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ABBREVIATIONS

PR any phosphine yne an acetylene

un unsaturated molecule (olefin or acac acetylacetonate
acetylene) IR infrared spectroscopy

Q P, Asor Sb NMR nuclear magnetic resonance spectroscopy

M metal ’ anal. elemental analyses

Ph phenyl M.W. molecular weight

Et ethyl d.p. decomposition point

Me methyvl Py pyridine

X halogen anion Pyno pyridine N-oxide

Bu n-butyl TFE tetrafluoroethylene

TCNE tetracyanoethylene cond. coanductance

A. SCOPE

The organometallic aspects of the coordination of unsaturated molecules to

ansition metals has received a tremendous amount of attention in recent years.

This can be attributed to the use of some of these complexes in homogeneous
catalysns, 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 atiempting to describe the bonding in these
complexes.

Since the literature has +zen 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 topic2®. The aspects of the coordination of unsaturated molecules
which have recently been r~. " - wed are: Reactions of coordinated ligands!, zerova-
lent complexes®:3, metal rbonyls*~®, oxidative addition reactions?-%, cataly-
sis?13, and n-complexes!#~26. Much information useful to researchers in this
area is the subject of several recent books?>”—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) Platinum

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

* See also U. BerLruco, B. Crociani, R. PieTrorAOLO and P. UGUAGLIATY, Inorg. Chim. Acta
Rev., 3 (1969), 19 and H. W. QuInNN and J. H. Tsal, Advan. Inorg. Chem. Radio Chem., 12
(1969), 217.
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has been fully reviewed?:3-2!, Nearly all of the zerovalent platinum complexes
contain phosphines 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 method3* involves reduction of
cis-Cl,Pt(PR ;), usually with hydrazine in the presence of the unsaturated ligand.
Two mechanisms have been proposed®>-3€ for this reaction. The first mechanism>*
suggests that the reactive intermediate is bis-(triphenylphosphine)platinum(0) pro-
duced by the hydrazine reduction of a platinum hydride, reaction (1), which in
turn is the product of the hydrazine reduction of cis-Cl,Pt(PPh,),.

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

It has been shown®? that the hydrazine reduction of cis-Cl,Pt(Ph,P), eventually
leads to (Ph;P),PtHCI and that (PL;P),Pt reacts with both olefins and acetylenes
to form coinplexes®8. However, (Ph,P),Pt has only been prepared from a platinum
hydride employing oxidizing conditions®® 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®®. The usual products are vinyl com-
plexes* 044,

The second mechanism is illustrated in Fig. 1. The reaction of 1-bromo-2-
propyne with cis-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 crystallography>7)
is the reactive intermediate in these reactions®>.

The hydrazine reduction of platinum phosphine complexes is applicable to
a wide variety of olefins and acetylenes but it has been noted to fail®*¢ for both
(Bu;P),PtCl, and (Ph,MeP),PtCl, with some acetylenes.

A novel series of presumably zerovalent acetylene complexes of the type

NH
it
N PP
PR /c: PhaP\ / N hy
2 Pt N2 He Pt Pt clz-Nz.H £
VAN EtOH NN RC=CH
Ph P Cl PhsP rls{ PPh,
NH
Ph,P. HC\\ Ph,P\ c’R
\ / CR —N,.HCI PR
2 /Pt C —2T= 2 /Pt\ :
Ph,P \N=NH Ph,P ”‘-'c:\H

Fig. 1. Proposed mechanism for the reaction of acetylenes with cis-PtCl,(PPh;)..

Coord. Chem. Rev., 6 (1971) 27-63
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Pt(yne), has been prepared*? directly by adding disubstituted-dihydroxyacetylenes
to a solution of PtCl,%~.

b. Preparation from zerovalent species—Complexes of the type (R;Q);Pt
and (R3Q),Pt 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?--°. The most extensively studied compound (Ph;P),Pt 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).

K

(Ph,P),Pt == (Ph,P) Pt + Ph,P ' @
K

(Ph,P);Pt == (Ph;P),Pt+Ph,P A3)

with*® K, large and K, = (1.6 + 1) x 1074,

X-ray crystallographic studies have shown that (Ph;P);Pt has a trigonal
planar structure*’. Hydroxyacetylenes react with (Ph,P),Pt to yield two types of
complexes®>, (Ph;P),Pt(un) and (Ph;P),Pt(H),(un—H), and the mechanism pro-
posed for this reaction is shown in Fig. 2.

®nP), Pt=——220 > (pnp)Pt 4+ Pn,p
Ph,R PR 7
N NN
Pt+—pPpPh; + R-G=C-H — Pt C‘R
Ph,P Ph,pP PPh,
chl/
H -
PhaF’\* . C=C-R / Ph,P\ A
Pt + Phyp P l + Php
SN AT
R-C=C. : PpPh, Ph,P C_
“H R

Fig. 2. Proposed mechanism for the reaction of acetylenes with (Ph;P)4Pt.

In the presence®® 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 (Ph;P);Ni(TFE)*8:49, Pt(Ph;P);CO%%5! and
(Ph;P),Pt3 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>? 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
Platinum hydrides react with olefins and acetylenes!6-39—44:53 o yield
olefin®®, acetylene'S, or vinyl complexes*®—** as illustrated in reactions(4), (5),

and (6).

(Et5P),PtHCI+ TCNE — (Et,P),Pt(TCNE)+ HCI ) “)
P M P _CHCHs )
Pt +CH, — Pt (5)
Br” TPEt, Br PEt,
£ F
PEL ¢=c
CI>Pt< SR , - - M Etaf See T e 6)
EtP H cycionexane ., PEL,

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

R
L X / L R\ IR
L/ Co x\i 5|:
Pt + R/ R t
W1 c W't T
o4 LR
R o
=T
L
x l.',?(cn)z tl_
'Pt\.;l X\Pt’CINH
A 1 Cen), H-doeH
L L H
} 1
L
L LCN, i }
Pt i . X—Pt-CH,CH,
" “den, H

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

The intermediate trans-(H)CNPt(PEt;),(TCNE)'® has been isolated and
characterized. However, the complex first thought** to be [Pt(H)CI(PEt3),(C,F,)]
has since been shown by X-ray and chemical analyses to be trans-[PtCI(CO)
(PEt;),]*SiF s~ formed by reaction with the glass vessel®4.

Dicyanoacetylene reacts'® > 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 «-chloroacetylenes have been found to react®® with
Pt(Ph;P), by oxidative addition to yield o-bonded allene complexes as illustrated

in reaction (7).

