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trans-Pt(C=CH),L,, I, reacts with anhydrous HCI (1 equiv) in the solvents CDCl; and CD,Cl, to give trans-PtCl(C=CH)L,,
V, and acetylene by way of a sequence of reactions involving trans-Pt{(C=CH)(CCl==CH,)L,, II, trans-Pt(CCl=CH,),L,,
I11, and trans-PtCl(CCl=CH,)L,, IV, where L = PMe,Ph. I and III exist in equilibrium with II:- 2IT = I + III, K ~
1. trans-Pt(CCl=CH,),L,, III, decomposes slowly, both in solution and in the melt, to give trans-PtCI{(CCl=CH,)L,,
IV, and acetylene. These reactions involve platinum(II)-promoted HCl addition—elimination processes. ITI and IV react
with the tertiary amines Me,N and proton sponge to give I and V, respectively. The rates of elimination of HCI from
II-1V in benzene are approximately zeroth order in base concentration'and show an isotope ratio ky/kp ~ 3. The rate
of HCI elimination from the CCl=CH, moiety is greatly dependent on the solvent, C¢H;NO, > CDCl; ~ CD,Cl, >>
C¢Dg ~ CCly, and is dependent on the nature of the [XPt] moiety to which it is bound: PtC=CH ~ PtCCl=CH, >
PtCl >> Pt*C(Me)OMe. Elimination of HCI from the chlorovinyl ligands PtCCl=C(D(H))H(D) proceeds with no apparent
stereochemical preference; elimination of HCI from PtCCl=C(Me(H))H(Me) occurs preferentially from the trans-PtC=CH
isomer. trans-Pt(CCl=CH,),L, reacts with MeOD to give trans-[Pt(CCl=CH,)(C(CD;)OMe)L,]* which has been isolated
as a hexafluorophosphate salt. A stepwise addition-elimination sequence involving the platinum-stabilized vinyl cation
PiC*==CH, is proposed to account for all of these observations

.
Pt~C=CH, 2 Pt~C=CH, 2 Pt~C=CH + HCI
a cr

The molecular structure of IIT deduced from x-ray studies reveals a long vinylic C~Cl bond distance, 1.809 (6) A, and
a large Pt—~C~C angle, 133.5°, The decomposition of III to give IV and acetylene occurs much faster in CD,Cl, and CDCls
than in benzene. The reaction III — IV + HC==CH is slow relative to HCI elimination from III, irrespective of the solvent.
A mixture of IIT and III-d, decomposes in the melt-and in solution to give a mixture of acetylene-dy, -d;, and -d,. An
isotope ratio ky/kp =~ 1.9 has been found for the reaction III — IV + acetylene. A number of mechanisms which could
yield acetylene in the above reaction are discussed. These findings are compared to solvolysis and elimination reactions
of aryl-substituted vinyl compounds, Ar(X)C=CH,, where X = Cl, Br, or CF;80;. Platinum(II) is thus shown to greatly

activate the ¢-coordinated unsaturated organic ligand.

Introduction

We have previously proposed!™ that a number of organic
reactions occurring within the coordination sphere of platinum
can be interpreted in terms of a carbonium ion model. In the
preceding paper' the formation of cationic alkoxycarbene
complexes was discussed. Platinum(II)-stabilized vinyl cations,
PtC*==CHR, formed from (i) protonation of platinum(II)
acetylides, (ii) cationic m-acetylenic platinum(II) intermediates,
and (iii) solvolysis reactions of a-chlorovinylplatinum(II)
compounds, were proposed to be reactive intermediates

/OR’

+

Pt—C=CHR + R'OH - Pr—C,
CH,R

However, the above reactions have no simple analogues in
organic chemistry., Our proposal that platinum(II) can
stabilize a vinyl cation PtC*==CHR can only be evaluated
more precisely in situations where there exist closely related
organic and organometallic reactions. In this paper we de-
scribe our studies of the reaction between trans-Pt(C=
CH),(PMe,Ph), and anhydrous HCI (1 equiv) which gives
trans-PtC1(C=CH)(PMe,Ph), and acetylene in solvents such
as dichloromethane and benzene. This seemingly trivial
organometallic reaction proceeds via a sequence of plati-
num(II)-promoted addition-elimination reactions

Pt—C=CH + HCl 2 Pt—CCl=CH,
A direct comparison with analogous organic reactions is now

possible. Preliminary accounts of this work have been re-
ported.>¢

Results and Discussion

Syntheses, In the preceding paper! the preparations of
trans-Pt(C=CH),L,, I, trans-Pt(CCl=CH,),L,, III, and
trans-PtCl(CCl=CH,)L,, IV, where L = PMe,Ph, were
reported. trans-PtCI(C=CH)L,, V, is best prepared by the
addition of an amine to a solution of trans-PtCl(CCl==CH,)L,,
IV, in a polar solvent such as dichloromethane. The com-
pounds I, IIT, IV, and V have been characterized by elemental -
analyses and a number of spectroscopic methods. This work
is concerned with the solution chemistry of these compounds
and '"H NMR spectroscopy has been used extensively as an
analytical probe.

'"H NMR Spectra. For a solution containing all four
compounds, I, III, IV, and V, it is possible to identify each
species and estimate its relative concentration by 'H NMR
spectroscopy. The 'H NMR spectra of I and III are shown
in Figures 1 and 2, respectively.

For all four compounds the phosphine methyl proton res-
onances appear as 1:2:1 triplets due to the virtual coupling of
two mutually trans phosphorus nuclei (*'P, I = !/,, 100%
natural abundance) and are flanked by satellites of one-fourth
intensity due to coupling to '**Pt (1*°Pt, I = !/,, 34% natural
abundance).’

