimer and complexes derived from these by substitution 
reactions. 

The trans-base(PtCl,(olefin)) complexes have been reviewed for the bases 
pyridine or a substituted pyridine’ * and pyridine N-oxides’ ‘. 

The platinum dimer Pt,X,(R,P)2 reacts with olefins, reaction (8), by bridge 
breaking to form &s-monomer complexe8” rather than the more usual trans- 
complexes. 

Rap, X 
’ .Pt’ 

X 
X2t.X/ 

olefin(latm) 
.PRz C6H6 

- cis-(olefln)Pt(R,P)X, (8) 

The ethylene in both Zeise’s salt and Zeise’s dimer exchanges with other olefins 
and the base in the complexes trans-(base)PtCl,(olefin) may be exchanged by other 
bases. The rates of some of these reactions will be discussed later. 
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(ii) Palladium 

1. Zerovalent pallndium complexes 

The zerovalent palladium phosphine complexes which have been found to 
be more reactive and consequently less stable than their platinum analogues have 
not been as extensively studied. Some isolable acetylene and olefin complexes of 
the type (R,Q),Pd(un) prepared by reaction of the species (R,Q&Pd or (R3Q)3Pd 
have been reported36*61-63. Several reducing agents fai136*64 to yield acetylene or 
olefin complexes from divalent palladium complexes in the presence of olefins and 
acetylenes in contrast to the reactions of cis-Pt(R3Q)&12. Palladium complexes3’ 
analogous to the platinum hydrazine species (Fig. 7) have been briefly reported 
with no follow-up however. One of the few zerovalent palladium olefin complexes 
is formed by the reaction of TCNE with bis-(t-butylisocyanide)palladium(O) to 
yield Pd(TCNE) (~-BuNC)~~‘. Although the phosphite complexes Pd[(RO),P], 
have been prepared6 ‘, studies of the reactions of these complexes have not yet 
appeared. 

2. Divalent palladium complexes 
Palladium complexes analogous to Zeise’s dimer have been prepared6’ from 

dichlorobis(benzonitrile)palladium(II). A!though the palladium dimer is less stable 
than the platinum analogue it undergoes many of the same reactions. 

No reports of isolable palladium complexes analogous to Zeise’s or Buck- 
hovet’s salts have appeared as the measured heats of formation of several palla- 
dium(U) complexes are very close to zero 68-73 but they have been postulated to 
exist temporarily in solution as intermediates in many catalytic reactions involving 
pahadium chlorideg-r2. 

(iii) Nickel 

1. Zerovalent nickel complexes 
Nickel has yielded the smallest number of isolable complexes of the triad 

because of the reactivity of its zerovalent state and its noted catalytic ability, a 
stab!e example being the Ni(Ph,P),(CO), species 74-76. The fairly stable ethylene 
complex (Ph,P),Ni(C,H,), however, is a good starting material for the prepara- 
tion of olefin and acetylene complexes36*77*78. Th e ethylene complex is prepared 
by reaction (9). 

ether 

Ni(acac), +Ph3P+AlEt3+C2H4 ac Ni(Ph3P)2(C2H4) 

and the ethylene exchanges readily, reaction (10) 

C6Hs NiPh3PMW%) + un hexun; Ni(Ph,P),(un) + C,H, (10) 

The ethylenecomplex must be thoroughly washed free of the aluminum alkyl 

Cuord. Chem. Rev., 6 (1971) 27-63 
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with ether before exchange reactions are carried out since otherwise it serves as 
an excellent polymerization catalyst36. Tetrafhtoroethylene reacts with the nickel 
ethylene complex4’ uia an unusual coordinative disproportionation to yield the 
fluorocarbon complex Ni(Ph,P),(C,F,) containing three phosphines rather than 
the usual two. Similarly, TCNE reacts with Ni(t-BuNC),(O,) to yield both 
Ni(t-BuNC),(TCNE) and Ni(t-BuNC),(TCNE) with the latter being formed only 
in the presence of excess isocyauide6’. 

A carbonyl bridged structure has been proposed” for the first complex of 
benzyne and apparently the only acetylene complex of nickel(H) which is formed 
by reaction of o-di-iodobenzene and nickel carbonyl. 

Similar attempts to prepare platinum benzyne complexes resulted in com- 
plexes of the benzyne precursorsso~81. 

Vinyl complexes which can be formed directly by reacting M(QR3)4 with 
a-chloroalkenes are also prepared by reactions involving Griguard or lithium 
compoundszz4. Thus, treatment of (Et3P),NiCl, with perfiuorovinyl magnesium 
bromide affords tra&Et,P),Ni(CF=CF,)Br and trans-(Et3P)zNi(CF=CF,),_ 
Similarly, from cis-(Et,P),PtCl, a mixture of the compounds cis- and trans- 
(Et,P),Pt(CF =CF,)Br is obtained. Perfluorovinyl-lithium reacts with ciS-(EtjP)t- 
PtCI, to give cis-(Et,P),Pt(CF=CF,), and with trans-(Et,P),PdCl, to give cram- 
(Et,P),Pd(CF=CF,),. 

Nickelocene reacts with several acetylenes to yield27~82-84 dimeric acetylene 
bridged species, reaction (11), and the structures of two of these complexes have 
been determined by X-ray crystallography85*86. 

(C5H&N~ + R-CZC-R - @-N+Ji+ (111 

The complexes (R3GJ4Ni8’ as well as the phopshite complexes M[(RO),P], 
(Refs. 88-91) have been prepared. An investigation of the reactions of these com- 
plexes should lead to important information for theoretical comparisons among 
the members of this triad. An interesting reactiong2 along these lines is reaction (12) 

Ni(Ph3P)4+ l/2 X, + Ni(Ph3P)3X (12) 

giving one of the very few examples of monovalent nickel complexes. 



MONOOLEEXNAND ACETYLENECOMPLEXESOF Ni,Pd,Pt 35 

(iv) Complex acetylides 

A large number of acetylide complexes have been prepared from terminal 
acetylenes, metal acetylides or alkynyl halides27~35~g3-gg~204, via the following 
synthetic routes, reactions (13-16). 

(QR,),MX, f2 R-C = CMgBr + cis- and trans-[(QR,),M(C = CR’),] 
+ cis- and trans-[(QR&M(C 3 CR’)X] (13) 

(QR3),MX2 + 2 R-C E C-Li NHJ\ cis- and trans-[(QR J)2M(C = CR’),] 
-I- cis- and trans-[(QR&M(C = CR’)X] (14) 

(QR,),M+2 H-C EC-R --, (QRJM~AC = C-R’), (13 

(QR3)4M+2 X-C rC-X + (QR,),M(C=C-X)I 
+ (QR,),M(C = C-X)X (16) 

The nature of the complex formed depends upon the solvent, the reaction 
conditions and the reagents employed in the reactions. The alkynyl complexes 
are more stable than the corresponding alkyls or arylsg3 due to the greater possi- 
bility of z-bonding in the alkynyl complexes. For analogous complexes the 
stability ’ ’ increases in the series Ni < Pd < Pt and for (R,Q),M(C ECR’)~ it 
increases in the series R’ =HtCHs <Ph. These complexes are all square planar, 
diamagnetic and the trans-complexes have very small dipole moments. The crysta1 
structure”’ of (PEt&Ni(C ~C-ph)~ shows the expected transplanar geometry 
with bond lengths Ni-C = 1.88A and Ni-P = 2.22A and the bond angles about 
the central nickel are very nearIy 90”. In all of these complexes the C = C stretching 
frequency vczc appears in the region 2000-2100 cm-‘, a value slightly lower than 
that generally found for disubstituted acetylenes”‘. 

(v) Complexes of olefins containing other donor kites 

Several complexes of the nickel triad having the general formula MX,L 
have been formed102”08 with ligands (L) such as: 

CH,-CH=CH, . 