Coord. Chem. Rev., 6 (1971) 27-63
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- R
+ H—CEC—?—X
/__L\ ci__PPny
Pt(PhsP), P R 73
~ PhzP CH=C=C_
H\ /R1 R2
+ C=C=

ct R»
Ry=Rp,=H, X=Br
Ry=H, R,=CHj, X=Cl

e _.__1_.1_‘_.11 PR, 7 53

ll.le ICdbllUD lb naouoicdl oomp €X as r[(rn3r)4 reacis Wl[ﬂ d.llCl’lC to UI.'L[l

the zerovalent complex Pt(Ph,;P),(CH,=C=CH,) and the allene is displaced in
the presence of excess triphenylphosphine. Thus, a z-bonded complex is probably
first formed which undergoes internal rearrangement to form the o-bonded com-
plex.

The isolation®? 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 olefin and
acetylene complexes of platinum(Il). 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 trans-(base) PtCl,(olefin).

- \C/
Civ/
s C ‘C\ / \ I
Cl—Pt~——|| ¢ Pt\ P S
e C i S NG
Cl 7\ C
\

ol 04
base —+Pt+—1]|
/

Ci ’

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), reacts with olefins, reaction (8), by bridge
breaking to form cis-monomer complexes®® rather than the more usual trans-
complexes.

RaP X X

N, T, olefin(1atm) .
X’Pt‘X/Pt\FFlg —W_— cis -(olefin) Pt(R3P) 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 palladium 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 (R;Q),Pd
have been reported®®:%! %3, Several reducing agents fail>®°* 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(R ;Q),Cl,. Palladium complexes®?
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-(¢-butylisocyanide)palladium(0) to
yield PA(TCNE) (¢-BuNC),°>. Although the phosphite complexes Pd[(RO);P],
have been prepared®®, studies of the reactions of these complexes have not yet
appeared.

2. Divalent palladium complexes

Palladium complexes analogous to Zeise’s dimer have been prepared®? from
dichlorobis(benzonitrile)palladium(II). Although the paliadium 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(II) complexes are very close to zero®%~73 but they have been postulated to
exist temporarily in solution as intermediates in many catalytic reactions involving
palladium chloride®—12.

(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
stable example being the Ni(Ph;P),(CO), species’*~7°. The fairly stable ethylene
complex (Ph;P),Ni(C,H,), however, is a good starting material for the prepara-
tion of olefin and acetylene complexes®*$-77:78_ The ethylene complex is prepared
by reaction (9).

ether

Ni(acac), + Ph;P+AlEt; +C,H, ﬁ Ni(Ph;P),(C,H,) ©

and the ethylene exchanges readily, reaction (10)
CeH,
Ni(Ph;P),(C,H,)+un ——> Ni(Ph;P),(un) +C,H, (10)
The ethylene complex must be thoroughly washed free of the aluminum alky!

Coord. 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 catalyst®®. Tetrafluoroethylene reacts with the nickel
ethylene complex*® vig 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(z-BuNC),(0,) to yield both
Ni(-BuNC),(TCNE) and Ni(z-BuNC);(TCNE) with the latter being formed only
in the presence of excess isocyanide®’.

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

D >0

Similar attempts to prepare platinum benzyne complexes resulted in com-
plexes of the benzyne precursors®°-81,

Vinyl complexes which can be formed directly by reacting M(QR ), with
a-chloroalkenes are also prepared by reactions involving Grignard or lithium
compounds??%. Thus, treatment of (Et;P),NiCl, with perfluorovinyl magnesium
bromide affords trans-(Et;P),Ni(CF=CF,)Br and trans-(Et;P),Ni(CF=CF,),.
Similarly, from cis-(Et3P),PtCl, a mixture of the compounds cis- and trans-
(Et3P),Pt(CF =CF,)Br is obtained. Perfluorovinyl-lithium reacts with cis-(Et;P),-
PtCl, to give cis-(Et;P),Pt(CF =CF,), and with trans-(Et;P),PdCl, to give trans-
(Et3P),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 crystallography®5:3°.

i
A
(CgHglpNI + R—C=C—R ——» Niz-f - an
&

The complexes (R;Q),Ni®7 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 thecretical comparisons among
the members of this triad. An interesting reaction®? along these lines is reaction (12)

i
P

e 2
"

O=

Ni(Ph;P),+1/2 X, — Ni(Ph;P);X (12)

giving one of the very few examples of monovalent nickel complexes,
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(iv) Complex acetylides

A large number of acetylide complexes have been prepared from terminal
acetylenes, metal acetylides or alkynyl halides?7:35-93-99:20¢4  ,iq the following
synthetic routes, reactions (13-16).

(QR3),MX; +2 R'-C=CMgBr — cis- and trans-[(QR 3),M(C=CR');]
+ cis- and trans-[(QR;3),M(C=CR")X] (13)

(QR3);MX, +2 R-C=C-Li —23 cis- and trans-[(QR 3),M(C =CR’),]
<+ cis- and trans-[(QR ;),M(C=CR")X] (14

(QR;):M +2 H-C=C-R’ - (QR;),M(H),(C=C-R’), (15)
(QR)M+2X-C=C-X - (QR;),M(C=C-X),
+ (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 aryls®? due to the greater possi-
bility of m-bonding in the alkynyl complexes. For amalogous complexes the
stability?” increases in the series Ni < Pd < Pt and for (R;Q),M(C=CR’), it
increases in the series R’ =H < CH 3 <Ph. These complexes are all square planar,
diamagnetic and the frans-complexes have very small dipole moments. The crystal
structure!?? of (PEt,),Ni(C =C-Ph), shows the expected trans-planar geometry
with bond Iengths Ni-C = 1.88A and Ni-P = 2.22A and the bond angles about
the central nickel are very nearly 90°. In all of these complexes the C =C stretching
frequency vc-c appears in the region 2000-2100 cm ™1, a value slightly lower than
that generally found for disubstituted acetylenes!?!.

(v) Complexes of olefins containing other donor sites

Several complexes of the nickel triad having the general formula MX,L
have been formed!92-198 with ligands (L) such as:

CHp=CH=CH, @CH{CH:C”z R=S—(CHz)o CH=CHy
©:AS(CH3)2 P(Ph), n=2.3, R=n—-buty!
7

HaC~CH=CH—CHaPR, NP CHa~CH=CH,
In these complexes both the olefin and the Lewis base act as donors to give chelat-
ing ligands. The olefinic stretching frequency vq.. 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!93:195:1°7 The complexes are
diamagnetic and nonconducting in nitrobenzene and can best be formulated as

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



36 J. H. NELSON, H. B. JONASSEN

monomeric square planar complexes. Both zerovalent and divalent platinum and
palladium complexes have been prepared'®°-''° from the ligands Ph,P-C=C-
PPh, and Ph,P-C =C-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 (R3;Q),M(un) dissociate in solution®7-46-77-111.112
according to the general reaction (17).

