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Reaction of [Pt3(p3-H)(p-dppm)3]+ (1) with excess acetylene gives [Pt3(CH=CHz)(p3-$( ii)-HCCH)(p- 
d ~ p m ) ~ ]  +, where dppm = PhzPCHzPPhz. Deuterium-labeling studies indicate that H-D scrambling occurs 
within the vinyl group but not in the acetylene ligand. For example, [Pt3(p3-D)(p-dppm)3]+ with HCCH 
gave [Pt3(CH=CHz-d,)(p3-.z(Il)-HCCH)(p-dppm)3]+, in which the deuterium label was distributed randomly 
in all three possible positions in the vinyl group. It is possible that this scrambling occurs by way of a 
short-lived ethylidyne intermediate. The complex is fluxional, due to rotation of the acetylene ligand, at 
room temperature. Similar reaction of 1 with excess propyne gives [Pt3(CH=CHMe)(p3-$( 1 1 ) -  
MeCCH)(p-d~pm)~]+, but this complex is not fluxional a t  room temperature and is formed selectively by 
cis insertion of propyne into the Pt-H group. There is a strong resemblance to the chemistry resulting 
from chemisorption of acetylene on a Pt(ll1) surface, thus providing a clear example of the value of 
coordinatively unsaturated clusters as mimics of metal surfaces. 

Introduction 
A major effort has been made to determine the products 

of chemisorption of acetylene on a platinum(ll1) surfaceel 
It is now thought that Pt3(p3-.r12-HCCH) groups are formed 
first and then rearrange to Pt3(p3-q2-C=CH2) groups, 
which react with surface hydrogen to give Pt3(p3-CCH3) 
groups.'!* Hydrogen for deuterium exchange reactions in 
the ethylidyne unit can occur, and it is suggested that a 
necessary step in this process involves isomerization of 
Pt3(p3-CCH3) to Pt3(CH=CH2) groups, which then un- 
dergo exchange of hydrogen for surface d e u t e r i ~ m . ~ ? ~  The 
interconversions of ethyne, vinyl, vinylidene, and ethyli- 
dyne groups on binuclear and trinuciear complexes have 
been studied before, especially using carbonyl clusters of 
the iron group as  template^,^ and these reactions can be 
said to model steps of the surface reaction. Since much 
of the surface science has been carried out by using the 

(1) (a) Kesmodel, L. L.; Dubois, L. H.; Somorjai, G. A. J.  Chem. Phys. 
1979, 70,2180. (b) Steininger, H.; Ibach, H.; Lehwald, S. Surf. Sci. 1982, 
117, 685. (c) Megiris, C. E.; Berlowitz, P.; Butt, J. B.; Kung, H. H. Surf. 
Sci. 1985, 159, 184. (d) Bertolini, J. C.; Massardier, J. The Chemical 
Physics of Solid Surfaces and Heterogeneous Catalysis; King, D. A., 
Woodruff, D. P., Eds,; Elsevier: Amsterdam, 1984, Vol. 3, Chapter 3. (e) 
Stohr, J.; Sette, F.; Johnson, A. L. Phys. Reu. Lett. 1984,53, 1684. (f) 
Koestner, R. J.; Stohr, J.; Gland, J. L.; Horsley, J. A. Chem. Phys. Lett. 
1984, 105, 332. Abon, M.; Billy, J.; Bertolini, J. C. Surf. Sci. 1986, 171, 
L387. (9) Wang, P.-K.; Slichter, C. P.; Sinfelt, J. H. Phys. Reo. Lett. 1984, 
53, 82. (h) Felter, T. E.; Weinberg, W. H. Surf. Sci. 1981, 103, 265. 

(2) (a) Simonetta, M.; Gavezzotti, A. Theochem 1984, 107, 75. (b) 
Kang, D. B.; Anderson, A. B. Surf. Sci. 1985,155, 639. (c) Silvestre, J.; 
Hoffmann, R. Langmuir 1985, I, 621. 

(3) Ogle, K. M.; White, J. M. Surf. Sci. 1986, 165, 234. 
(4) An early report of a stable vinyl species on Pt(l l1) [Demuth, J. E. 