AsVZH,), 

CH2- CH =CH2 
R-S-(CH& CH=CH2 

P(Ph) 
” = 2.3. R =n-butyl 

2 

HJC-CH=CH-CHzPRO iH2-CH=CH2 

In these complexes both the olefin and the Lewis base act as donors to give chelat- 
ing Iigands. The olef?nic stretching frequency vcsc in these complexes is shifted 
to lower energy relative to the free ligand by about 140-180 cm-’ for the platinum. 
and about 100 cm- ’ for the palladium complexes’?3*105~‘07. The complexes are 
diamagnetic and nonconducting in nitrobenzene and can best be formulated as 

Coord_ Chem. Rev., 6 (1971) 27-63 
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monomeric square planar complexes. Both zerovalent and divalent platinum and 
palladium complexes have been prepared’ og*llo from the ligands Ph,P-C = C- 
PPh, and Ph,P-C SC-CHJ. The phosphorus atom is the donor site with no par- 
ticipation of the acetylenic moiety in the bonding. This likely arises as a conse- 
quence of the rigid stereochemistry of the ligands. 

C. REACTIONS 

(i) Dissociation 

Complexes of the type (R,Q),M(un) dissociate in solution37~46~77~111~112 
according to the general reaction (17). 

(R,Q),M(un) + solvent + (R,Q),M(solvent) + un (17) 

In at least two cases36*113 the solvent adds by oxidative addition to form the 
complexes (Ph,P),PtCl(CCl,) and (Ph3P)2PtCl(CHC1,). These two complexes 
have been isolated and it has been shown unequivocally that the carbon halogen 
bond- has been broken. These reactions (at least in halocarbon solvents) are thus 
oxidative addition reactions rather than dissociation reactions. 

The simplified mechanism presented in Fig. 3 for the reaction of (Ph,P),Pt 
with acetylenes is consistent with the experimental evidence. The system is, how- 
ever, much more complex as is illustrated in Fig. 5. 

Pt P,(L-H)~(H~ 

Fig. 5. Equilibria for platinum phosphine, olefin and acetylene complexes. P, tertiary phosphine; 
L, an olefm or acetylene; I-H, is a vinyl or acetylide group formed by loss of a hydrogen from 
the olefin or acetyIene L; reactions marked with a question mark are still in doubt. 

The platinum phosphines and phosphine acetylene complexes are involved 
in multistage equilibria_ The relative ‘importance of these has not yet been estab- 
lished and will necessarily depend upon such factors as the nature of the various 
ligands, the metals, the solvents, and the reaction conditions. These equilibria can 
be further complicated by the direct participation of the solvent, e.g. reaction (17). 
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(ii) Oxidative addition reactions 

The platinum and palladium olei&r complexes formed from bromo- or chloro- 

substituted oletis undergo rearrangement reactions by oxidative additation of the 

coordinated olefin when heated 61* 113-116 to form vinyl complexes reaction (18). 

R 
I/R 
L 

%Q -4 
hM’ : I A R3Q\ ,x 

R3Q’ ‘;&, 
U 

RjQ’ ‘C 
il8, 

0% 
R x R C\R 

R 

Since this reaction can be, and generally is, carried out in the solid state, dissocia- 

tion is not necessarily involved. Some of the compounds prepared in this manner 

are listed in Table 1. 

TABLE 1 

PLATINUMCHLOROVINYLCOMPLEXES 

Compound D-p. Rcf_ Physical methods 

mm-(PhaP)2Pt(CF=CF,)Cl 
tram-(PhJP)&‘t(CF=CF2)Br 
zmm-(PhlMeP)2Pt(CF=CFZ)CI 
rrutzs-(Ph~P),Pt(CCl=CCI,)Cl 
cis-(Ph~P),Pt(CH=CCl,)C1 
(Et,P),Pt[C(CF&l)=CFJCl 
(EtsP)2Pt[CFs-CF=CF]Cl 
(EtsP)&‘t@erfluorocyclobut-l-ene)CI 
(Et,P)2Pt(CF=CF,)CI 
cis- and mms-(Et,P),Pt(CF=CFH)Cl 
(Et,P),Pt(CF,-C=C(CF,)H)CI 
(PhaP)zPt(CIHBrz)Br 

269-270’ 
276” 115, 116 
167” 
289” 114 
260” 114 

59” 
- 
67-68” 
61’= 40,44,132 
69-71” 
90-91” 

220” 114 

NMR, anal., IR, M.W. 

IR, anal., M.W. 
IR, anal., M.W. 

IR. anal., NMR, cond. 

It is interesting to note that the complex225 (PhsP),Pt(C,Cl,) does not re- 

arrange by reaction (18) in refluxing benzene, dichloromethane or acetone but 

does rearrange in ethanol. Presumably the more polar solvent facilitates C-Cl 

bond cleavage1i3. This suggestion is supported by kinetic studies”7*118 on the 

isomerization of this complex which indicate that the rate determining step is 

close to the Sul (lim) solvolysis of the coordinated tetrachloroethylene involving 

the ionic intermediate [Pt(CCl=CCl,) (PPh&]+. 

With certain haloolefins halogenation of the metal leads to (RsQ)zPtXz 

complexes (Table 2) with no rr-olefin complexes being isolated. Reaction of 

(Ph,P),Pt with TCNE yields’ig (Ph,P),Pt(CN), and even though (Ph,P),Pt 

(TCNE) has been prepared, attempts to isomerize it have been unsuccessful’ 13. 

The compounds that react with (Ph,P),Pt to yield (Ph,P),PtX, type complexes 

are listed in Table 2. 

Cuord. Gem. Rev., 6 (1971) 27-63 
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TABLE 2 

COhlPOUNDS WHICH REACT WITH (PhSP)4Pt TO GIVE (PhsP)rPtX2 

Compound Ref. 

Tetracyanoethylene 
trans-Dichloroethylene 
cis-Dichloroethylene 
Hexachloroethane 
Chloroform 
Bromotrichloromethane 

119 
113 
113 
113 
113 
113 

Vinyl complexes are produced exclusively (Table 3) from the reaction of te- 
trakis (triphenylphosphine)palladium(O) with chloroolefins6r. 

TABLE 3 

COMPLEXES OF THE TYPE 

Vinyl D-p. Ref. Analytical methods 

cd% 
CtHCir 
rrans-C,H,Cl 
cis-CzHzCl 
H\ /=I3 

c=c 
H’ ‘CH, 

259-262' 61 
>300° 61 

272-277’ 61 
279-283O 61 

121-143” 120 

IR, NMR, anal., M-W. 

Hexachloropropene reacts ’ r4 with Pt(trans-stilbene) (Ph3P)2 to give Pt(Ph,P),CI, 
while 1,1,2-trichloro-3,3,3-trifluoropropene gives the platinum(N) compound 
Pt(Ph,P)&l,F, and tribromoethylene gives PtBr(C,HBr,) (PPh&. Both the cis- 
and trans-isomers of (Ph,P),PtCI(C,HCI,) have been isolated from the reaction 
of Pt(Ph,% with trichloroethylene. Cis --, trans-isomerization readily occurs in 
benzene at 110 “C and in ethanol in the presence of hydrazine but not in ethanol 
alone. In some ci.s- and trans- bis(triphenylphosphine) metal complexes’r4*, a 
relation seems to exist between the stereochemistry of the metal phosphines and 
the relative intensities of the two phenyl bands observed in the infrared spectra at 
CCI. 1586 and 1572 cm-‘. The 1586 cm-’ band is more intense than the 1572 cm-’ 
band in &-complexes and less intense in frans-complexes. (It would be of interest 
to check the generality of this observation). 