(R;Q),M(un)+solvent — (R ;Q),M(solvent) +un an

In at least two cases36-113 the solvent adds by oxidative addition to form the
complexes (Ph;P),PtCI(CCl;) and (Ph;P),PtCI(CHCI,). 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.

-p
-P

PLP=

PtP,

N

[ [Presi-re]

/

PLP,L

» -P

PtR(L-H)a(H)}

Fig. 5. Equilibria for platinum phosphine, olefin and acetylene complexes. P, tertiary phosphine;
L., an olefin or acetylene; I—H, is a vinyl or acetylide group formed by loss of a hydrogen from
the olefin or acetylene 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 olefin complexes formed from bromo- or chloro-

substituted olefins undergo rearrangement reactions by oxidative additation of the
coordinated olefin when heated 6! 113-116 5 form vinyl complexes reaction (18).

R
e
P
RO a RsQ X ;
™M, —— ,M\ (18)
rRyQ” ¢ R3Q c
N N
<] 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

PLATINUM CHLORO VINYL COMPLEXES

Compound D.p. Ref. Physical methods
trans-(Ph;P),Pt(CF=CF,)Cl 269-270°

trans-(Ph;P),Pt(CF=CF,)Br 276° } 115, 116 NMR, anal., IR, M.W.
trans-(Ph;MeP),Pt(CF=CF,;)Cl 167°

trans-(Ph;P)Pt{(CCl=CCl;)Cl 289° 114 IR, anal., M.W,
cis~(Ph;P),Pt(CH=CCI,)Cl 260° 114 IR, anal., M.W.
(Et3P),Pt{C(CF.H)=CF,]Cl 59°

(Et3P),Pt[CF;-CF=CF]Cl —_ ]
(Et3P),Pt(perfluorocyclobut-1-ene)Cl 67-68°

(Et3P),Pt(CF=CF,)Cl 61° 40, 44,132 | IR, anal, NMR, cond.
cis- and trans-(Et;P),Pt(CF=CFH)CI 69-71° X
(Et,P),Pt(CF-C=C(CF3)H)Cl 90-91° ]

(Ph;P),Pt(C,HBr,)Br 220° 114

It is interesting to note that the complex??® (Ph3P),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 cleavage!!3. 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 Syl (lim) solvolysis of the coordinated tetrachloroethylene involving
the ionic intermediate [Pt(CCl=CCl,) (PPh;),]".

With certain haloolefins halogenation of the metal leads to (R;Q),PtX,;
complexes (Table 2) with no w-olefin complexes being isolated. Reaction of
(Ph;P),Pt with TCNE yields!!® (Ph,P),Pt(CN), and even though (Ph,P),Pt
(TCNE) has been prepared, attempts to isomerize it have been unsuccessful'!3,
The compounds that react with (Ph;P),Pt to yield (Ph;P),PtX, type complexes
are listed in Table 2.

Coord. Chem. Rev., 6 (1971) 27-63
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TABLE 2

COMPOUNDS WHICH REACT WITH (Ph3P),Pt TO GIVE (Ph1P),PtX,
Compound Ref.

Tetracyanoethylene 119

trans-Dichloroethylene 113

cis-Dichloroethylene 113

Hexachloroethane 113

Chloroform 113

Bromotrichloromethane 113

Vinyl complexes are produced exclusively (Table 3) from the reaction of te-
trakis (triphenylphosphine)palladium(0) with chloroolefins®'.

TABLE 3
Ph;P. vinyl
N
COMPLEXES OF THE TYFE Pd
Cl/ \PPhs
Vinyl D.p. Ref. Analytical methods
C.Cla 259-262° 61
C,HCI, >300° 61
trans-C,H,Cl 272-277° 61
cis-C,H,Cl 279-283° 61 IR, NMR, anal.,, M.W.
H~_ _~CHj,
Cc=C 121-143° 120

H~  TSCH,

Hexachloropropene reacts'!'* with Pt(trans-stilbene) (Ph;P), to give Pt(Ph,P),Cl,
while 1,1,2-trichloro-3,3,3-trifluoropropene gives the platinum(IV) compound
Pt(Ph;P),CL,F, and tribromoethylene gives PtBr(C,HBr,) (PPh,),. Both the cis-
and trans-isomers of (Ph,P),PtCI{(C,HCl;) have been isolated from the reaction
of Pi(Ph;P), 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 cis- and trans- bis(triphenylphosphine) metal complexes!!4*, 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
ca. 1586 and 1572 cm ™. The 1586 cm ™! band is more intense than the 1572 cm ™!
band in cis-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, J. Amer. Chem. Soc., 92 (1970)
402; J. AsHLEY-SMITH, M. GREEN AND F. G. A. STONE, J. Chem. Soc., (4), (1969) 3019; A. J.
MUKHEDKAR, M. GREeN AND F. G. A. STONE, J. Chem. Soc. (A), (1969) 3023; R. G. MILLER,
R. D. STAUFFER, D. R. FAHEY AND D. R. PARNELL, J. Amer. Chem. Soc., 92 (1970) 1511.
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The reactions that Pd(Ph;P), and Pt(Ph,P), undergo with various olefins
are summarized in Fig. 6.

'?/R
R X Ph,P\
(PhyP)PL + c~c;
R Ph,P’
(PhyP);PtX, Php X PhR
Pt —————
R X=¢’ “PPh, Phy P" ‘x
R

Fig. 6. Reactions observed for various halo-olefins with (Ph;P);Pt and (Ph;P).Pd.

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

hoan <1 nacfnﬂl ta axyniain th m
been sugges to explain the NMR ecquivalence of the methylene protons of

trans-Cl(Ph,P),Pd(CH, =C(CH)CH,),

8,
PhsP__CH~C,
d

SCHz  — ~CH; 119)

Pd
-~ -~ N
Ci PPhy Ct PPhy

and = — ¢ conversion, reaction (20), has been suggested*2! as an explanation for
the coupling in the NMR spectrum of #rans-Cl,Pt(C,H,) (Py) at —50 °C.

Cl
7 —
——-Pt‘—-N \ + CgDgN === CgDgN—CH,—CH Pt~—- N (20)
en 5Usg 55 2 2~ /.
2 &t —

Similar s-bonded complexes have been postulated!2? as intermediates in the reac-
tions of amines with platinum(IT) olefin complexes of the type cis-(olefin)Pt-
(PR;)CL,.