Surf. Sci. 1979, 80, 3671 is thought to be in error.' 
(5) For example: (a) Deeming, A. J. Adu. Organomet. Chem. 1986,26, 

1. (b) Keister, J. B.; Shapley, J. R. J. Organomet. Chem. 1975,85, C29. 
(c) Deeming, A. J.; Underhill, M. J .  Chem. Soc., Chem. Commun. 1973, 
277. (d) Roland, E.; Bernhardt, W.; Vahrenkamp, H. Chem. Ber. 1985, 
118, 2858. (e) Deeming, A. J.; Hasso, S.; Underhill, M. J .  Chem. SOC., 
Dalton Trans. 1975, 1614. (f) Green, M.; Orpen, A. G.; Schaverian, C. 
J. J .  Chem. Soc., Chem. Commun. 1984,37. (9) Pierpoint, C. G. Inorg. 
Chem. 1977, 16, 636. (h) Calvert, R. B.; Shapley, J. R.; Shultz, A. J.; 
Williams, J. M.; Suib, S. L.; Stucky, G. D. J .  Am. Chem. SOC. 1978,100, 
6240. (i) Clauss, A. D.; Tachikawa, M.; Shapley, J. R.; Pierpoint, C. G. 
Inorg. Chem. 1981,20,1528. (i) Jeffrey, J. G.; Johnson, B. F. G.; Lewis, 
J.; Raithby, P. R.; Welch, D. A. J. Chem. SOC., Chem. Commun. 1986,318. 
(k) Dutta, T. K.; Vites, J. C.; Fehlner, T. P. Organometallics 1986,5,385. 
(1) Lourdici, M.; Mathieu, R. Organometallics 1986,5, 2067. (m) Bern- 
hardt, W.; von Schnering, C.; Vahrenkamp, H. Angew. Chem., Int. Ed. 
Engl. 1986,25, 279. (n) Cree-Uchiyama, M.; Shapley, J. R.; St. George, 
G. M. J .  Am. Chem. SOC. 1986, 108, 1316. 
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Scheme I" 

1 : \  
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"The  structures of short-lived intermediates A, B, and C are 
speculative, and the  sequence of reactions could also be A + C 
B. Dppm ligands are omitted for clarity. 

Pt(ll1) surface and since the coordinatively unsaturated 
clusters [Pt3(p3-H)(p-dppm)3]+ (116 and [Pt3(p3-CO)(p- 
d ~ p m ) ~ ] ~ +  (2)' can better mimic the coordinative unsatu- 
ration of surface metal (especially Pt) atoms than can the 
iron group clusters: a study of the reactions of 1 and 2 with 
acetylene was initiated. 

An unstable acetylene complex, [Pt3(pz-H)(HCCH)(p- 
d ~ p m ) ~ ] +  (3), was formed by reaction of 1 with acetylene 
and was identified by low-temperature NMR spectroscopy. 
In the absence of excess acetylene, complex 3 rearranged 
to give a stable vinylidene complex, [Pt3H(p3-q2-C= 
CH,)(p-dppm),]+ (4).9 In contrast, acetylene reacted with 
[Pt3(p3-CO)(p-d~pm)31~+ (2) to give [Pt3(CO)(p3-v2- 

(6) Lloyd, B. R.; Puddephatt, R. J. J.  Am. Chem. SOC. 1985,107,7785. 
(7) Ferguson, G.; Lloyd, B. R.; Puddephatt, R. J. Organometallics 

1986, 5, 344. 
(8) In the 42e cluster complexes 1 and 2 all of the metal atoms are 

coordinatively unsaturated, whereas trinuclear iron group clusters either 
are coordinatively saturated (48e, e.g. [0s3(CO),,]) or have B single site 
of unsaturation (46e, e.g. [Os3H2(C0),,]). For studies of the coordinative 
unsaturation of 2 see: (a) Jennings, M. C.; Payne, N. C.; Puddephatt, R. 
J. J.  Chem. Soc., Chem. Commun. 1986,1809. (b) Lloyd, B. R.; Bradford, 
A.; Puddephatt, R. J. Organometallics 1987, 6, 424. 