* For recent references of vinyl complexes see D. R. FAHEY, .l. Amer. Chem. Sot., 92 (1970) 
402; 3. ASHLEY-SMITH, M. GREEN AND F. G. A. STONE, J. Chem. Sot., (A), (1969) 3019; A. J. 
MUKHEDKAR. M. GREEN AND F. G. A. STONE, J. Chem. Sot. (Al, (1969) 3023; R. G. MU_ER, 

R-D. STAUFFER, D. R. FAHEY AND D. R. PARNELL,J. Amer. Chem. &x.,92 (1970)1511. 
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The reactions that Pd(Ph,P), and Pt(Ph,P), undergo with various oletis 
are summarized in Fig. 6. 

Fig. 6. Reactions observed for various halo-olefins with (Ph3P)&Pt and (Ph3P)JPd. 

Figs. 5 and 6 show that the number of species present in any one of these 
reactions may be very large. 

Two interesting reactions related to oxidative addition have been proposed 
solely on the basis of NMR spectral data. Tautomerization, reaction (19), has 
been suggested”’ to explain the NMR equivalence of the methylene protons of 
trans-Cl(Ph,P)zPd(CH. =C(CHB)CH,), 

fW=, 

,,iH2 $42 

,Pd: 
&-I,-C 

‘CHJ = 
Ph3P 

>d< 
=tJ2-=,cH 3 (19) 

Cl PPh3 Cl PPh3 

and n 4 cr conversion, reaction (20), has been suggested”’ as an explanation for 
the coupling in the NYMR spectrum of trans-Cl,Pt(C,H,) (Py) at - 50 “C. 

$1 - 
+ C&N eC5D5N-CH2-CH2-Pt - N, , 

3 
(201 

t1 

SimiIar o-bonded compIexes have been postulated’22 as intermediates in the reac- 
tions of amines with platinum(H) olefin complexes of the type cis-(olefin)Pt- 

O’RX12. 

(iii) Ligand exchange 

The complexes (R,Q),M(un) undergo exchange reactions with other un- 
saturated mO~ecu~eS17.25.36.77,78.‘13.114.117.L18.123.125 

. 

(R,Q),M(un)+un + (R,Q),M(un’)+un (21) 

The complexes (R3Q)2M are thought to be the reactive intermediates in these 
reactions46*‘24s223. R eaction (21) has been extensively used as a preparative route 
to complexes of reactive olefins and acetylenes and the reaction rates of some of 

Coord. Chem. Rev., 6 (1971) 27-63 



40 J. H. NELSON, H. B. JONASSEN 

these have been studied46~‘24. It was found that acetylenes with deactivating sub- 
stituents formed more stable complexes than those bearing activating substituents 
and that the stability increaseslz6 in the order C,Hs e alk-C 3 C-H cC,(alk), 
-PhC EC-H<C2Ph, <C&NO+C,H,),. 

The kinetics of diethylamine exchange reaction5’ for complexes of the type 
trans-LPtC1,[‘4C]NHEt, have been studied and the decreasing Irons-effect for the 
ligand “L” was found to be C,H,-ii-PrCH=CHCH,-(CH,),C(OH)C=C 
C(OH) (CH,), %Et,Sb>PhsSb>(CH,),P>Et,P>i-Pr,P>Ph,P>Et3As> 
PhsAs $->n-Pr,S. Again the properties of the third member of a periodic group are 
not intermediate between the second and the fourth: Sb > P > As. 

The rates of halide exchange so important in a variety of exchange and/or 
dissociation reactions of Zeise’s salts and Zeise’s dimer have been measured’27~‘28. 
This exchange, already extensively reviewed 16*18*1g, has been used almost ex- 
clusively for the preparation of olelln and acetylene complexes of platinum(H) and 
derivatives of the palladium analogue to Zeise’s dimer. 

The stability of the metal ethylene bond has been measured2’ for complexes 
of the type KptXa(C,H4)] and falls in the order X =Cl> Br > I > NO2 > SCN> CN 
and L =quinoline > pyridine> ammonia> thiourea> ethylene for trajz+(C,H,) 
PtCl,L complexes. Stability constant data12g-‘31 for reaction (22) 

Olefin + CptX,]‘- + [olefin PtX,]- +X- (22) 

have been obtained where olefin is an olefinic ammonium ion or alcohol and X is 
chloride or bromide. 

The olefin complexes were found to have stability constants comparable to 
*‘the heavier halogens. A very recent review discusses the stability data in great 
detai126. These stability data indicate that the Ic-acceptor capacity of the olefin is 
more important than its c-donor capacity in determining the strength of the metal 
olefin or acetylene bond (see The metal-ligand bond section). 

D. PHYSICAL PROPERTIES 

(i) X-ray results 

The X-ray crystal structures of several olefin and acetylene complexes of the 
nickel triad have been reported and the pertinent data for zerovalent complexes 
are summarized in Table 4. 

. 

Some general observations can be made regarding these data. Although 
there should be a considerable difference in the bonding properties of the various 
ligands (c-donor and 7r-acceptor ability) and the various metals (a-acceptor and 
x-donor ability) the metal-carbon (M-C) bond lengths vary by only 0.13 A. 
Moreover, the metal-oxygen bond lengths (M-O) vary by only 0.09 A and are 
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TABLE 4 

X-RAY CRYSTALLOGRAPHIC DATA OFZEROVALENTANDIUONOVALENTCOMPLEXES 

Compound M-C distance CA) a C-C distance (A) b Dihedra Re$ 
angleC 

Pt(PPhMF’h,W 
Pt(PPb)zCrCNE) 
Ni(PPhMGH3 

IrH(C0) (FUMN) (PhJP)ld 
IrBr(C0) (TCNE) (Ph,P), 
Pt(PPh&C(~)S.Gl 
Pt(PPbo)rO~ 
Ir(O*) (diphos)zC 
IrKOr) (PPhdACO) 
IrCKOd tPPhdAC0) 
Ni(r-BuNC)z(lCNE) 

2.06 
2.11 
1.94 
2.02 
2.10 
2.15 
2.11 
2.011 
1.98’ 
2.06/ 
2.07’ 
1.954 

1.32 
1.52 
1.41 
- 
1.43 
1.51 
1.40 
1.4s 
l-66= 
1.51’ 
1.30= 
1.476 

14” 
10” 
- 
14” 
- 
- 

8” 
- 
- 
- 
- 
23.9 

133 
134 
135 
136 
137 
138 
139 
140 
138 
141 

_ 142 
228 

a The M-C distance is the distance from the metal atom to the coordinated olefin or acetylene. 
* The C-C distance is the bond distance of the coordinated C-C double or triple bond of the 
olefin or acetylene. c The dihedral angle is as defined in Fig. 6. d FUMN, fumaronitrile. c O-O 
distance. f M-O distance. 

extraordinarily close to the metal-carbon bond lengths. The size of the atomic 
radii143 (neutral atoms) indicates that what differences there are, are due primarily 
to the metal (Ni, 1.14 A; Ir, 1.26 A; Pt, 1.29 A). Furthermore, the metal-carbon 
(M-C) distances in TCNE, C,(CN),, and Ph,C, complexes of platinum differ 
by only 0.05 A and the M-C distances in TCNE complexes of platinum and iri- 
dium differ by only 0.04 A, differences which are close to the uncertainty of the 
determinations. The M-C and M-O bond distances, therefore, seem to be the 
same for a given metal in analogous complexes, reflecting the synergistic nature of 
the bonding. The extent of x-back donation is reflected in the difference in both the 
C-C and O-O bond distances of the coordinated ligand relative to the free ligand 
as there is a considerable variance in these bond lengths. This is due to the donation 
of electron density from the x-bonding orbit& and acceptance of electron density 
into the n* orbitals both of which would serve to lengthen the C-C and C-O bonds. 