The acetylenic protons in I (see Figure 1) and V also appear
as 1:2:1 triplets due to coupling to two equivalent phosphorus
nuclei (a four-bond coupling) and are flanked by satellites due
to coupling to '**Pt. The magnitude of the latter coupling
constant, *Jp,_y, is markedly different in I (45 Hz) and in V
(71.6 Hz) reflecting the very different trans influence® of the

trans ligands: C=CH > Cl.
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Figure 1. 'H NMR spectrum of trans-Pt(C=CH),(PMe,Ph), recorded in C¢D¢ at 60 MHz, 35 °C. Assignments are given in Table I.
TableI. 'H NMR Characterization Data for Acetylide- and a-Chlorovinyl-Platinum(iI) Compounds®
Vinylic protons
P methyls Acetylide H cis-PtCCH trans-PtCCH
Compd? 5 Je Jd 6 Je Ja 6 Je Ja 5 Je Ja Jd
PtL,(C=CH), 2.05 7.8 33 213 2.3 45
PtL,(C=CH){CCI=CH,) 1.94 7.6 336  2.07 2.3 41.6 4.82 1.6 25.5 5.92 1.85 68  <0.6
PtL,(CCl=CH,), 1.84 7.6 34 4,71 1.9 24 5.82 2.2 64 g
PtL,CKCCI=CH,) 1.86 7.6 432 4.92 1.7 432 593 1.5 114 1.0
PtL,CHC=CH) 1.90 8.05 314 212 2.3 71.6

2 Chemical shifts (6) in ppm relatwe to TMS; coupling constants (J) in Hz; spectra recorded in benzene-d, at ca. 35 °C; phosphine phenyl

proton resonances were observed. by = PMe,Ph. ©*J + “Jpy.

The vinylic protons in III (Figure 2) and IV also appear as
sets of 1:2:1 triplets due to coupling to two equivalent
phosphorus nuclei and '**Pt. The magnitudes of the coupling
constants 3Jp,y are very different for IIT and IV reflecting the
trans influence of the ligands: CCl=CH, > Cl. For both III
and IV the chemical shifts of the cis and trans vinylic protons
(defined with respect to Pt) are well separated (ca. 1 ppm).
The magnitude of *Jpy (trans-PtC=CH) is much greater than
3py (cis-PtC=CH).  The ratio >Jpy(trans-PtC=
CH)3Jpy(cis-PtC==CH) is ca. 2.5:1. This phenomenon has
been well documented previously.®® Pertinent 'H NMR
characterization data for I, III, IV, and V are given in Table
I

Infrared Spectroscopy. Infrared spectroscopy is also useful
in identifying the various species present in mixtures of these
compounds. For the acetylides I and V the values of »(C—H)
and »(C=CH) are significantly different. For the deuterated -
compounds trans-Pt(C=CD),L,, I-d,, trans-Pt(CCl=
CD,),L,, IIl-d4, trans-PtClI(CCl=CD,)L,, IV-d,, and
trans-PtCl(C=CD)L,, V-d,, the values of »(C—D), »-
{C=CD), and v(C==CD,) are similarly diagnostic. These
characteristic infrared bands, which are sharp and quite in-
tense, are given in Table II.

trans-Pt(C=CH),(PMe,Ph), + HCl. General Procedures,
The reaction between I and HCI was followed by '"H NMR
and infrared spectroscopy. Compound I (ca. 30 mg, 0.05
mmol) was dissolved in the solvent of choice (0.5 ml) in an
NMR tube. Anhydrous HCI was added using a calibrated
vacuum line and the sample was sealed in vacuo. The various

4 5 pyn.

€ Jpy. | Juu. geminal couphng € Ca. 0.0 Hz.

Table II. Infrared Characterization Data for Acetylide- and
Vinyl-Platinum(ll) Compounds

Compd® »(C=C)b v(C-H/D)b u(C=C)b
PH{C=CH), L, 1968 3278
PH(C=CD), L, 1852 2542
Pt(C=CH)(CCl=CH,)L, 1973 3288 1565
Pt(C=CD)(CCl=CD, )L, 1855 2550 1518
Pt(CCI=CH,), L, 1565
Pt(CCI=CD,), L, 1518
PtCI(CCI=CH,)L, 1565
PtCI(CCI=CD, )L, 1518
PtCI(C=CH)L, 1987 3278
PtCI(C=CD)L, 1877 2560

@ I =PMe,Ph.  »in cm!; values accurate to £2 oni !

platinum compounds present in solution were identified and
an estimate of their relative concentrations was obtained from
the '"H NMR data (Table I). In a number of studies the
reactions were quenched after a certain time by freezing the
samples in liquid nitrogen. The NMR tubes were then opened
under vacuum and the gaseous products (acetylene and vinyl
chloride) were separated and analyzed by 'H NMR and mass
spectroscopy. The platinum-containing solids were examined
by infrared spectroscopy.

Reactions in CDCl; and CD.CL. Addition of anhydrous HCl
(1 equiv) to I in CDCl; or CD,Cl, caused an apparently
instantaneous reaction, even at —60 °C, and gave a mixture
of 1, trans-Pt(C=CH)(CCl=CH,)L,, II, and III in the
concentration ratio ca. 1:2:1, respectively.
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Figure 2. 'H NMR spectrum of trans-Pt(CCl==CH,),(PMe,Ph), recorded in benzene-ds at 60 MHz, 35 °C. Vinylic proton resonances are
also shown at higher spectrum amplitude. Assignments are given in Table I.

II has not been isolated as a pure compound (free from I
and III) but the characterization data shown in Tables I and
II leave no doubt concerning the identity of this species in
solutions of I and III. The values of 3/ for the acetylenic
and vinylic protons demonstrate the high and comparable trans
influence of the groups -C==CH and -CCl==CH,.