(iii) Ligand exchange

The complexes (R3Q),M(un) undergo exchange reactions with other un-
saturated moleculesl 7.25,36,77,78,113,114,117,118,123,125

(R;Q),M(un)+4un’ = (R3;Q),M(un’)+un 2n

The complexes (R;Q),M are thought to be the reactive intermediates in these
reactions*6:124:223_ Reaction (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
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these have been studied*%-124. It was found that acetylenes with deactivating sub-
stituents formed more stable complexes than those bearing activating substituents
and that the stability increases'?® in the order C,H, <alk-C =C-H<C,(alk),
~PhC =C-H<C,Ph, <C,(NO,p-C;H,),.

The kinetics of diethylamine exchange reaction’2 for complexes of the type
trans-LPtCl,['*C]NHEt, have been studied and the decreasing trans-effect for the
ligand “L” was found to be C,H,~i-PrCH=CHCH;~(CH,),C(OH)C=C
C(OH) (CH;), > FEt;Sb>Ph;Sb>(CH;);P>Et;P>i-Pr;P>Ph;P>Et;As>
Ph;As > 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!27-128,
This exchange, already extensively reviewed!®-!%-1° has been used almost ex-
clusively for the preparation of olefin and acetylene complexes of platinum(II) and
derivatives of the palladium analogue to Zeise’s dimer.

The stability of the metal ethylene bond has been measured?” for complexes
of the type K[PtX 3(C,H,)] and falisin the order X=Cl>Br>1>NO,>SCN>CN
and L =quinoline> pyridine>ammonia>thiourea>ethylene for trans-(C,H,)
PtCl,L complexes. Stability constant data!2°-13! for reaction (22)

Olefin+ [PtX,J?~ = [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
detail?®. These stability data indicate that the m-acceptor capacity of the olefin is
more important than its ¢-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 (o-donor and n-acceptor ability) and the various metals (o-acceptor and
n-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 OF ZEROVALENT AND MONOVALENT COMPLEXES
Compound M-C distance (A)* C-C distance (A)®  Dihedral Ref.
angle®
Pt(PPh3).(Ph.C,) 2.06 1.32 14° 133
Pt(PPh,),(TCNE) 2.11 1.52 10° 134
Ni(PPh;),(C.Hy,) 1.94 1.41 — 135
2.02 — 14° 136
ITH(CO) (FUMN) (Ph;P),¢ 2.10 1.43 — 127
IrBr(CO) (TCNE) (Ph;P), 2.15 1.51 — 138
Pt(PPh),[(CN).C.] 2.1? 1.40 8° 139
Pt(PPh;),0: 2.017 1.45° — 140
Ir(O.) (diphos). * 1.987 1.66° — 138
IrI(O2) (PPh3).(CO) 2.067 1.51¢ — 141
YoM N\ ODL _9N) ~ n1r 1 Ane 14"
PIAOHAV LIRSS RINTLINY ) eI L1.JU —_ | 14s
Ni(+—BuNC),(TCNE) 1.954 1.476 23.9 228
% 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 d uble or triple bond of the
olefin or acetylene. < The dihedral angle is as defined in Fig. 6. ¢ FUMN, fumaronitrile. ¢ 0-O
distance. < M-0Q distance.

extraordinarily close to the metal-carbon bond lengths. The size of the atomic
radii'43 (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 tc be the

same for a given metal in analogous complexes, reflecting the synergistic nature of
D LliAWw LUL O 6 Wil 1RAWLLAL 11k ChIACAN 5 o vlelFAvnvu, AWIAVWWLilAR b J 6‘

the bonding. The extent of n-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 n-bonding orbitals and acceptance of electron density
into the n* orbitals both of which would serve to lengthen the C-Cand 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.

SRS Sy . CHy
{ \\ T: \\\ "T'
baseN—Pt«——" Pt<—
N\ ‘!\\ N/ &
o C | cmtmtsnmane, H_QH}

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 0 (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-ligand bond section).

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

TABLE 5
X-RAY CRYSTALLOGRAPHIC DATA ON DIVALENT COMPLEXES
Compound M-C Cc-C Dihedral Ref.
distance distance angle®
(4)e (4)®
[PACL(C.HL)]> 228 — 90° 144
trans-[PtCl, (-Bu) C=C(z-Bu)) (p-toluidine)] — 1.27 90° 145
iri anS‘[(C2H4)PtCl2(CH 3) zNH] 2.09 1.47 90° 146
[Pt(Codome)PyCl]¢ 2.16 — — 147
[RhI(Ph,P).(C:H ) 2.17,2.04 1.35 76° 148
(—)cis-Cly(trans-2-butene)

[(S)-a-phenethylamine]Pt 2.16 1.36 17° 149
[PtCI(OCH ;) (dicyclopentadiene)] 2.11 1.37 — 150
[Rh(Ph;P),(C.F4)Cl] 2.00 141 — 151
K[PtCl3(C,H,)] - H,O — 1.354 — 229

— 144 - 230

< The M-C distance is the metal-carbon bond distance for the coordinated olefin or acetylene.
& The C-C distance is the carbon—carbon bond distance for the double or triple bond of the
coordinated olefin or acetylene. ©The dihedral angle is defined in Fig. 6. ¢ Codome = me-
thoxy-cycloocta-1,5-diene.

The metal-carbon bond distances for the divalent complexes are dependent upon
the frans-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 review?®.
The interpretation in terms of n-bonding is supported by recent molecular orbital
calculations'®2. The carbon-carbon bond distances of the complexed ligand are
Ionger than those of the free ligands but less so than for the zerovalent compounds.
This seems to indicate greater m-back donation from the zerovalent metal with
a consequent greater population of the ligand’s z* orbitals. This would be expected
from comparisons of the first and the third ionization potentials of the metal**3,
In all cases the dihedral angle (@) is 90° or very nearly so (see The metal-ligand
bond section).

(ii) Infrared results

Since the stretching frequencies ve-c and veo 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® >#~15¢ and for acetylacetonato
olefin complexes'®” and the IR and Raman spectra assigned. The change in the
C=C stretching frequency Avc- ¢ was found to range from 97 to 166 cm ™! and
in Zeise’s dimer the C=C stretching frequency is coupled to the CH, bending
mode!3%, Thus, the magnitude of the shift in vc_ ¢ cannot strictly be used as a
measure of the metal-olefin bond strength, although the metal olefin stretching
force constant can'>4. IR data on the complexes (un)X,PtPy and (un)X,PtPyno
have been summarized by Orchin and Schmidt'®:*°,