In all the zerovalent complexes the substituents on the olefin or acetylene 
are bent away from the metal atom, an effect which has been ascribed. to steric 
and/or electronic interactions. 

Fig. 7. Definition of the dihedral angle 8 formed between the plane containing the PtCC atoms 
and that containing the Pt and other donor atoms for divalent and zerovalent platinum olefin 
and acetylene complexes. 

Coord. Chem. Rev., 6 (1971) 27-63 
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The zerovalent complexes are not rigidly planar. Steric interactions lead to the 
dihedral angle 6 (defined in Fig. 7) formed by the plane containing the M,P,P and 
that containing the MCC atoms which varies from 6” to 14”. This has been taken 
as an indication of a low barrier to rotation (see The metal-Zigund bond section). 

X-ray structural data has also been obtained for several palladium(U) and 
platinum(H) olefin and acetylene complexes (Table 5). 

TABLE 5 

X-RAY CRYSTALLOGRAPHIC DATA ON DIVALENT COMPLEXES 

Compound M-C C-C Dihedral Rex 
distance distance angkf 
(A)” (AJb 

WCl,GHJl, 2.28 - 90” 144 
trans-ptCl,(r-Bu)%C(t-Bu)) (p-toluidine)] - 1.27 90” 145 
frons-I(C2H4)hC1,(CH~)~N~] 2.09 1.47 90” 146 
fPt(Codome)PyCl]“ 2.16 - - 147 
C~L(Ph,P),(C,&)l 2.17,2.04 1.35 76” 148 
(-)cis-Cl&raw2-butene) 

c(S)-c+phenethylamine]Pt 2.16 1.36 77O 149 
[PtCl(OCL-I,) (dicyclopentadiene)] 2.11 1.37 - 150 
IPh(Ph~P)KkFXll 2.00 1.41 - 151 
KIPtC],(GJ-L)I - Hz0 - 1.354 - 229 

- 1.44 - 230 

a The M-C distance is the metal-carbon bond distance for the coordinated olefin or acetylene. 
b The C-C distance is the carbon+arbon bond distance for the double or triple bond of the 
coordinated olefin or acetylene. c The dihedral angle is defined in Fig. 6. d Codome = me- 
thoxy-cycloocta-1,5-diene. 

The metal-carbon bond distances for the divalent complexes are dependent upon 
the tran.+substituent and probably reflect the ease of substitution. The implica- 
tions of this in terms of the frans-effect have been discussed in a recent review26. 
The interpretation in terms of n-bonding is supported by recent molecular orbital 
calculations15’. The carbon-carbon bond distances of the complexed ligand are 
longer than those of the free ligands but less so than for the zerovalent compounds. 
This seems to indicate greater n-back donation from the zerovalent metal with 
a consequent greater population of the ligaud’s x* orbit&. This would be expected 

from comparisons of the first and the third ionization potentials of the meta1153. 
In all .cases the dihedral angle (0) is 90” or very nearly so (see The metal-lgand 
bond section). 

(ii) Infrared results 

Since the stretching frequencies vccc and vcEc are shifted to lower energies 
upon coordination, the magnitude in this shift has generally been used as a measure 
of metal olefin and/or acetylene bond strength. Normal coordinate analyses were 
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performed for Zeise’s dimer and similar complexes’ 54-l 56 and for acetylacetonato 
olefin complexes’ ’ ’ and the IR and Raman spectra assigned. The change in the 
C=C stretching frequency dvczc was found to range from 97 to 1G6 cm-’ and 
in Zeise’s dimer the C=C stretching frequency is coupled to the CH2 bending 
mode”‘. Thus, the magnitude of the shift in vc= c cannot strictly be used as a 
measure of the metal-olefin bond strength, although the metal oiefin stretching 
force constant canis4. IR data on the complexes (un)X,PtPy and (un)X,PtPyno 
have been summarized by Orchin and Schmidt’8*Lg. 

TABLE 6 

REPRESENTATIVE IR DATA FOR ACETYLENE COMPLEXES 

Compound k,dcm-‘) Avcedcnil) ReJ 

K[PZCf&vfe)] 
yne = 
HOCMe2-CsC-CMe20H 
HOCMez-CsC-CMelOMe 
MeOCMe,CSC-CMe,OMe 
HOCMeEt-CEC-CMeEtOH 
HOCMe,-CsC-CMePhOH 
f-Bu-CZC-cMe,OH 
t-Bu-CEC-CMePhOH 
(J’W-W’rfyne) 
yne = 
H-CsC-CMe20H 

H-czc 
7(II> OH 

H-C=C 
xl OH 

H-CSC 
a OH 

H-CGC-CMeEtOH 
H-GC-CPh,OH 
CFx-G?C-CF3 
Ph-C=_C-H 
Ph-CsC-Ph 
Ph-CzC-CH3 
MeOOC-CSZ-COOMe 
NC-EC-CN 
(PhsA&Pt(CF&,C-CF3) 
(Ph3P)zNi(Ph-CECPh) 
(Ph,P),Ni(Ph-C=C-Me) 
(PhsP)zNi(CF,-CrC-CF,) 
(Ph~P)2Pd(MeOOC-C=C-COOMe) 
(Ph3P)2Pd(CF&ZC-CF~) 
(PhMe2P)2Pd(CF3-C=-C-CF3) 
(n-BuSP)1Pd(CFBGC-CF3) 
(PhMe2P)tPt(CF3~C_CFa) 
(n-Bu,P),Pt(CFJ-CzC-CF,) 

2010 
2004 
1994 
2010 
2004 
2008 
2009 

- 
-65 
-50 

164 
164 
164 
164 
164 
164 
164 

1681 

1686 

-433 

-431 

35 

35 

1681 -439 35 

1668 -452 35 

1670 
1678 
1775 
1675 
1768, 1740 
1756 
1782, 1765(sh) 
1683 
1775 
1800 
1795 
1790 
1845, 1830 
1838, 1811 
1837, 1800 
1837, 1795 
1767 
1758 

-455 
-440 
-425 
-445 

-462 
-463 
-463 
-533 
-542 

35 
35 
36, 125 
36, 125 
36 
36 
36 
17 
36, 125 
36 
36 
36 
36 
36 
36 
36 
36 
36 

Coord. Gem. Rev., 6 (1971) 27-63 
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- TABLE 7 

TYPICAL NMR DATA FOR CDCIs SOLUTION OF COMPLEXES OF m TYPE (PhsP)zM(un) 
T values relative to TMS internal standard. 

Pt 

Ni 

‘Pt 

Pd 

Pt 

Pt 

Pt 

Pt 

Pt 

Pt 

Pt 

Pt 

Pt 

PhGXCHa 

PhCgCCH, 

CH300CC=CCOOCHs 

CHsOOCCZCCOOCH, 

OH 

I 
H-C=C-C-CH, 

I 

C% 

H--CC 
0 OH 

OH 

I 
HeC-CHs 

I 
C2Hs 

OH 

I 
H-CGC-C-Ph 

I 
Ph 

CH3-CIC 
0 OH 

OH 

I 
CHs--C=-C-C-CHs 

I 
CH3 

OH 

I 
CHs-CzC-C-Ph 

I 
Ph 

2.7 7.88’ - 

2.7 7.86b - 

2.9 6.75 - 

2.9 6.80 - 

2.70 8.68’ - 

2.68 

2.70 

2.70 

2.70 

2.80 - 

2.75 8.09”’ 

2.74 

2.83 8.71”’ 