The initial very fast reaction between I and HCI (1 equiv)
to give the ca. 1:2:1 mixture of I, IL, and III, was followed by
a slower reaction. After 12 h at 25 °C, a ca. 1:1 mixture of
I and IV was present in solution. Analysis of the volatile
organic products showed that at ¢ ~ 5 min (immediately after
adding the HCI) only a trace of acetylene was present and that
at ¢ = 12 h acetylene was present in almost 50% yield based
on added HCl. Only a trace of vinyl chloride was detected
att = 12 h, and no V was detected either in the 'H NMR
spectra recorded during the course of reaction or in the infrared
spectrum of the ¢ = 12 h platinum-containing solids.- The
initial reaction between I and HCI (1 equiv) can be represented
by eq 1.

41 + 4HCI —1 + 2II + III = 21 + 21V + 2HC=CH 8}

When equimolar quantities of I and III were dissolved in
CD,Cl,, the '"H NMR spectrum showed that the formation

of the ca. 1:2:1 mixture of I, II, and III, respectively, was -

achieved within ca. § min at 30 °C. When equimolar
quantities of I and III-d, were dissolved in CD,Cl,, the 'H
NMR spectrum recorded at ¢t ~ 5 min showed that formation
of I, I1, and III was accompanied by complete H/D scrambling
of the vinylic protons. (To be precise the ratio of signal in-
tensities of the vinylic protons (IILII) was as expected for the
ca. 1:2:1 mixture of I, II, and III.) The infrared spectrum of
the platinum-containing solids showed the presence of both
PtC=CH and PtC=CD moieties for I and II.

These observations demonstrate that I and III exist in
equilibrium with II, eq 2. Furthermore the position of
I+II22I1 K=1 2)

equilibrium in (2) is readily attained due to facile HCI ex-
change between a-chlorovinyl and ethynyl ligands as shown
in eq 3. The reaction between I and III-d, shows that (3)

- Pt—C=CH + Pt'-CCl=CH, 2 Pt—-CCl=CH, + Ptf~CECH 3)
occurs by HCI exchange and not by ligand exchange reactions

Scheme 1
41 + 4HC1 =1 + 2II + III
M1+ 11 K=cal
Il -1V + HC=CH
IV2V+ HC
41 + 4HCI > 1 4 211 + III = 21 + 2IV + 2HC=CH - 4V + 4HC=CH

of the type Pt~L + Pt’-L’ = PtL’ + Pt’-L where L and L’
are ethynyl and chlorovinyl ligands, respectively.

The compound trgns-Pt(CCI=CH,),L,, I11, is best prepared
by the reaction between I and HCI (2 equiv) in benzene or

- toluene. It may similarly be prepared in CDCI; or CD,Cl,

but in-these solvents IIT decomposes to give IV and acetylene
quite rapidly. Addition of HCI (1 equiv) to III in CDCI, or
CD,Cl, gives IV and vinyl chloride. The compound trans-
PtCI{CCl=CH,)L,, IV, is-stable with respect to.elimination
of vinyl chloride in the presence of excess anhydrous HCI.
Thus IV is the sole product obtained by the reaction of I with
excess anhydrous HCl in CDCl; and CD,Cl, solvents.
However, IV is-not the ultimate product in the reaction be-
tween I and HCI (1 equiv) since IV is labile toward the
elimination of HCL. Consequently the 1:1 mixture of I'and
IV, which was formed in the reaction between I and HCI (1
equiv) after 12 h, slowly reacts further to give V and acetylene.
Formation of V in this manner is exceedingly slow. The overall

- reaction between I and HCI (1 equiv) to give V and acetylene

is summarized by the reactions shown in Scheme I. Each of
the a-chlorovinyl compounds, II-IV, is kinetically labile toward
elimination of HCL.

V is best prepared by taking advantage of the facts that (i)
IV is readily prepared from I and HCI (3 equiv) and (ii) IV
is labile toward elimination of HCl. Thus treating a solution
of IV with NMe; or proton sponge gives V and the respective
amine hydrochloride.

Reactions in C;D; and C;DsCD;. Addition of HCI (1 equiv)
to a frozen solution of I in benzene-dy gave, upon melting, a
1:1 mixture of I and III. Over a period of 24 h at 25 °C this
reacted to give the ca. 1:2:1 mixture of I, II, and III, re-
spectively. Further reaction to give I, IV, and acetylene, eq
1, was very slow requiring ca. 4 weeks at 25 °C,
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Figure 3. 'H NMR spectrum of trans-[Pt(CCl=CH,)(C(CD;)OMe)(PMe,Ph),]*PF," obtained from the reaction between trans-Pt-

(CCl=CH,),(PMe,Ph), and AgPF¢ (1 equiv) in CH;OD. Spectrum recorded in CDCl; (35 °C) at 60 MHz.

Addition of HCI (1 equiv) to a solution of I in toluene-dj
at ca. —78 °C gave within 5 min a 1:1 mixture of I and III.
During 12 h at 25 °C this reacted to give the ca. 1:2:1 mixture
of I, II, and III, respectively.

The initial formation of the 1:1 mixture of I and III in C¢Dg
and C¢DsCD; solvents contrasts with the reactions in CDCl,
and CD,Cl, described above. Two factors could readily
account for such a solvent dependence: (1) The formation of
III could be kinetically favored in the reaction sequence

kl
I+HCl—II

II + HCl Ei» 111

if k, >> k,. Since the back-reactions determined by k_; and
k_, are slow in benzene and toluene, the 1:1 mixture of I and
III would be the kinetically favored products in the reaction
between I and HCI (1 equiv). (2) HCl may exist as [HCI],,
in the solvents benzene and toluene.'® The reaction between
I and [HCI], could then give III and [HCI],_,. The same
situation could hold for reactions in CD,Cl; and CDCI, but
in these solvents the back-reactions (k_;, k_,) are facile leading
to rapid attainment of the thermodynamic equilibrium mixture
of I, II, and III.