TABLE 6

REPRESENTATIVE IR DATA FOR ACETYLENE COMPLEXES

Compound ve=clfcm™!) dve_clem™?) Ref.
K[PtCl3(yne)]

yne =

HOCMe,~-C=C-CMe,OH 2010 —38 164
HOCMe,~C=C-CMe,OMe 2004 —44 164
MeOCMe,C=C-CMe,OMe 1994 —_— 164
HOCMeEt-C=C-CMecEtOH 2010 —_ 164
HOCMe,~-C=C-CMePhOH 2004 —_ 164
-Bu-C=C-CMe,OH 2008 —65 164
t-Bu-C=C-CMePhOH 2009 —50 164
(Ph3P),Pt(yne)

yne =

H-C=C-CM¢e,0H 1681 —433 35

H—CEC—7<:> 1686 431 35
OH
OH
n-czc—_ 1668 —452 35
OH

H-C=C-CMeEtOH 1670 —455 35
H-C=C-CPh,OH 1678 —440 35
CF3—~C=C-CF3 1775 —425 36, 125
Ph—-C=C-H 1675 —445 36, 125
Ph-C=C-Ph 1768, 1740 — 36
Ph-C=C-CH; 1756 — 36
MeOOC-C=C-COOMe 1782, 1765(sh) — 36
NC-C=C-CN 1683 —535 17
(Ph3As),Pt(CF;-C=C-CF3) 1775 —425 36, 125
(Ph;P).Ni(Ph-C=CPh) 1800 — 36
(Ph3P),Ni(Ph—-C=C-Me) 1795 — 36
(Ph;P),Ni(CF3;-C=C-CFj3) 1790 —410 36
(Ph;P),Pd(MeQOC-C=C-COOMe) 1845, 1830 —_— 36
(Ph3P);Pd(CF3;-C=C-CF3;) 1838, 1811 —462 36
(PhMe,P),Pd(CF3-C=C-CF3) 1837, 1800 —463 36
(n-BusP);Pd(CF3;~C=C-CF3) 1837, 1795 —463 36
(PhMe,P),Pt(CF;-C=C-CF5;) 1767 —533 36
(n-BusP),Pt(CF3;—~C=C-CF3) 1758 —542 36

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

TYPICAL NMR DATA FOR CDCl; SOLUTION OF COMPLEXES OF THE TYPE (Ph3P),M(un)
7 values relative to TMS internal standard.

J. H. NELSON, H. B. JONASSEN

I
Ph

M un Ten TcH, TcH, Tc=c-H ToHn Ref:
Pt  PhC=CCH, 2.7 788 — @ — — 36,166
Ni  PhC=CCH, 2.7 7866 — @ — — 36,166
‘Pt CH,00CC=CCOOCH; 2.9 615 — - — 36,166
Pd CH,00CC=CCOOCH; 2.9 680 — @ — — 36,166
oH
|
Pt  H-C=C-C-CH, 270 868 — 3.76¢ 834 35,112
I
CH3
P u-c=cA{ ) 268  — 850  374° 875 35, 112
OH -
P n-czc—,{ ] 270 — 832 3727 875 35 112
OH
Pt w-c=c— ) 2.70 §49 3780 898 35, 112
oH
I
Pt H-C=C-CH, 270 875
1 917 846 378" 920 35,112
C;:_Hs
oH
|
Pt H-C=C-C-Ph 280  — —  3ss 880 35, 112
I .
Ph
Pt curczc{ ) 275 809" 860 — 9.00 35112
OoR
OH
|
Pt CH;C=C-C-CHj 2714 812 —  — 891 35,112
| 9.23m
CH,
OH
I
Pt CHs;C=C-C-Ph 283 8&TIm  —  — 816 35, 112

* Tptrans-st = 6.2H;, Jpisn = 1.2H;, Jpry = 41.5H,. bJP—trms-H = 4.5H, Jp-cis-n = 1H,.
CJPI—CHJ = 2H,. ‘JP—crau—H = 22H,, Jp_cts-n = 10H:, Jpe—u = 59.5H,. *Jo cransuu = 22.8H,,
Jo—cis-1 = 10H, Jpe.y = 63H,. !JP—rrmu—H = 22H;, Jo_cts-u = +10H,, Jo—g = 60H . ? Jp_rrnsn
= 22H;, Jecis-n = 10H;, Jprnn = 62Hz. *Jotrany s = 23.3H,, Jpcisu = 10.3H;, Jpu =
- 63.5H,. "-’m—cuz =~ 1H,. t-rB--t‘m:l.l--I‘{ = 22.3H,, Jp—cts-n = 10H,, Jp-u = 58H,. mj?—-trna—ctla =
6-8H., Je—cis—cu, = 0.5-1.5H,;, Jp,—u = 36-40.5H,.
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Since the complexes M(R;Q), (olefin) do not show any band in the infrared
attributable to v~ ¢ 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-
kane®%-115:116_Similarly the vc= ¢ stretching frequency for the complexes M(R1Q),
(acetylene) is found in the region of v ¢ and the complexed acetylene is spectro-
scopically equivalent to an olefin®*-3¢. For the divalent complexes of platinum and
palladium® 331! Av._. and Avc. c are in the range —50 to —250 cm™" while
for the zerovalent complexes35:36:125:162 4y ._  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 n* orbitals
in these complexes. The far infrared spectra of several zerovalent phosphite com-
plexes of the nickel triad have also been recorded and assigned’ 3. Some represent-
ative infrared data are summarized in Table 6.

TABLE 8

NMR bpATA FORrR Pt(acac)Cl (OLEFIN) cOMPLEXES IN CDCl;
7 values relative to TMS internal standard.

Olefin Olefin acuc R
=CH —CH, =CH —CH; o
Ethylene 5.48° — 4.40 7.85 184
5.53 8.03
Propylene gem —Ww
4.55
cis 5.44 8.4 7.91 184
5.57 4.47
trans 5.53 8.35 8.10
5.76
cis-But-2-ene —w 8.27w 4.52 7.95 184
4.68 8.49 8.10
trans-But-2-ene 5.11 8.23 4.47 7.94 184
4.86 8.42 8.10
Tetramethylethylene — 8.15 4,50 7.96 184
8.44 8.08

a 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 !?°Pt(I = 1/2, 349, 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 T of the various nuclei are such that many of the spectra can be interpreted
by simple first order analyses.