- 

- 

- 

8.75= 
9.171 

8.72 
9.23m 

8.50 

8.32 

8.49 

8.461 

- 

8.60 

- 

- 

- - 36, 166 
- - 36, 166 
- - 36, 166 
- - 36, 166 

3.76d 8.34 

3.74= 8.75 

3.72* 8.75 

3.788 8.98 

3.7Sh 9.20 

3.5s 

- 

- 

- 

8.80 

9.09 

8.91 

8.16 

35, 112 

35, 112 

35, 112 

35, 112 

35, 112 

35, 112 

35, -I 12 

35, 112 

35, 112 

‘Jp+‘w-ii = 6.2H,, Jp--c,~ E 1.2H,, &_H = 41.5H,. bJp--RaLFH = 4.5H,, J,z.<,~~ z lH,. 
=J~t-czi, = 2H,. dJp-lm-ii = 22H., Jp--ctril = lOH,, Jp,, = 59.5H,. = J,,,,,, = 22_8H,, 
Jp-crr-~ = 10I-L JPL--H = 63H,. f Jp-r,m,a = 22H,, J-,,, =+lOH, Jp--H = 6OH,. a Jp_“- 
= 22I-L Je-ctm = IOH,, Jet--~ = 62H,. * JPJ- = 23.3H,, Jp+,- = 10.3H,, Jpt_-H = 

- 63.5H,. J Jpt_m2 E lH,. ’ J~,,ma = 22.3H,, Jpe,r-_~ = lOH, Jpt4 = 58H,. = Jp4,mcnlj = 
6-8Hz, J-,+-MS = 0.5-1.5H.. J,,, = 36-40.5H, 
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Since the complexes M(R&)z (olefin) do not show any band in the infrared 
attributable to vcZc it has been concluded that the double bond of the olefin in 
these complexes has been reduced in bond order essentially to that of an al- 
kane62*“5~“6. Similarly the~~~~stretchingfrequencyfor the complexesM(R,Q), 
(acetylene) is found in the region of v,-- c and the complexed acetylene is spectro- 
scopically equivalent to an olefin 3 5*3 6. For the divalent complexes of platinum and 
palladium’ 5 ‘-’ 61 dv,. c and dvcl e are in the range -50 to -250 cm-’ while 
for the zerovalent complexes35*36*125B1 62, A v,-- c is in the range -400 to - 550 
cm- ’ indicating a much stronger metal ligand interaction with zerovalent complexes. 
The larger magnitude of change for the zerovalent complexes is in accord with the 
X-ray data suggesting a greater population of the olefin and acetylene IE* orbitals 
in these complexes. The far infrared spectra of several zerovalent phosphite com- 
plexes of the nickel triad have also been recorded and assigned’ 63. Some represent- 
ative infrared data are summarized in Table 6. 

TABLE 8 

NMR DATAFOR Pt(acac)Cl (OLEFIN) COMPLEXES IN CDC13 
T values relative to TMS internal standard. 

Olefin 

=CH -CHS 

acuc 

=CH -CHs 
Ref 

Ethylene 5.48” 
5.53 

Propylene gem -w 
4.55 

cis-But-2-ene 

rrans-But-2-ene 

Tetramethylethylene 

cis 5.44 
5.57 

tram 5.53 
5.76 

;6: 
5.11 
4.86 
- 

- 4.40 

8.4 
4.47 

8.35 

8.27~ 4.52 7.95 184 
8.49 8.10 
8.23 4.47 7.94 184 
8.42 8.10 
8.15 4.50 7.96 184 
8.44 8.08 

7.85 184 
8.03 

7.91 184 

8.10 

o Most intense lines of AA’BB’ multiplet. 

(iii) Nuclear magnetic resonance 

Nuclear magnetic resonance has been particularly useful in the structural 
assignment of these complexes. The platinum complexes have been the most 
thoroughly investigated due to the presence of rg5Pt(I = l/2, 34% natural 
abundance) coupling in both the proton and fluorine NMR. The NMR investiga- 
tions have been especially fruitful because the coupling constants J and chemical 
shifts z of the various nuclei are such that many of the spectra can be interpreted 
by simple Grst order analyses. 

Coord. Chem. Rev., 6 (1971) 27-63 
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TABLE 9 

CohfPLExEs OF THE TYPE (Et,P),PtCl (FL.UOROVINYL.)* 

Et,P 

4 “\ /“’ 
pt------C=c 

A B C (cisl D (trans) E (cisl F (wand G 

XI F 
Xz F 
x3 F 

‘H NMR 6CF3 -1.21 
SCF; -195 

61 - 

JlZ - 
J 13 - 

J1.s - 

Jzs - 
J2.s - 
JHCF, - 
J clyi-et- 

lgFNMR a1 24 
& 58.7 
63 77 

J 12 120 
J 13 35.6 
J 14 59.7 
J15 4.8 
Jzs 120 
J t.% 62.4 
J 34 574 

J cQ.-n - 
J 25 - 

F 
F 
CFzH 

-0.58 
-1.31 
- 
- 

-4.58 
for CF2H 
- 
- 
- 
- 
- 

57 
7.5 

46.4 
47.7 
47.0 
26.5 

- 
- 
- 
- 
- 

240 
5s 

- 

F 

CF, 
F 

-1.7 
-2.5 
- 
- 
- 

- 
- 
- 
- 
- 
- 
- 

75.1 
-13.2 

8.27 
15.3 
12.8 
12.8 

- 

9.29 
13.4s 

479 
- 

3.17 

CF3 

F 
F 

-1.7 
-2.5 
- 

F 
H 
F 

-1.23 
-1s7 
- 

-554 

- 
- 
- 
- 
- 
- 
- 

-12.22 
97.1 
22.8 
13.3 
21.3 

5.82 
- 

124 
186 
so1 
- 

3.5 

82.3 
- 
- 

24 
4 

H CF3 

F H 
F CF, 

-1.23 -1.8 
-1.97 -2.4 
-7.58 -6.50 
- - 
- - 

84 
7.8 
4.2 

- 
- 
- 
- 

9.62 
- 
- 
- 
- 
- 
- 

-20.7 
- 

-25.7 
9.6 

12.2 
5.82 

- 

0 
- 

i42.3 
- 
- 

l Data from Ref. 132 spectra recorded in CDC13 solution, chemical shift values are in p_p.m_ 
relative to TMS external reference (‘H) and trifiuoroacetic acid external reference (lgF spectra). 

A = (Et3P),PtCl(CF=CFz), B = (Et,P),PtClIC(CH2F)=CF& C = (Et3P)2PtCl cis- 
CF=CFCFs), D = frans-isomer of C, E = (Et3P),PtCl(cis-CF=CFH), F = trans-isomer of E, 
G = (Et,P)~PtCl[C(CF,)=C(CF#Zl. 

Since no source contains a compilation of various nuclei interacting with 
lg5Pt, and since NMR is of such great value in this field, a rather comprehensive 
list of data is given in Tables 7-10. 

The NMR data for complexes of the type truns-PtCl,(un)Py and truns- 
PtCi,(un) (Pyno) have been reviewed 18*1g. Significantly, the trans labilizing effect 
of unsaturated ligands can be evaluated-by observing the temperature at which 
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coupling occurs between platinum and the a-pyridine hydrogens for complexes 
of the type16’: 

y:; - 
7 pt-t-4’ 1 3i I -z CI 

TABLE 10 

NMR DATA FOR FLUOROVINYL COMPLEXES* 

F’\ 
,c=c NF3 

'M 5 
and 

Cl F’\ c=c’ 
F/ 'M 

Compound 61 62 83 3 1.2 J J2.3 1.3 

trcx.s-(EtsP)2Ni(CF=CF2)BP 89.9 132.2 158.8 107 36 107 
rrans-(Et3P)2Ni(CF=CF2)t 91.4 134.1 170.8 112 32 112 
rrun.s-(Et3P)zPd(CF=CF2)b 95.8 133.6 166.1 109 40 104 
zrans-(Et,P),Pt(CF=CF,)Br 99.8 129.5 145.5 107 34 107 
cis-(Et3P)#t(CF=CF2)Bf 98.6 127.0 155.1 104 34 104 
cis-(Et3P)2Pt(CF=CF2)sd 101.1 131.8 161.4 104 33 104 
cis-(Bt3P)2F+t(CC1=CF2)20 92.2 80.0 - 65 - 
frux.s-(Et3P)&t2(CCI=CF2)2Br~h 91.1 80.6 - 64 - 
(Et3P)PyPt(CCl=CFz)Br’ 96.3 81.3 - 66 - 
fruns-@t3P)2Pd2(CCI=CF2)sBrs’ 93.9 80.4 - 69 - 