We have found that benzene solutions of II and III eliminate
HCl at comparable rates (see later); it may therefore be
expected that I and I react with HCI at comparable rates to
give II and III, respectively. Thus we believe that the 1:1
mixture of I and III initially formed in the reaction between
I and HC! (1 equiv) in C¢Dg and C4DsCD; arises from the
aggregated nature of anhydrous HCl in these solvents.

Addition of anhydrous HCI (2 equiv) to I in benzene or
toluene gives virtually quantitative formation of III. III reacts
with HCI to give IV and vinyl chloride in these solvents.
However, the latter reaction is relatively slow: addition of HCI
to III-d, in toluene-dy led to rapid H/D scrambling of the
vinylic protons of III with subsequent formation of IV and vinyl
chloride. It is the fact that III reacts only relatively slowly
with HCl to give IV and vinyl chloride which accounts for the
observation that I + HCI (1 equiv) gives I and III.

III is relatively stable in C;D4 and C;DsCDs. The reactions
(1) III — II + HCl and (ii) III — IV + HC=CH are both
slow but, as is seen in the following, (i) occurs more rapidly

than (ii). A mixture of III and I1I-d, reacted in benzene and
in the melt to give IV and acetylene-d,, -d,, and -d,. The
acetylene liberated in these reactions was analyzed by mass
spectroscopy. In both instances acetylene-d, was the major
constituent, a finding which can only be accounted for by the
fact that reversible HCI elimination from III is faster than the
reaction of ITI which gives IV and acetylene.

trans-Pt(CCl=CH,),(PMe,Ph), + MeOH. III dissolves
in methanol to give trans-[Pt(CCl=CH,)(C(Me)OMe)-
(PMe,Ph),]*CI", which in the presence of AgPF, (1 equiv)
gives the air-stable, white crystalline compound trans-[Pt-
(CCl=CH,)(C(Me)OMe)(PMe,Ph),]*PF;". The analogous
reaction in MeOD led to trans-[Pt(CCl=CH,)(C(CD,)-
OMe)(PMe,Ph),]*PF,". Significantly only one of the a-
chlorovinyl groups reacted with MeOD: this is clearly evident
from the fact that the vinylic protons of the PtCCl=CH,
moiety in the carbene complex are not exchanged with
deuterium atoms of the solvent. The 'H NMR spectrum of
the labeled compound trans-[{Pt(CCl=CH,)(C(CD,)-
OMe)(PMePh),]*PF, is shown in Figure 3: note the geminal
coupling of the vinylic protons.

Structure of trans-Pt(CCl=CH,),(PMe,Ph),. The mo-
lecular structure of I1I has been deduced by single-crystal x-ray
studies. Full details of this study are reported!! elsewhere but
certain features of the structure warrant attention in the
context of this work.

The phosphine phenyl groups and vinylic chlorine atoms are
directed above and below the coordination plane of platinum.
The molecule is centrosymmetric; the platinum atoms reside
on centers of symmetry and thus the coordination plane about
platinum is rigorously planar. With the P-Pt-C, angle equal
to 87.85°, the coordination geometry is nearly ideal. Figure
4 gives a view of the molecule slightly above the P-Pt-P axis.
The phosphine methyl and phenyl groups are omitted in Figure
4 in order to reveal more clearly the bonding parameters of
interest. The C,~C; bond distance is normal for a carbon—
carbon double bond but the C~Cl distance and the interatomic
angles about C,, are quite unusual.!? Vinyl chloride is reported
to have a C~Cl bond length of 1.728 (7) A" and the similar
bond in 2-chloropropene is 1.727 A% The average C~Cl bond
distance in (7-C,Cly)Pt(PPh;), is 1.75 (3) A5 The long
C,—Cl bond distance in III, 1.809 (6) A, is similar to the
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Figure 4. ORTEP view of trans-Pt(CCl=CH,),(PMe,Ph), showing
important bond angles and bond distances; the phosphine methyls and
phenyl are omitted for clarity. Atom ellipsoids represent equi-
probability surfaces of thermal displacement and contain 50% of the
probability distribution.

C,;—Cl bond distance found in terz-butyl chloride: 1.807 (4),'¢
1.828 (5) A.'7 The observed Pt—C,~Cl bond angle is smaller
than expected while the Pt-C,-C; angle is expanded, in
opposition to what would be expected from steric consider-
ations.

Elimination of HCl from a-Chlorovinyl Ligands. III reacted
with anhydrous NH; (1 equiv) in CD,Cl, to give an immediate
precipitate of NH,Cl and a ca. 1:2:1 mixture of I, II, and III

respectively. With 2 equiv of anhydrous NHj, III reacted to

give I. These reactions also occurred rapidly when the aprotic
amines NMe; and proton sponge [1,8-bis(dimethylamino)-
naphthalene] were used. Under similar conditions IV reacted
to give V. The rate of elimination of HCI from II, III, and
IV was very dependent on the nature of the solvent. At ca.
25 °C when III was reacted with proton sponge (1 equiv) the
ca. 1:2:1 mixture of I, I, and III, respectively, was obtained
within 5 min in nitrobenzene, ca. 30 min in CDCl; and
CD,Cl,, and ca. 24 h in C¢Dg. Elimination of HCI in
benzene-dg was sufficiently slow that these reactions were
amenable to kinetic studies.