Coord. Chem. Rev., 6 (1971) 27-63
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TABLE 9
COMPLEXES OF THE TYPE (Et;P).PtCl (rLUOROVINYL)*
EtzP X3 Xy
Y N,/
Pt——C=C
Cl pEt, X2
A B C (cis) D (trans) E (cis) F (trans) G
X F F F CF3 F H CF5
X5 F F CF; F H F H
X3 F CFL,H F F F F CF;
*HNMR O6CF; —1.21 —0.58 —1.7 —1.7 —1.23 —1.23 —1.8
5CFz —1.95 —1.31 -2.5 —2.5 —1.97 —1.97 —2.4
Oy —_ — —_ — — —7.58 —6.50
62 -_— - - -_— —5.54 _— _—
O3 — —4.58 — —_— — — —_—
for CFzH
Ji2 — —_— —_ — 82.3 84 9.62
Jia3 — —_— — —_— —_ 7.8 —_
Jia - - - - - 4.2 -
J23 — —_ — — 24 — —
Jre  — — — — 4 — —
Jucn—‘; 57 — - - - -
ch-‘zﬂ—m— 1.5 - - - - -
19F NMR &, 24 46.4 75.1 —12.22 —20.7
Oz 58.7 47.7 —13.2 97.1 —
O3 77 47.0 8.27 22.8 —25.7
Ji2 120 26.5 15.3 13.3 9.6
Ji3 35.6 — 12.8 21.3 12.2
Jia 59.7 —_ 12.8 5.82 5.82
Jis 4.8 —_ _ —_ —
Jas 120 — 9.29 124 0
Jas 62.4 —_— 13.45 186 —_
Jas 574 240 479 501 i42.3
JCF;—H - 55 - - -
— 3.17 3.5 —_—

* Data from Ref. 132 spectra recorded in CDCl; solution, chemical shift values are in p.p.m.
relative to TMS external reference (*H) and trifluoroacetic acid external reference (1°F spectra).

A = (Et3P);PtCI(CF=CF,), B = (Et3P),PtCI[C(CH,F)=CF.], C = (Et;P),PtCl cis-
CF=CFCF3), D = trans-isomer of C, E = (Et3P),PtCl(cis-CF=CFH), F = trans-isomer of E,
G = (Et3P).PtClC(CF3)=C(CF3)H].

Since no source contains a compilation of various nuclei interacting with
195Pt, 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 trans-PtCl,(un)Py and trans-
PtCl,(un) (Pyno) have been reviewed!®-19, 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 «-pyridine hydrogens for complexes
of the type!Ss:

R Cl
S — O

R7CR <|:1 =/ "z
TABLE 10
NMR DATA FOR FLUOROVINYL COMPLEXES*

Fyq F3 Fy Cl

~ Ve ~ -
c=c and c=c

£ Y P ~m
Compaund 51 6; 53 Jl.z 11,3 Jz_3
trans-(EtsP), Ni(CF=CF,)Br? 89.9 132.2 158.8 107 36 107
trans-(Et3P), Ni(CF=CF.;), 914 134.1 170.8 112 32 112
trans-(Et;P),Pd(CF=CF.)* 95.8 133.6 166.1 109 40 104
trans-(Et;P),Pt(CF=CF,;)Br 99.8 129.5 145.5 107 34 107
cis-(Et3P), Pt(CF=CF,)Br° 98.6 127.0 155.1 104 34 104
cis-(Et3P),Pt(CF=CF3),* 101.1 131.8 161.4 104 33 104
CiS'(Et;P)th(CCl=CF2)2’ 92.2 80.0 —_ 65 —_
trans-(Et3P),Pt,(CCI=CF,).Br>"* 91.1 80.6 — 64 —_
(Et;P)PyPt(CCl=CF,)Br! 96.3 81.3 — 66 —
trans-(Et1P),Pd,(CCl=CF,),Br,’ 93.9 80.4 — 69 —

* Data taken from Ref. 224. !°F chemical shifts (p.p.m.) in C¢Hg relative to CCI,F and coupling
constants (c.p.s.). *Jp_g: F;, 7.0; F2, 7.0; F3, 5.5¢.p.s. 2 Jp_r: Fy, 6.0; Fa, 4.5; F3, 1.0 c.pss.
€ Ja_g: Fy, 23; F2, 0; F3, 34 c.p.s.; Jpr_r: Fi, 188; F, 51; F3, 348 c.p.s. 9 Jp_g: Fy, 17; F3, 0;
F3, 33 c.ps.; Jorg: F;, 167; F,, 42; F3, 395 c.p.s. ¢ Jpiy: Fy, 140 c.p.s. ® Jp_p: Fy, 145; F2,
90 c.p.s.; Je—g, 1 Cc.p.s. }Jpr: F1, 145; F3, 87 c.p.s.; Jo_g: F;, 15 Fo, 2 cps. J Jo_p: Fy, 4;
F,, 4 c.p.s.

PhyP. 'c"'l
\Pa—; Eﬂ
Vol

Ph,P C._OH

o Ph

WALV

— 33us —)

Fig. 8. 100 MHz NMR spectrum of (Ph;P),Pt[H-C=C-C(OH)(Ph);] in CDCL; 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.
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Very interesting conclusions can be drawn from the NMR
spectra35-36:112,166 of complexes of the type (R;P),Pt(yne). Typical spectra are
shown in Figs. 8-11.

I JCHH.aJ
PhsR, G
P
Ph,P C._OH
HC” CH,

(5]
!a .

e

v S0Ha —a- 3

A 1 3

Fig. 9. 100 MHz NMR spectrum of the methyl region for the complex (Ph1P),Pt{CH;-C=C-
C (OH) (CH;),] in CDCl; at 32°. The starred resonances are due to uncomplexed acetylene. The
coupling scheme of the AMXX’ mulitiplet of the CHa(a) group is indicated.

ot soHs L I s 1

Fig. 10. 100 MHz NMR spectrum of the methyl region for the complex (Ph;P),Pt{CH3;-C=C-
C (OH) (CH3).] in CDCI; at 60°. The starred resonances are due to uncomplexed acetylene.
The AMXX’ multiplet for the CH 3 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!®7.
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
A ;MXX'’ multiplets respectively which should contain twelve lines as shown in
Fig. 12.

CH,
PR €7
Pt !H
Ph,P C._CH
/c\
H,e” CH,

Iq—JPt—H ——_a-l
Al
§ SRrans™H
- ->

e dw:’ A_ o i i

1o 3CHs P

Fig. 11. 100 MHz NMR spectrum of the methyl region for the complex (Ph;P),Pt{CH ;- C=C-
C (OH) (CH3).] in CDCiI; at 32° after being heated to 60° for 1/2 h. The starred resonances are
due to uncomplexed acetylene. The AMXX’ multiplet for the CHj; group is as in Fig. 9.

Fig. 12. Representation of the coupling scheme for C=C-H and C=C-CH protons of platinum
complexes of the type (PPh;),Pt{R—-C=C-H) and (PPh3),Pt(R-C=C-CH).

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 trans- 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 coupling35-36-112.166 ¢,
the cis- and trans-phosphorus atoms implies the same structure (essentially
square planar) in solution as in the solid state. Distinctive cis and trans 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 sec™!) based upon
the magnitude of Jp,_ 4.