* Data taken from Ref. 224. 19F chemical shifts @p.m.) in CsHs relative to CClsF and coupling 
constants (C.P.S.). u Jv_v: F1, 7.0; Fs, 7.0; F3,5.5 c.p.s. ’ Jv_v: F1, 6.0; F2, 4.5; F3. 1.0 c.p.s. 
= JhF: F1, 23; F2, 0; F3, 34 c.p.s.; Jp1_-F: F1, 188; F2, 51; F3, 348 c.p.s. d Jv-_F: F1, 17; F2, 0; 
F3, 33 c.p.s.; JP1_-F: F1, 167; F2, 42; Fs, 395 c.p.s. fl JPt-v: F1, 140 c.p.s. k Jp,--F: F1. 145; F2, 
90 c.p.s.; Jv_v, 1 c.p.s. 1 JPf_-F: FX, 145; F2, 87 c.p.s.; JP-F: F1, 1; F2, 2 c.p.s. ‘Ie--p: F1. 4; 
F2, 4 c.p.s. 

J 
L 

- 
Fig. 8. 100 MHz NMR spectrum of (PhaP)2Pt~~~C-C(OH)(Ph)2] in CDCLo solution 
at 32”. The inset is the expanded acetylene hydrogen C=C-H resonance showing the AMXX’ 
multiplet. The large resonance is the unresolved multiplet of the phenyl groups. 

Coord. Chem. Rev., 6 (1971) 27-63 
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Very interesting conclusions can be drawn from the NMR 
speCtra35.36.“2,166 of complexes of the type (R,P),Pt(yne). Typical spectra are 
shown in Figs. 8-11. 

b 

. . 

OH 

,4-Y)“. -9, I I 

Fig. 9. 100 MHz NMR spectrum of the methyl region for the complex (PhaP),Pt[CH,-SC- 
C (OH) (CH&] in CDCIJ at 32’. The starred resonances are due to uncomplexed acetylene. The 
coupling scheme of the AMXX’ multiplet of the CHs(a) group is indicated. 

. 

,o** * 
1 

Fig. 10.100 MHz NMR spectrum of the methyl region for the complex (PhJP)zPt[CHsGC- 
C(OH) (CH&J in CDCIJ at 60”. The starred resonances are due to uncomplexed acetylene. 
The AMXX’ multiplet for the CHS group is as in Fig. 9. 

The chemical shift values of the acetylenic protons (Table 7) demonstrate 
that the complexed acetylene has been reduced essentially to an olefin, these 
protons appearing in the region where olefinic protons are normally found’67. 
This fact is in agreement with the X-ray data and with the spectral shifts observed 
in the IR data. The coupling scheme for the acetylenic and methylacetylenic pro- 
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tons can be analyzed as follows: the protons are the A part of AMXX’ and 
A3MXX’ multipIets respectively which should contain twelve lines as shown in 
Fig. 12. 

. 

Fig. 11. 100 MHz NMR spectrum of the methyl region for the complex (Ph&‘)2PtICH,-CrC- 
C (OH) (CH,),] in CDCIl at 32” after being heated to 60” for l/2 h. The starred resonances are 
due to uncomplexed acetylene. The AMXX’ multiplet for the CHI group is as in Fig. 9. 

Fig. 12. Representation of the coupling scheme for C=C-H and CZC-CH3 protons of platinum 
complexes of the type (PPhs),Pt(R~C-H) and (PPh&Pt(R-CsC-CH3). 

There are two satellite lines due to coupling with platinum and one line due to the 
uncoupled resonance in the relative intensity ratio of 1.: 4: 1. The three lines are 
then further split by the non-equivalent cis- and rrans- phosphorus atoms to give 
an apparent triplet of double doublets or twelve lines with relative intensities 
1 1 1 1 4 4 4 4 1 1 1 1. The observation of non-equivalent coupling35*36*‘12*166 to ,,,,,,S,),, 
the cis- and trans-phosphorus atoms implies the same structure (essentially 
square planar) in solution as in the solid state. Distinctive cis and tram coupling 
to the phosphorus atoms implies that the rate of rotation of the acetylene is very 
slow on the NMR time scale (with an upper limit of about 1.2 set-r) based upon 
the magnitude of JPLeH. 

The presence of free acetylene in solutions of the complex (Ph,P),Pt 
[(CH3)3C(OH)C zC-CH3] further complicates the spectra (Figs. 9, 10 and 11, 
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the starred resonances are due to free acetylene). The observation of separate 
resonances for the free and complexed acetylene implies a slow rate of acetylene 
exchange. Furthermore, the concentration of free acetylene increases with an 
increase in temperature (compare the relative magnitudes of the starred peaks to 
the unstarred peaks in Figs. 9 and lo), demonstrating that the exchange is tem- 
perature dependent. The spectra presented in Figs. 9 and 11 show that the reaction 
is not a simple dissociation reaction for the spectrum of a sample after a tempera- 
ture cycle does not appear the same as that of one before a temperature cycle. 
Rather, an irreversible oxidative addition reaction, reaction (23), involving the 
solvent has occurred36S11f. 

(R,P),Ptbne) + CDCI, + (R,P),PtCl(CDCI,) f yne (23) 

The NMR spectra of the complexes [(Me,Ph),P],MX, show a 1: 2: 1 triplet 
for the methyl resonance in the trmrs-complexes due to virtual coupling and a 
symmetrical doublet for the &-complexes. The proton NMR thus reveals the 
geometrical arrangement of the phospbines168-L70. It is now generally accepted 
that phosphorus tram to the organic moiety displays greater coupling constants 
than phosphorus atoms in the cis-position168-171. The ranges for coupling 
constants JPt_-H (Table 11) have been reported’gD’66y’12~16g-1B4. 

Much of the rgsPt-H coupling data has been interpreted in terms of the 
Fermi contact contribution established through a platinum orbital containing 
some s-character and 6-x mixing in the olel?n moiety’71~‘77~‘85J86. However, 
it has been found that JPr_cH and JPt_c_c_u have opposite signs’ ” in platinum(H) 
olefin complexes; similar behaviour was found for the sigma bonded complex 
PtCl(CzH,), . 174 This suggests that contributions from terms other than the Fermi 
contact term are important. The molecular orbital calculations (section E, i) 
furthermore, showed that the platinum 6s orbital does not make a significant 
bonding contribution in these complexes. Thus caution is necessary in inter- 
preting this coupling in terms of the s-character of the atomic orbit& involved in 
bonding. 