The reactions between each of III, III-d,, IV, and IV-d, and
NMe; or proton sponge in varying concentrations (1-3 equiv)
were followed by 'H NMR spectroscopy. Typically ca. 30 mg
of the a-chlorovinylplatinum compound under study was
dissolved in benzene-dy (ca. 0.5 ml) and a measured quantity
of the tertiary amine was added. (NMe; was added using a
calibrated vacuum line and proton sponge was added in known
amount from a stock solution in benzene-ds.) With time a
precipitate of the amine hydrochloride formed. This was
repeatedly centrifuged to the bottom of the NMR tube. The
rate of HCI elimination was monitored by the diminution of
the methyl proton resonance of the amine. The relative
concentration of the amine was calibrated against an internal
reference, TMS or hexamethyldisiloxane, whose concentration

remained constant during the course of the reaction. Fora

number of reasons the measurement of peak height may not
provide a totally accurate measure of concentration. However,
this method is considered sufficiently accurate for the purposes
" at hand. The methyl resonances of NMe; and proton sponge
appear as sharp singlets and are well separated from other
resonances. One equivalent of HCI corresponds to 9 and 12
proton equiv of NMe, and proton sponge, respectively.

Kinetic data for HCI elimination from III, II, and IV are
reported in Table III. The rate was found to be first order
in the a-chlorovinylplatinum complex and zeroth order in
amine concentration in the concentration range studied. The
observed rate was very similar for both NMe; and proton
sponge.'® We conclude that elimination of HCI does not occur
by an E2 mechanism of the type shown in eq 4, which is

LY
Pt H :B
A7/
f-/Cz \ — BH*CI" + Pt—C=CH )
Cl H
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Table IIl. Kinetic Data for HC1 Elimination from
Vinylplatinum(II) Compounds in Benzene-d, at 20 °C

‘ Correln
Compd? Amine (equiv)® kobsas §° coeff
v NMe, (1) 4(HxXx10°¢ 0997

2.1
v PS (1) 1.25(2yx 10¢  0.999
Ivd, PS(Q1) 5.02x 107 0.994
11 NMe, (1) 1.02(8) x 100%  0.991
II1 NMe, (1) + PMe,Ph (1) 1.02(5) X 100*  0.995
III NMe, (3) L1)x10° 0.96
111 PS (1) 34(2)x10° 0.99
III PS(3) - 39 x 10°¢ 0.995
IId, PS(1) 1.16 (6) x 10¢  0.99

4 IV = trans-PtCI(CCl=CH, }(PMe, Ph), ; IVd, = trans-PtCI(CCl=
CD,)(PMe,Ph),; Il = frans-Pt(CCl=CH,),(PMe, Ph),; IlId, =
trans-Pt(CC1=CD,), (PMe,Ph),. bps= proton sponge, 1,8-bis(di-
methylamino)naphthalene.

common for simple organic vinyl halides.'®

When III was treated with R;N (3 equiv), the formation
of I'via I was clearly evident from the 'H NMR spectra.
Good straight-line plots were obtained when the data were
analyzed (see Experimental Section) which means that in the
sequential reaction

ky k,
Il —1II + HCl; T—1+ HCl

the rate constants k; and k, must be very similar. The ob-
served rate of HCI elimination from IV in benzene was sig-
nificantly slower than that from III and II. As noted pre-
viously the cationic carbene complex trans-[Pt(CCl=
CH,)(C(CD;)OMe)(PMe,Ph),1*PF,~ did not exchange its
vinylic protons with deuterium atoms in CH,OD solution.
Thus even in methanol HCI elimination from the PtCCl=CH,
moiety in this complex must be exceedingly slow. The observed
rate of HCI elimination from the ~CCl=CH, moiety is de-
pendent on the trans ligand X and in the order X = C=CH
~ CCl=CH, > ClI >> C*(CH;)OMe. ‘

The observed rate of DCI elimination from the deuterated
compounds III-d, (I1-d;) and IV-d, was markedly slower than
HCI elimination from the corresponding protio compound:
ky/kp =~ 3.0.

Addition of PMe,Ph (1 equiv) to a solution of III in
benzene-dg at ca. 35 °C caused the phosphine methyl proton
resonances to collapse to a singlet. The vinylic protons lost
their coupling to phosphorus but maintained their coupling
to platinum-195. This is expected when exchange between
free and coordinated phosphine is rapid on the NMR time
scale. Previous studies of phosphine-exchange reactions in-
volving platinum(II) complexes, e.g.,%° trans-PtCI(H)(PEt,),,
have shown that exchange occurs by an associative process

PtH(CI)(PEt;), + PEt, = PtH(CI)(PEt,),

When NMe; (1 equiv) was added to a benzene-dg solution
of III + PMe,Ph (1 equiv), the rate of HCIl elimination
(monitored by consumption of NMe;) was essentially un-
changed from that observed in the absence of added PMe,Ph.
When all of the NMe; had reacted to give Me;NH*CI, a
further reaction to give I and PhMe,PH*Cl~ occurred. The
phosphonium salt was precipitated from the benzene-d; so-
lution. Presumably the phosphonium salt formed in the
presence of NMe; is rapidly deprotonated by the amine.

When V was reacted with DCI (1 equiv) in benzene, a
mixture of isotopically labeled compounds was formed: IV,
IV-d,, and IV-d,. A similar mixture is formed by treating IV
with DCI (2 equiv). IV-d, is favored statistically in the above
mixtures and is seen to be the major protio species present by
'H NMR spectroscopy: 1V-d; shows no geminal coupling, Jyp
~ (), whereas in IV geminal Jyy = 1.0 Hz.

The '"H NMR spectrum of the mixture of IV, IV-d,, and
IV-d, showed that the concentrations of cis-PtC=CH and
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trans-PtC==CH protons were approximately equal (within the
limits of integration). Thus VI and VII must also be present
Pt H Pt D
\ / \ /
C=C C=C
/ \ / \
Cl D C1 H
VI ViI

in at least approximately equal concentrations.