(9) Rashidi, M.; Puddephatt, R. J .  J.  Am. Chem. SOC. 1986,108,7111. 
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Models for Reactions of Acetylene on Pla t inum(l l1)  

HCCH)(p-dppm),l2' (5) and its derivatives [Pt3(p3-q2- 
H C C H ) ( p - d ~ p m ) ~ l ~ +  (6) and [Pt3Cl(p3-q2-HCCH)(p- 
d ~ p m ) ~ ] +  (7) which were inert to rearrangement of the 
acetylene unit.'O In this paper, the formation of a third 
product by reaction of 1 with excess acetylene is described. 
This product is characterized as [Pt3(CH=CH2)(p3-q2- 
H c C H ) ( p - d p ~ m ) ~ ] +  (8), a vinyl acetylene complex incor- 

2 i  a) 20'c 

B 9 

porating two of the functional groups proposed as inter- 
mediates in the chemisorption of acetylene on platinum- 
(111). Multinuclear NMR studies, including studies of 
isotopically labeled derivatives, have allowed the structure 
and some aspects of the mechanism to be deduced. A 
similar derivative prepared from propyne is also described, 
and it is argued that there is a close analogy between the 
cluster and surface chemistry. 

Results 
Synthesis of the Complexes. The synthetic work is 

summarized in Scheme I. Bubbling excess acetylene 
through a solution of 1 in dichloromethane at  room tem- 
perature gave a transient dark color followed, within a few 
seconds, by formation of a lighter red-brown solution of 
the product 8. If the reaction was carried out a t  -80 "C, 
the dark color, which is due to the intermediate 3, persisted 
and further reaction to give 8 took place with a half-life 
of -2 days. If excess acetylene was removed at  -80 "C 
from the solution containing intermediate 3, the vinylidene 
complex 4 was formed on warming. In a similar way, 
reaction of 1 with excess propyne gave complex 9, but no 
intermediate was detected in this case. In addition, 
evaporation of excess propyne at -80 "C gave back complex 
1 and no propylidene complex analogous to 4. 

The possibility that 4 may be an intermediate in the 
formation of 8 was considered but was eliminated by the 
observation that 4 failed to react with acetylene a t  room 
temperature. Reaction of complex 6 with NaBH, gave 
approximately equal amounts of complex 1, by displace- 
ment of acetylene, and complex 4 but no vinyl derivative. 

Complex 8 was air-stable and unreactive. I t  was not 
reduced by molecular hydrogen or by sodium borohydride 
at  room temperature, and there was no exchange on at- 
tempted reaction with acetylene-d,. The coordinated 
acetylene in 8 is therefore stable to dissociation or dis- 
p1acement.l' Reaction of 8 with HCl led to cleavage of 
the vinylplatinum group and formation of the known 
complex 7. 

Characterization of Complex 8. Characterization of 
these complexes by NMR methods was complex, but an 

(10) Douglas, G.; Manojlovie-Muir, Lj.; Muir, K. W.; Rashidi, M.; 
Anderson, C. M.; Puddephatt, R. J. J. Am. Chem. SOC. 1987,109,6527. 

(11) The coordinatively unsaturated complex 6 does undergo alkyne 
exchange reactions.10 
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_ ,  5 L z C O ,  n . 2  
7 ,  L =  C i ,  n: 1 

C)  -79'c 

208 152 123 105 

Figure 1. 13C('H) NMR spectra (75 MHz) of complex 8* in 
CD2Clp: (a) at 20 "C, (b) at -43 "C, and (c) at -79 "C. The 
couplings due to 'J(PtC) are shown below spectrum (c), and the 
insets above spectrum (a) show the signals due to  C3 and C4 in 
the 'H coupled 13C NMR spectrum. 

almost complete description of connectivities could be 
obtained by recording lH, 13C, 2H, 31P, and Ig5Pt NMR 
spectra of 8 and its derivatives 8* and a**, prepared from 
H13C13CH and DCCD, respectively. 