(iv) Electronic spectra 

The electronic spectra of platinum(H) complexes has been rather extensively 
studied and the transitions have been assigned for Zeise’s salt1 87-1g1 and a number 
of its analogs containing different oIefins’8g-zg1. The electronic spectra are 
composed of d-d transitions and metal-olefin ‘IL* charge transfer transitions. From 
the spectral shifts observed upon changing the solvent and the trms-ligand for 
complexes of the type trmzs-LPtCl,(olefin) the relative order of the platinum d- 

orbit& has been assessed’ g ‘. 
Complexes of the type cis- or trans-(amine)PtCl,(olefin) derived from Zeise’s 
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TABLE 11 

COUPLING CONSliANT RANGES FOR VARIOUS COMRKNATXONS INVOLVING PLATINUM COUPLING 
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P-P&H 

/* 
Pt-P-c 

0H 
Pt-As-c 

/H 
Pt-c 

/H 
Pt-P-c-c 

f~+,(Hz) J,, (Hz) JP,-a(Hr) JP,-a(&) 

700-1350 lo-17 

27-36 

20-24 

70-120 

O-72 

943 

&._I: j 
38-39 

H 

58-65 

P 
C”, C’ 

2\ 

P: 

,Pt”q 

“6 
C”, 

28Ao 

35-40 

20-24 IO-II 

7-s l-3 

7-8 l-3 

H 

Pt-N’ \ 
3 - 

60-70 

/H 
Pt-N-C 

,H 
P&S-C 

3242 

45-56 

salt possess optical isomers if the amine is optically active and the circular di- 
chroism of several of these complexes has been studiedr4’*’ g2-1 ‘*. The sign of the 
circular dichroism band depends solely on the optical activity of the olefin and is 
independent of both the optical activity of the amine and the relative positions of 
the olefin and the amine’ ’ *. A general quadrant rule has been developed to predict 
the absolute configuration from the sign of the CD. maxima near 400 mp’g8_ 
As shown in Fig. 13 the chirality of the complexed olefinic centers is related to the 
location of substituents or ring residues in quadrants of alternating sign formed 
by the intersection of the platinum square plane normally corresponding to the 
oletic C=C bond viewed along the platinum X-axis. ‘The X-ray crystal struc- 
turer4’ of one of these complexes has been determined and can be used as a refer- 
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ence compound for the assignment of the absolute configuration of. olefinic 
complexes. . : 

H&Hz f-G, : ,H 

R-(-) 1 i (*)-s 

----. d 

R-(-) 7 (*)-S 

Pt ----- 
[C+hj (-)-R f 

s - ( -) / 

;;;;y+;l_R 

C H&H H+H, 

n=f5.6 H,i CH, 
C’ 

R-(-) 1 (a)-s 
_____@-___- 

S-(-) 1 (-)-R 

l+H 

Fig. 13. Quadrant rule for predicting the absolute configuration of divalent platinum olefin 
amine complexes. 

E. THE METAL LIGAND BOND 

(i) Molecular orbital calculations 

Because the number of orbit& involved in complete calculations is very 

Iarge only a few molecular orbital calculations on molecules of this type have been 
reported. These include Zeise’s salt”‘, (PH,),(CH,-C CC-CH,)Pt, (PHA 
(CH3-C EC-H)Pt and (PH3)2(TCNE)Pt’gg*200 andtrans-PtC1,(NH,)(C,H,)L52. 

Since the discovery of Z&e’s and Bukhovets’ salts, the bonding in olefin and 
acetylene complexes has been puzzling. The model for metal-olefin complexes 
originally proposed by Dewar”’ and later modified by Chatt and Duncanson202 
was well accepted for Zeise’s tijpe complexes. However, recent NMR studies 
(de supra) indicated that the Dewar-Chatt -Duncanson model was too rigid and 
it was suggested by Bennett 203 that the platinum-olefin Ir-bonding involved a 
combination of the platinum d,,= and d,, orbitals. 

Isolation of complexes of the type (R,Q),M(un) then posed questions about 
the oxidation state of the metal and the coordination of the ligand’ 5 ‘J 3 *s2 O 5-2 O g. 
The accumulation of large amounts of experimental data finally led Maitlis3 6*1 66 
to put forth some convincing arguments in favor of monodentate ligands and con- 
sequently complexes of zerovalent metals. These were based upon NMR data and 
molecular orbital theory (from consideration of atomic energy levels). 

Semi-empirical one electron molecular orbital calculations for some model 
compounds subsequently strengthened this point of view152*‘00*200 and led to 
modification of the Dewar-Chatt-Duncanson model and to its extension to 
include the acetylene complexes’ ’ g*2 O”, 
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X-ray crystal structure analyses of olefin and acetylene complexes demon- 
strated that in the solid state the olefin or acetylene is either normal to the plane 
(divalent complexes) or in the plane (zerovalent complexes) of the other donor 
atoms (uide supra). The NMR evidence for the zerovalent species indicates that 
the configuration is the same in solution as in the solid state35*36W11f*L66. The 
same conclusion is also supported for the divalent species in solution at lower 
temperatures’g*2’0*‘84. However, as the temperature of these solutions is raised 
rotation and/or dissociation of the oiefin occurs. 

In the solid state the zerovalent complexes are not rigidly planar but have 
dihedral angles varying from 6-14” between the planes containing the olefin or 
acetylene and the metal atom and that containing the metal atom and the two 
other donor atoms (Fig. 6). This prompted statements that rotation in these com- 
plexes has a low energy barrier’36. Since rotation has been found by NMR 
techniques for several divalent complexes’g~20g*‘84J80J81 even in the solid 
state182, a calculation of this barrier for both the zerovalent and divalent com- 
plexes 152*227 was undertaken. The calculated energy profiles are illustrated in 
Fig. 14. 
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Fig. 14. Total energy (using the sum of the orbital energies as an approximation) as a function 
of the dihedral angle 8 as defined in Fig. 7: (A) (PH3)zPt(CH3eC-CH3); (B) (PH,),Pt(C,H,); 
(C) rrrmr-(NH,)Pt(C=H,)CI~. 
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Fig. 14 shows that the square planar configuration is calculated to be the 
most stable form for the zerovalent complexes. The angular dependence of the 
total energy is a smooth curve with no minima other than at 0 and 180” dihedral 
angle (square planar form). The absence of other minima (such as at 90”) seems 
to indicate that no barrier to rotation is interposed and that upon rotation a 
continuous rehybridization of the orbitals participating in n-bonding occurs 
rather than bond breaking2”. This same general curve shape has been found for 
many calculations of zerovalent platinum olefin and acetylene complexes227. 

Calculations1s2 were also performed on the divalent complex rrm2s-(NH,) 
PtCl,(C,H,) and the angular dependence of the total energy of this molecule is 
also depicted in Fig. 13. The calculations on this and numerous other divalent 
olefin and acetylene complexes22 ’ all predict the pseudotetrahedral configuration 
to be the most stable both in solution and in the solid state. However, these curves 
have a minimum at the square planar form, indicating that some bond breaking 
occurs upon rotation. The calculated rotational energy barrier for the divalent 
complex (1.1 eV for trans-(NH,)PtCl,(C,H,)) is considerably less than those for 
the -zerovalent complexes (3.6 eV for (PH&Pt(CHa-C =C-CH3); 3.3 eV for 
(PH,)2Pt(C2H,)). By assuming that the energy profile is the same for other zero- 
valent complexes the rotational energy barriers of 3.8 eV for (PH3)2Pt(CH3- 
C =C-H) and 2.6 eV for (PH,),Pt(TCNE) can be obtained from the earlier cal- 
culations1gg*200. Rotation has indeed been observed for several divalent com- 
plexes with the experimental energy barriers varying from 6-14 kcal (Table 

12) 
19.179.209.210.184.180-182 

. 

TABLE 12 

THERMODYNAMIC DATAFOROEFIN RoTA~~NIN~OMPLEXE.S~FT~~E Pt(acac)Cl(olefin)* 

OIeftz Coalescence AGrf E AS+ 
temp (OK) [kcallmole) (kcallmole) 

Ethylene 245 f 3 12.5 f 0.6 - - 
Propylene 26Of3 13.5 _I 0.2 - - 
cis-But-2-ene 253 f 5 13.3 f 0.2 - - 
trans-But-2sne 309.0 15.8 13.5 f 1.4 -8.5 f 5 
Tetramethylethylene 219 10.9 8.7 f 0.7 -12.0 f 4 

* Data iaken from Ref. 184. 