When NMe; is added to a benzene solution containing IV,
1V-d,, and 1V-d,, HCl is eliminated preferentially; ky/kp =
ca. 3. Since the half-lives of the reactions IV + NMe; — V
+ Me3NH+C1 (t,/2 = 8 days) and IV- d, + NMe; — V-4,
+ Me;ND*Cl™ (1), = 20 days) are long in benzene-d at 20
°C, one might expect to observe a stereochemical preference
in the elimination of HCI from IV-d;. Thus preferential
elimination of HCI from VI would lead to a relative increase
in the concentration of VII as monitored by the cis- and
trans-PtC=CH proton resonances. However, no apparent
stereochemical preference for elimination of HCI from IV-d,
was observed: the relative concentrations of cis- and trans-
PtC==CH protons, corresponding to VI and VII, respectively,
remained at least approximately equal throughout the slow
reaction.

In a similar experiment trans-PtClI{(CCl=C(H)Me)-
(AsMe;), was reacted with proton sponge (3 equiv) in
benzene-d,. The trans-PtCl(CCl=C(H)Me)(AsMe,), used
in this reaction was prepared from the reaction between
trans-Pt(C=CMe),(AsMe,), and anhydrous HCI (>2 equiv)
and was a thermodynamic mixture of cis- and trans-PtC=CH
isomers in the ratio ca. 1:2, respectively. During the reaction
with proton sponge to give trans-PtCl(CECMe)(AsMe3)2 the
composition of the mixture of cis- and trans-PtC=CH isomers
was displaced in favor of the cis isomer. The zrans-PtC=CH
isomer was thus found to eliminate HCl more rapidly. In this
reaction the CCl=C(H)Me resonances were monitored.

Acetylene Formation. As noted previously the formation
of acetylene in the reaction between I and HCI (1 equiv) arises
from the decomposition of III. In the presence of excess HCI,
I reacts to give IV and vinyl chloride. The reaction of III to
give IV and acetylene is quite solvent dependent following the
order CDCl; ~ CD,Cl, (1. = ca. 24 h) > p-dioxane-dz ~
CH;sNO, (1. = ca. 6 days) > C¢Dg (1., > 6 weeks) at 20 °C.

During the course of the reaction ITI — IV + acetylene the
only platinum-containing compounds identified by "H NMR
and infrared spectroscopy were III and IV,

The rate of acetylene formation in benzene-dy; was monitored
by following the appearance of the acetylenic proton resonance,
6 1.98 ppm (relative to TMS), in a manner similar to that
described for reactions involving NMej or proton sponge. At
least an approximate value for the observed rate of acetylene
formation may be obtained in this manner. The formation
of acetylene was found to be first order in III. The formation
of acetylene-d, from III-d, was also followed by 'H NMR
spectroscopy. Of course it was not possible to detect acety-
lene-d, directly but the formation of IV could be followed in
the phosphine methyl region of the spectrum. A reasonable
estimate of ¢, [IIT] = [IV], can be made in this way. We
observed a ky/kp, ratio of ca. 1.8 for the reaction leading to
acetylene. While the error in this ratio is quite large, the ratio
is significantly smaller than that found for HCI elimination
from IIT and IV (ky/kp = ca. 3).

Significantly when III was dissolved in benzene in the
presence of proton sponge (3 equiv), I was formed quanti-
tatively. No acetylene or vinyl chloride was detected in the
volatiles and no V was detected in the platinum-containing
solids (which consisted of I). (See Table IV for kinetic data.)

Mechanistic Considerations. HCl Elimination. A possible
reaction sequence leading to HCI elimination from the
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Table IV, Kinetic Data for Acetylene Formation
from III and III-d,

Temp, . Correln
Compd °C  Solvent kobsa: € coeff
I11 20 CD,Cl1, 1.28(4) x 10°% 0.996
Mld, 20 CD,ClL, 6.8(6)X 10° 0.986
I 20 C;D¢ 219 (5) x 1077 0.997
11 40 C.D, 4.00(9) X 1075 0.997
md, 40 C,D, 25() X 10°6 0.989
Scheme II
H
[ H
cl L C-H Cl H L Cl ! L
AU \ b N
C-Pt—C - C—Pt—1li = C-Pt—C=CH
/A 1 / 7 /]
H-C L Cl H~-C L \ H-C L
I | | Cl
H H
111 VIII X
@, ¢
= //C—-}Tt C=CH + HCl
H—C‘ L
H

II

PtCCl=CH, moiety is shown in Scheme II for the reaction
ITIT — IT + HCI. In this scheme §-hydrogen elimination from
the a-chlorovinyl ligand gives a hydrido(a-chlorovinyl)(sr-
chloroacetylene)platinum(II) intermediate, VIII. This in-
termediate, VIII, then reacts to give a hydrido(chloro)(a-
chlorovinyl)(s-acetylide)platinum(IV) intermediate, IX, which
by reductive elimination of HCl yields II. Each of these steps
has precedent in organometallic chemistry. (1) 8-Hydrogen
elimination from a o-vinyl ligand to generate a metal hydride
and an acetylene has been observed directly?' and is merely
the microscopic reverse of metal hydride insertion involving
acetylenes. The latter is well documented in the chemistry
of hydridoplatinum(II) chemistry.?? (2) Haloacetylenes have
been found to react with zerovalent platinum complexes to give
alkynylplatinum(II) derivatives, .g.,”> Pt(PPh,), + PhC=CBr
— trans-PtBr(C=CPh)(PPh,),. To our knowledge, however,
such an addition to platinum(II) is not known. (3) Reductive
ehmmatlon of HCl from Pt(H),(Cl),(PEt;), has been observed
directly. >

Although there are precedents for the individual steps of
Scheme II, we believe there are good, if not unequivocal,
reasons to reject this reaction sequence.