The presence of free acetylene in solutions of the complex (Ph;P),Pt
[(CH,),C(OH)C =C-CH,] further complicates the spectra (Figs. 9, 16 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 10), 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 occurred®%:112,

(R ;P),Pt(yne) + CDCl; — (R;P),PtCI(CDCIl,)+yne 23)

The NMR spectra of the complexes [(Me,Ph);P],MX, show a 1:2:1 triplet
for the methyl resonance in the trans-complexes due to virtual coupling and a
symmetrical doublet for the cis-complexes. The proton NMR thus reveals the
geometrical arrangement of the phosphines!®8-170_ Tt is now generally accepted
that phosphorus trans to the organic moiety displays greater coupling constants
than phosphorus atoms in the cis-position'$®—'7!, The ranges for coupling
constants Jp,.y (Table 11) have been reported!®:166:112,169-184

Much of the °5Pt-H coupling data has been interpreted in terms of the
Fermi contact contribution established through a platinum orbital containing
some s-character and 6—= mixing in the olefin moiety!71:177,185,186 However,
it has been found that Jp,_cy and Jp,_c_c_y have opposite signs! 72 in platinum(ID)
olefin complexes; similar behaviour was found for the sigma bonded complex
PtCI(C,H,),! 7. 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 orbitals involved in
bonding.

(iv) Electronic spectra

The electronic spectra of platinum(II) complexes has been rather extensively
studied and the transitions have been assigned for Zeise’s salt' 87191 and a number
of its analogs containing different olefins*®°~*%*, The electronic spectra are
composed of d-d transitions and metal-olefin n* charge transfer transitions. From
the spectral shifts observed upon changing the solvent and the trams-ligand for
complexes of the type frans-LPtCl,(olefin) the relative order of the platinum d-
orbitals has been assessed!®l.

Complexes of the type cis- or frans-(amine)PtCl,(olefin) derived from Zeise’s
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TABLE 11
COUPLING CONSTANT RANGES FOR VARIOUS COMBINATIONS INVOLVING PLATINUM COUPLING

Jpe—ua(HZ) Jo_u(Hz) Jpi_a(HzZ) JP,—-H(HZ)

P-Pt-H 700-1350  10-17
_H
Pt-P-C 27-36
H
~
Pt-As~-C 20-24
_H
Pt-C 70-120
_H
Pt-P-C-C 0-72
e
Pty 34-75
C
CH3
c”
Pt':\-: 38-39
C
B 5T
e 58-65 20-24 10-11
n”" ¢
. c-CHs
2\Pt""5‘ 2840 -8 1-3
p,” E
: o-CHa
2)’( il 35-40 7-8 1-3
o X
H
pt_Nzl \> 60-70
_H
Pt-N-C 3242
_H
Pt-S-C 45-56

salt possess optical isomers if the amine is optically active and the circular di-
chroism of several of these complexes has been studied!*°:192-198_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!®8. A general quadrant rule has been developed to predict
the absolute configuration from the sign of the C.D. maxima near 400 mp!%8.
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
olefinic C=C bond viewed along the platinum X-axis. The X-ray crystal struc-
ture'4? of one of these complexes hasbeen determined and can be used asarefer-
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ence compound for the assignment of the absolute configuration of. olefinic
complexes. o

HOECH, HC
R-() | 7 -5 R-(-)

_____ @’___-- -

< ([gilj_lz]nl -)-R s-t3 | 0-r
Ay C.
CH"T™H H” (;:\CH,

N=45,6 E
43 HNECH

Fig. 13. Qua&rant 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 orbitals involved in complete calculations is very
large only a few molecular orbital calculations on molecules of this type have been
reported. These include Zeise’s salt'®?, (PH,),(CH;-C=C-CH,)Pt, (PH,),
(CH;-C =C-H)Pt and (PH;),(TCNE)Pt'29-2°° and trans-PtCl,(NH ;) )(C,H,)! 2.

Since the discovery of Z:ise’s and Bukhovets’ salts, the bonding in olefin and
acetylene complexes has been puzzling. The model for metal-olefin complexes
originally proposed by Dewar2°! and later modified by Chatt and Duncanson?°?2
was well accepted for Zeise’s type complexes. However, recent NMR studies
(vide supra) indicated that the Dewar-Chatt -Duncanson model was too rigid and
it was suggested by Bennett?°3 that the platinum-olefin 7#-bonding involved a
combination of the platinum d,, and d,, orbitals.

Isolation of complexes of the type (R3Q),M(un) then posed questions about
the oxidation state of the metal and the coordination of the ligand!57-138.205-209_
The accumulation of large amounts of experimental data finally led Maitlis36-16¢
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 view!>2:109:200 apd led to
modification of the Dewar-Chatt-Duncanson model and to its extension to
include the acetylene complexes!®9-200,
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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 (vide supra). The NMR evidence for the zerovalent species indicates that
the configuration is the same in solution as in the solid state335:36:112:166 The
same conclusion is also supported for the divalent species in solution at lower
temperatures'%-219:18¢_ However, as the temperature of these solutions is raised
rotation and/or dissociation of the olefin 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'3S. Since rotation has been found by NMR
techniques for several divalent complexce,s”'z”"‘3“-1‘“"181 even in the solid
state’®2, a calculation of this barrier for both the zerovalent and divalent com-
plexes'°2:227 was undertaken. The calculated energy profiles are illustrated in
Fig. 14.

~-736 r ’,,o. - .
t" \\
~ o,
//,o \‘\
-738} - -~
o,
R //’o (A) el
o o
-740}=9" ~0-
1 L L 1 L i ) 1 i
-588}
— = ",—O‘\\‘
E ‘,0’ \Q
> -ssof -~ .
o -
g e ®) N
o o -
-s92p0 " ~~-o-
L 1 s 1 L 1 L 1 1
=719
=0~ PO
e Pd
- = O. el
720 S © -~
\O p’
\\ td
~ P
-721 o~

L) L] T 1] ¥ ) T T 1 ]
o0 22°30° as® 67°30° 90" 112°30" 135° 15730 180°
dihedrat gngie

Fig. 14. Totai 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) (PH,).Pt(CH;—C=C-CH>); (B) (PH ),Pt(C,H.);
(O) trans-(NH ;)Pt(C.H,)Cl,.
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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 =-bonding occurs
rather than bond breaking?'®. This same general curve shape has been found for
many calculations of zerovalent platinum olefin and acetylene complexes?27.