The calculated energy barrier of 1.1 eV = 25.3 kcal is an overestimate but is 
certainly of the right order of magnitude. Thus it might be possible to observe ro- 
tation for the zerovalent species (as yet unobserved). 

The dx-px bonding between the metal d-orbit& and the olefin or acetylene 
n*orbitals seems to be the most important factor in stabilizing metal olefin and 
acetylene complexes. This is supported by stability constant data for both the 
zerovalent and divalent complexes by infrared studies and by NMR studies. A 
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recent reviewz6 gives a detailed discussion of the relative strengths of c- and IL- 

components. Since the a-bonding should not restrict rotation, the energy barrier 
should be a measure of the relative n-acceptor ability of the various ligands in 
analogous complexes t. 

X-ray studies of these complexes have shown that in every case the substi- 
tuents on both the olehns and acetylenes are bent back from the metal atom. 
Blizzard and Santry212 using CNDO calculations have shown that addition of 
electron density to the rr* orbital of the coordinating acetylene could lead to either 
a &s-bent or a trans-bent structure, with the cis-structure being slightly lower in 
energy. The experimentally found presence of c&bent acetylenes in these com- 
plexes then seems to be strong evidence for n-bonding. This bending is then 
primarily an electronic effect with little, if any, contribution from steric interactions. 

(ii) Group theoretical resutts 

The molecular orbital calculations indicated that the metal in (QR,),M(un) 
type complexes is best regarded as being xerovalent’gg*200 and that the strength 
of the metal olefin or acetylene interaction was governed by the amount of rc-bond- 
ing. Since these same calculations indicated that the platinum 6s orbital does not 
participate in bonding, group theory was employed to develop a new bonding 
model consistent with the more general molecular orbital results. The metal atom 
was then considered to be zerovalent and three coordinate’with dp2 hybridization 
(JYig. 15). 

This scheme gives rise to a dp2 hybrid orbital (dxy i- px + pJ overlapping with 
the acetylene rrW orbital and a d2 hybrid orbital (d,+dJ overlapping with the 
acetylene 7r, ,, _ These two bonds are synergically opposed by &z-~z overlap with 
the rrzY antibonding orbital and a d2 hybrid orbital (L-q overlapping with the 
q antibonding orbital on the acetylene. 

For the divalent complexes the description of the bonding is essentially that 
of the Dewar-Chatt-Duncanson model. The only difference is a change in the 
hybridization of the metal from dsp’ to d”p” since the molecular orbital calcula- 
tions indicate that the platinum 6s orbital does not participate in bonding. Fig. 16 
shows the orbit& involved in bonding. 

Use of the G, 4~~2, pr and pu orbitals to construct the d2p2 hybrids 
necessitates the staggered “pseudotetrahedral” form to allow any n “back bond- 
ing”. This hybridization scheme predicts that the divalent complexes of acetylenes 
and olefins would have similar stabilities because only one n-bond can be formed. 
Very few acetylene complexes of divalent metals have been isolated2’3-2’8. Stable 
complexes are formed only when the acetylenes possess bulky substituents or 

t c-bonding can restrict rotation indirectly by shortening the metal- un bond and increasing 
steric interaction: this has been demonstrated by calculations on divalent complexeszz7. Ho- 
wever, it does not seem to occur with the zerovalent complexes. 
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Fig. 15. Orbitals participating in bonding for zerovalent platinum acetyiene complexes. 

Fig. 16. Orbitak participating in bonding for divalent platinum olef?n complexes_ 

functional groups which can interact with the metal atom or other ligands. With 
“ordinary” acetylenes polymerization products are isolated instead of complexes. 
This argues strongly that both the inplane, xy and out of plane x-bonding are 
necessary to stabiie these complexes. 

Acetylenes should be both better o-donors and 7c-acceptors than olefins since 
their 7r-orbitals are at lower energy. When both n-orbitals can be involved in 
bonding (as in zerovalent complexes), the acetylene complexes have stronger 
metal-ligand interactions than the olefin complexes. When only one n-orbital and 
its antibonding counterpart can be involved, the synergic bonding destabilizes the 
other x-orbital raising it to an essentially non-bonding energy causing the complex 
to behave as a Lewis base. Consequently, unless polymerization is chemically or 
sterically opposed it will occur rather than the formation of stable acetylene 
complexes. 

The bonding schemes for olefin, molecular oxygen, molecular nitrogen and 
acetylene complexes have been discussed35~36*‘38*‘57.207.209.217 by several 
authors and it now seems apparent that all of these molecules coordinate to transi- 
tion metals in a similar manner. They should therefore be considered as neutral 
monodentate ligands occupying one coordination site. However, oxygen and ni- 
trogen can coordinate in an end on fashion or by bridging two metal atoms21g--22L. 

When acetylene coordinates as the anionic acetylideit is isoelectronic w&h car- 

bon monoxide and the bonding in these complexes has been amply described’ 68. 
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F. CATALYSIS 

Since Hartley ” has discussed the olefin reactions in an recent excellent 
review article, this paper will discuss only catalytic oligomerization and pofymer- 
ization of acetylenes by complexes of the nickel triad which bear a direct Felation- 
ship to the complexes discussed in this review. 

The catalyst (PPh,),Ni(CO), has been extensively investigated’2S74S75 since 
it catalyses the polymerization of a variety of acetylenes to both benzene deriv- 
atives and linear oligomers. However, it does not polymerize several disubstituted 

acetylenes, conjugated diacetylenes or monoacetylenes containing t-butyl, car- 
boxyl, amide or nitrile groups 74s75) _ The mechanisms proposed for these reactions 
are illustrated in Figs. 17 and 18. 

PhP, ,H 
- Ni 

Ph,P/ ‘Q 
CR 

Fig. 17. Proposed reaction mechanism for the oligomerization of monosubstituted acetylenes by 
Ni(CO),(PPh&. 

Rc-xl? . PhsP\ _c”~ RCER phsp\ . R.__ P 

Phg’ 
- (Ph,P&Ni + 

R/ P. 0 I R’R R 

Fig. It?. Proposed reaction mechanism for the oligomerization of disubstituted acetyrenes by 
Ni(COMPPh&. 
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The mechanism proposed for the monosubstituted acetylenes explains the 
production of polymeric material and (PPh3),Pt(acetylene) and (PPh&Pt(ace- 
tylene-H)JH), type complexes obtained from the reaction of (PPh&Pt with 
monosubstituted hydroxyacetylenes3 ’ as well as the multistage equilibria of Fig. 5. 
The mechanism (Fig. 17) is thus very plausible. It seems unlikely, however, that 
the disubstituted acetylenes and monosubstituted acetylenes are polymerized by 
different reaction pathways’2. Attempts to demonstrate the existence of cyclo- 
butadiene intermediates in these reactions have not yet been successful. 

The complexes cis- and trans-(PPh,),PtCl,, trans-(PPh,),PtHCl, (PPh,),Pt, 
(PPh,),Pt(H-C= C-Ph) and cis- and rrans-(PPh3)2Pt(C= C-Ph), have been in- 
vestigated as catalysts for the polymerization of phenylacetylene226. The active 
species in the catalytic process were found to be (PPh,),Pt(C=C-Ph)Cl and cis- 

and trans-(PPh,),Pt(C=C-Ph), which formed only linear polymers. The me- 
chanism these authors proposed is shown in Fig. 19. 

Fig. 19. Proposed reaction mechanism for the linear polymerization of acetylenes by platinum 
acetylide complexes. 

Even though several of these complexes have catalytic properties and some 
are very plausible intermediates, the mechanisms of these reactions are not very 
well understood. Proof of the mechanistic pathway is very important as the 
chemistry of zerovalent complexes should be very similar to that of solvated 
metal atoms3. An understanding of the mechanism should help in the clarification 
of the relationship between the homogeneous and heterogeneous catalytic action 
of these metals. 
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