1. We know of no example where 3-hydrogen elimination
has been shown to proceed from other than the cis position.
In the thermal decomposition of vinyliridium(I) and -rho-
dium(I) complexes, when a cis 8 hydrogen was not present
acetylene elimination was not observed.?’ Thus in Scheme II
cis = trans isomerization of the vinylic ligand must occur
faster than 8-hydrogen elimination in order to account for our
stereochemical observations concerning HCl elimination from
Iv-d,.

A dipolar isomerization mechanism shown in eq 5 has been

R M R M R M
\C/ \C// \C/
2N 2 (5)
C C C
I\ / AN
R H R H H R
suggested?* to account for the formation of trans-MC=CH
products in certain insertion reactions involving metal hydrides
and acetylenes RC==CR.>** Rotation about the C-C double
bond is promoted by metal to ligand back-bonding which in

turn is favored by electron-rich metal centers and by strongly
electron-withdrawing vinylic substituents, e.g.,, R = COOMe,



Alkynyl- and Alkenylplatinum(II) Compounds

Scheme I11¢

Pt R R Pt H
\ / LA \ /
C=C =Pt-C=C = C(C=C
/ \ or \ / \

Ci H ]1 H Ci R

»
Pt—C=CR + HCl
@ R =H or Me.

CN, and CF,. For a-chlorovinylplatinum compounds reso-
nance structures X and XI might be considered to allow cis-

} i
C-R C-R
/ /
Pt*=C Pt=C
\ A
cl icl
X XI

= trans-PtC==CH isomerization.

We prefer to discount a dipolar isomerization mechanism,
eq 5, involving X or XI, for the following reasons.

(i) The substituents on Cs, R = H, or Me are not electron
withdrawing or 7 accepting.

(ii) The structure of III (Figure 4) reveals a normal C,~Cg
bond distance and an abnormally long C,~Cl bond distance.
If X and XI contributed significantly to the bonding in the
PtCCI=CH, moiety, we would expect the opposite.*°

Of course none of the above objections rule out the pos-
sibility of cis- = trans-PtC—=CH isomerization by a dipolar

mechanism. However, our observation that elimination of HCl

occurs more rapidly from the trans-PtC=CH isomer of
trans-PtC1(CCl==C(H)Me)(AsMe,), implies that if Scheme
I is operative, then trans 8-hydrogen elimination must occur
more rapidly than cis 8-hydrogen elimination, a notion we find
quite unacceptable and totally without precedent.

2. The thermal decomposition of the platinum(II) alkyls
trans-PtBr(CD2CH3)(PEt3)2,31 CiS-Pt(CDzCHch2CH3)2'
(PPh3)2,32 and CiS'Pt(cHchchch3)2(PPh3)232 has been
shown to proceed via a 8-hydrogen elimination mechanism.
However, these compounds are quite stable at 20 °C in solution
and do not scramble their deuterium labels. The rate of
B-hydrogen elimination from the PtCCl=CH, moiety would
have to be faster than that from the Pt-alkyl moiety. We feel
this to be unlikely.*

3. Finally we note a number . of closely related vinyl-
platinum(IT) compounds can be prepared in one isomeric form.
They appear indefinitely stable in solvents such as benzene
and dichloromethane at room temperature. However, addition
of acids such as HCI readily causes isomerization to a
thermodynamic mixture of isomers. A compound of this type
is trans-PtCl(CCl=C(H)CIl)(PMePh,),.>* Therefore these
compounds do not (i) eliminate HCI, (ii) isomerize by a dipolar
mechanism of the type shown in eq 5, or (iii) undergo
isomerization by a reversible cis—trans §-hydrogen elimination
sequence.

For these reasons we reject the reaction sequence shown in
Scheme II. We propose that elimination of HCI from the
PtCCl=CH, moiety proceeds via the reaction sequence shown
in Scheme III.

C.~Cl heterolytic bond cleavage to form a tight ion pair may
be followed by either elimination of HCI or ion recombination.
The latter could yield cis—trans isomerization of the vinylic
ligand. We would expect the free platinum vinyl cation
PtC*=CH, to adopt a linear Pt-C—C ground-state geometry
because (i) this is favored by the resonance-stabilized form
Pt*==C=CH, and (ii) theoretical and experimental evidence
suggests that simple organic vinyl cations adopt a linear
geometry RC*==CH,.3>3¢ Of course under the influence of
solvent and counteranion (nucleophile) the free existence of
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such an intermediate is not achieved. In the present situation
we are clearly not dealing with a free PtC*=CH, entity.

A number of factors are consistent with an E1 mechanism:
rate-determining C,—Cl bond heterolysis. (1) The rate of HCI
elimination is very dependent on the solvent and correlates with
dielectric constant:’’ C,H;NO, (34.82) > CD,CI, (9.08) >
CsH, (2.27). (2) The rate is dependent on the Pt—X moiety
and follows the order PtC=CH ~ PtCCl=CH, > PtCl >>
Pt*C(Me)OMe. (3) The long C,~Cl bond distance and large
Pt—-C,—C; angle are suggestive of an unusually weak vinylic
C—Cl bond, one that might be particularly labile toward C-Cl
bond heterolysis. (4) The kinetics of HCI elimination are
zeroth order in amine concentration. (5) The observed
preferential cis HCI elimination from the PtCCl=C(H)Me
ligand shows that vinyl isomerization by ion recombination
must be slower than HCI elimination. In fact we have no
evidence that vinyl isomerization by ion recombination or any
other mechanism ever occurs. That cis HCI elimination from
the PtCCl=C(H)Me moiety occurs preferentially can be
attributed to the differing rates of formation of the vinyl cation

generated from

Me ‘
Pt—?=C|—H
Cl
as opposed to
H
H—Cl=é—Me
Cl

The only experimental piece of data which might appear
contrary to the notion that C.—Cl bond heterolysis is rate
determining is an observed isotope effect of ca. 3.0. As isotope
effects for organometallic systems are far from well under-
stood, it is not possible to extrapolate with any accuracy from
known organic systems for the purpose of rationalizing such
effects in organometallic compounds. Analogies drawn from
the organic systems mentioned below should be applied with
caution. ' '