Calculations!32 were also performed on the divalent complex #rans-(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 complexes?27 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(CH,—C =C-CH,); 3.3 eV for
(PH,),Pt(C,H,)). By assuming that the energy profile is the same for other zero-
valent complexes the rotational energy barriers of 3.8 eV for (PH,),Pt(CH ;-
C=C-H) and 2.6 eV for (PH,),Pt(TCNE) can be obtained from the earlier cal-
culations'?9-299, 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 DATA FOR OLEFIN ROTATION IN COMPLEXES OF THE TYPE Pt(acac)Cl(olefin)*
Olefin Coalescence 4Gr™ E 4as*

temp (°K) (kecallmole) (kcallmole)
Ethylene 245 + 3 12.5 4- 0.6 —_ —_
Propylene 260 4+ 3 13.5 +0.2 — —
cis-But-2-ene 2534+ 5 13.3 £ 0.2 — _—
trans-But-2-ene 309.0 15.8 13.5 + 1.4 —85+5
Tetramethylethylene 219 109 8.7 4+ 0.7 —12.0 44

* Data faken 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 dn—pn bonding between the metal d-orbitals 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 review?® gives a detailed discussion of the relative strengths of o- and 7-
components. Since the s-bonding should not restrict rotation, the energy barrier
should be a measure of the relative n-acceptor ability of the various ligands in
analogous compiexes .

X-ray studies of these complexes have shown that in every case the substi-

eweaenda Tamtls slan ~TafS e | 'S
tucul.a on uuux tnc OICinsS ana au:l,ylcuca arc ucut Ud.\al& llUlLl l.uU mcuu au.uu.

Blizzard and Santry*'? using CNDO calculations have shown that addition of
electron density to the n* orbital of the coordinating acetylene could lead to either
a cis-bent or a trans-bent structure, with the cis-structure being slightly lower in
energy. The experimentally found presence of cis-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 results

The molecular orbital calculations indicated that the metal in (QR;),M(un)
type complexes is best regarded as being zerovalent'29-2%? and that the strength

of the metal olefin or acetylene interaction was governed by the amount of z-bond-

ino Q-nnn thaca cama noln“lohnnc indicntad that fhn nlatinum 6s orhital r‘nne not
108, S10CC wAcsC 5ame Cas auons 1nGiCaCad whal Ui Piaiinuii Us Ordiwa: GO

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 dp? hybridization
(Fig. 15).

This scheme gives rise to a dp? hybrid orbital (d,, +p, + p,) overlapping with
the acetylene =, orbital and a d? hybrid orbital (d,.+d,,) overlapping with the
acetylene =, . These two bonds are synergically opposed by d,2_,z overlap with
the 7., antibonding orbital and a d? hybrid orbital (d,.—d,,) overlapping with the
7,y antibonding orbital on the acetylene.

For the divalent complexes the description of the bonding is essentially that

~AF tha Thocrae Tirer nnemaneer mamdal Tha anle: 3o abhn +ha
O1 uic ucwax—puau—-uuuuauauu moaci. 146 Ul.l.l_y QinCIencc lo a \.uausv lu l-ub

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 orbitals involved in bonding.

Use of the d,,, d.2_,2, P, and p, orbitals to construct the d?p? hybrids
necessitates the staggered “pseudotetrahedral” form to allow any = “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 isolated?'3-213_ Stable
complexes are formed only when the acetylenes possess bulky substituents or

t o-bonding can restrict rotation indirectly by shortening the metal- un bond and increasing
steric interaction; this has been demonstrated by calculations on divalent complexes?27. He-
wever, it does not seem to occur with the zerovalent complexes.
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Top View Side View

Side View Top View

Fig. 15. Orbitals participating in bonding for zerovalent platinum acetylene complexes.

Fig. 16. Orbitals participating in bonding for divalent platinum olefin 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 n-bonding are
necessary to stabilize these complexes.

Acetylenes should be both better o-donors and 7-acceptors than olefins since
their m-orbitals are at lower energy. When both =-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 z-orbital and
its antibonding counterpart can be involved, the synergic bonding destabilizes the
other n-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 discussed®3-36:138:157.207,209,217 by goyera]
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 atoms?>! 9221,

When acetylene coordinates as the anionic acetylide it is isoelectronic with car-
bon monoxide and the bonding in these complexes has been amply described! 58,
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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 polymer-
ization of acetylenes by complexes of the nickel triad which bear a direct relation-
ship to the complexes discussed in this review.

The catalyst (PPh3),Ni(CO), has been extensively investigated!2-7#:7% 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, conmjugated diacetylenes or monoacetylenes containing z-butyl, car-
boxyl, amide or nitrile groups’#:7%). The mechanisms proposed for these reactions
are illustrated in Figs. 17 and 18.

Ph.P\N Ph,P\N ._C/H Ph,P_ g _H
! C=C [ 3¢ —_— I
7 (1_ RN
Ph
PhyP \co Phyp “R £ Ser
RC=CH
tigher oligomers
PhyP H PhsR H PhP H
N ~ 7
: < ~_Rc=CcH /N< === N[
Ph,P Ce. Php CH Ph,P T Cs
+ C & RC=cH CR
RC=C—C=CH; Sen

R
rR-c"C ﬁ TP
l or + (Ph,P),Ni
H-Co ,c’N O © ’

Z ‘R(H)
HeR)

Fig. 17. Proposed reaction mechanism for the oligomerization of monosubstituted acetylenes by
Ni(CO).(PPh3)..-

PhR CO Ph,P, R
\NI/ RCZCR \N '.7" ”
12
VRN co Ve
Ph,P CO Ph,P R
RC=CR
R R
Ph,P\ o= Ph;P\IR‘C:CR R R
N [e=e, N | — erpNi -
p” “e=¢C # c=C : RN-R
PhF o~ Tp PhP R R R

Fig. 18. Proposed reaction mechanism for the oligomerization of disubstituted acetylenes by
Ni(CO).(PPh3):.
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The mechanism proposed for the monosubstituted acetylenes explains the
production of polymeric material and (PPh;),Pt(acetylene) and (PPh;),Pt(ace-
tylene—H),(H), type complexes obtained from the reaction of (PPh;),Pt with
monosubstituted hydroxyacetylenes®* 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'?. 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,),PtHCI, (PPh;),Pt,
(PPh,),Pt(H-C=C-Ph) and cis- and trans-(PPh;),Pt(C=C-Ph), have been in-
vestigated as catalysts for the polymerization of phenylacetylene??®. 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.

Ph PhG=CH ~-Fh
P
Php o F PR} ¢
\ / rote date: \ /
/Pt\ + HC=Cpnh e cdiemmeng /Pt
cl PPh, ci \PFh,
Ph
,c‘Ph e
o4 &
e “CTC:Q
Ph.R <7 Ph Ph,P 7 “Ph
’\}’t/ HC=CPh — : \Pt/
+ =
" “Ppn, /cnf “\PPh,
ETC.

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 atoms®. 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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