If C,~Cl bond breaking were rate determining, this ratio
would have to be a secondary isotope effect. Secondary isotope
effects are generally quite small. For example, formation of
carbonium ions from PhCHBrCH,; and PhCHBrCD; showed
ky/kp = 1.22.% Similarly for C—Cl heterolysis in (CH,);C—Cl
and (CH;),(CD;)C-Cl ky/kp was found to be 1.33.

For an E1 or Sy1 mechanism we would expect ky/kp to
be larger in the unsaturated vinylic systems than in saturated
(Cyp?) systems since (i) in the transition state the C-H bond
is ideally positioned for overlap with the developing vacant p
orbital and (ii) the C-C bond distance is shorter than in
saturated systems and thus closer to the developing vacant p
orbital.® Typically ky/kp = ca. 1.4 has been found for Syl
solvolysis reactions involving vinyl cations generated from
Ar(X)C=CHR, where X = halide or CF;S0O;and R = H or
Me.% Larger ky/kp values have been attributed to a small
degree of E2 elimination (with solvent acting as base) su-
perimposed on the dominant Syl mechanism. An E2
mechanism (eq 5) would yield a primary kinetic deuterium
isotope effect for which ky/kp could range from 2 to 7. In
the present case it is difficult to conceive of benzene (but not
NMe; or proton sponge) acting as an effective base. Thus our
observed ky/kp ratio (ca. 3), difficult to rationalize with the
other observations, remains to be accounted for.

Acetylene Formation. A likely route to acetylene formation
in the reaction between I and HCl is by reductive elimination
(of acetylene) from a hydrido(chloro)platinum(IV) inter-
mediate, such as IX shown in Scheme II. In the decomposition
of III to give IV and acetylene, IX could arise either from HCI
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Scheme IV
i
Cl L C-H Cl L
\ | 7 |
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/N |
H H
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Cl\ H /L Cl\ I’,
= C-Pt—-C=CH = C—-Pt—Cl + HC=CH
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[T+ HCl—1II

Rk
II + HC1—3 IV + HC=CH
k, >k,

oxidative addition to II (I and HCI being generated by
Scheme III) or by the 5-hydrogen elimination route shown in
Scheme II. An alternative route to acetylene generation is
shown in eq 6. This route involves a ¢ = 7 rearrangement

C

PC=CH, = PC'=CH, 2Pt - PtCl + HC=CH ©)
a ar C
cr B

of the platinum vinyl cation followed by chloride ion dis-
placement of the w-bonded acetylene. (The = to o rear-
rangement involving a hydride shift has been proposed in the
formation of alkoxycarbene ligands from =-coordinated
acetylenes in alcohol solvents.})

Reductive elimination of acetylene from IX formed by the
B-hydrogen elimination mechanism, Scheme 11, and formation
of acetylene according to eq 6 would both compete with HCI
elimination from the PtCCl=CH, moiety. Thus, even in the
presence of an HCI trap such as amine, some acetylene
formation would always occur. The relative rates of HCl to
acetylene elimination from III are ca. 10:1 in benzene-d;,. We
believe our observation that III and proton sponge react in
benzene to give I in the absence of detectable quantities of V
and acetylene is significant. HCI elimination from ITI must
occur before acetylene may be formed. Acetylene formation
could arise from the sequence shown in Scheme IV. Ki-
netically II and HCI preferentially react to give IIL. This, of
course, says nothing about the relative rates of oxidative
addition to give IX or reductive elimination from IX (either
HCI or acetylene). A similar scheme could apply to the
reaction of I and HCI to give II

k, k,
1+ HCl—1I; 1+ HCl— V + HC=CH

where k; > k,.

Comparison with Organic Analogues. The observation that
the PtC=CH moiety readily reacts with anhydrous HCl under
mild conditions in solvents such as benzene and dichloro-
methane clearly indicates the activating influence of plati-
num(Il). Acetylene and HCI do not react under comparable
conditions* and vinyl chloride is similarly stable with regard
to the elimination of HCl. The unreactivity of simple al-
kylvinyl halides, even in the presence of AgNQ, is diagnostic.*!
This lack of reactivity has been attributed to both the low
stability of the vinyl cation and the very strong halogen to
carbon bond.* The high strength of the vinylic C-X bond
compared to C,,»-X bonds in alkyl halides has been ascribed
to a partial double-bond character due to the resonance form,
C—C=X*, coupled with increased s-bond strength due to
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differences in carbon hybridization. However over the last
decade vinyl cations have become respectable members of the
carbonium ion community.?>3¢

The earliest evidence for the intermediacy of vinyl cations
came from work by Jacobs and Drenth and their co-workers
on the acid-catalyzed hydration of alkynyl ethers*?™¢ and
alkynyl thioethers.*’*° The rate-determining step was shown
to be protonation to give the vinyl cation RHC=C*—XR,
where X = O or S. These vinyl cations are uniquely stabilized
in the sense that they have a resonance form in which the
positive charge resides on the heteroatom

H H
N \ *
/C=C~XR > /C=C=X—R
R R

The situation is analogous to the behavior of ordinary car-
bonium ions generated by solvolysis, where a-halo ethers are
some 10° times more reactive than unsubstituted halides.*
One might expect that electron-rich transition