Complex 8 was fluxional at  room temperature, and the 
static structure was deduced from the NMR spectra at  -80 
"C, by comparison with those at  room temperature. The 
vinyl group remained bonded in a terminal fashion to Pt3 
at  all temperatures as shown clearly by the 'H and 13C 
NMR spectra (Figure 1). The protons Hfl and HY were 
clearly resolved in the lH NMR, but the signal due to Ha 
was obscured by the phenyl resonances of the dppm lig- 
ands. Its presence a t  6 6.91 was confirmed from the 2H 
NMR spectrum of 8** (see later for further details) and 
by decoupling experiments in the 'H NMR spectrum of 
8. Thus irradiation at  6 6.9 caused collapse of coupling to 
Ha in the multiplets due to Ha and HY. The J(HH) cou- 
pling constants within the vinyl group were entirely con- 
sistent with those of other terminal vinyl g r o ~ p s , l ~ * ' ~  and 
the magnitude of lJ(C=C) = 62 Hz is close to that in 
ethylene (69 Hz). The p2-q2-vinyl groups give lower values 
of 'J(C=C). For example, [OS~H(~,-~~-CH=CH~)(CO)~~] 
gives 'J(C=C) = 33 Hz, and a range of 27-36 Hz is found 
for W2- and Rh2(p2-q2-CH=CH2) derivatives, close to 'J- 
(CC) for ethane of 35 Hz.14-16 Similarly the 13C chemical 
shifts for C3 and C4 fall in the range for terminal vinyl 
groups12J6 but not for p2-q2-vinyl  group^.'^-'^ The mag- 
nitude of 'J(Pt3C3) is lower than in most vinylplatinum(I1) 
complexes,12 but this is due to it being trans to a Pt-C 
a-bond; similar values have been observed for some 

(12) Cardin, C. J.; Cardin, D. J.; Lappert, M. F. J .  Chem. SOC., Ddalton 
Trans.  1977, 767. 
(13) Mann, B. E.; Shaw, B. L.; Tucker, N. I. J.  Chem. SOC. A 1971, 

2667. 
(14) Aime, S.; Gobetto, R.; Osella, D.; Milone, L.; Rosenberg, E.; An- 

slyn, E. V. Inorg. Chim. Acta 1986, 111, 95. 
(15) Ahmed, K. J.; Chisholm, M. H.; Folting, K.; Huffman, J. C. J .  Am. 

Chem. SOC. 1986,108, 989. 
(16) Fryzuk, M. D.; Jones, T.; Einstein, F. W. B. Organometallics, 

1984,3,185. Evans, S. J.; NcNulty, G. J.  Chem. SOC., Dalton T r a m .  1984, 
79. 

(17) Boag, N. M.; Green, M.; Stone, F. G. A. J .  Chem. SOC., Chem. 
Commun.  1980, 1281. 

(18) Keister, J. B.; Shapley, J. R. J .  Am. Chem. SOC. 1976, 98, 1056. 
(19) Dyke, A. F.; Knox, S. A. R.; Morris, M. J.; Naish, P. J. J .  Chem. 

SOC., Dalton Trans.  1983, 1417. 
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8' (eq 1). However, this process would interconvert Pt' 

1 Pt3 

a: h pt3 Pt', 

-2866 -3060 - 3 4 2 5  6 

Figure 2. le5Pt('H) NMR spectra (64.3 MHz): (a) spectrum of 
8 at -80 "C; (b) expansion of the Pt3 resonance of 8 at room 
temperature (the triplet is due to 'J(PtP) coupling and the 
satellites are due to the "average" coupling between Pt3Pt1 and 
Pt3Pt2, which leads to a 1:81881 pattern); (c) the Pt3 resonance 
of 8* at room temperature (the extra doublet of triplets is due 
to couplings 'J(Pt3C3) and the "average" coupling between Pt3C' 
and Pt3C2. 

trans-divinylplatinum(I1) complexes.20 
The acetylene ligand in 8 was fluxional a t  room tem- 

perature, and only broad resonances were observed for the 
hydrogen (6 9.93) and carbon (6 156) atoms in the 'H NMR 
of 8 or 13C NMR of 8*, respectively (Figure 1). However, 
both signals split into two at  low temperature. In the 'H 
NMR, H1 appeared at  6 11.61, and hence H2 is expected 
a t  6 8.25 where i t  is obscured by a phenyl resonance. In 
the 13C NMR, C2 was a t  6 105 and C1 a t  6 208. The cou- 
pling constant 'J(C1C2) was not resolved and was <30 Hz. 
Both C' and C2 were doublets with lJ(CH) = 140 and 200 
Hz, respectively, in the 'H-coupled 13C NMR spectrum at 
-80 "C, thus proving the HCCH groups was still present. 
The low value of 'J(C1C2) indicates that  the actylene is 
a-bonded to Pt', since otherwise a coupling constant closer 
to ethylene (69 Hz) than ethane (35 Hz) would be expected. 
The coupling of C' to Ptl observed in the 13C NMR 
spectrum a t  -80 "C, 'J(PtlC') = 150 Hz, supports this 
though 'J(Pt'C2) was not resolved and must be less than 
100 Hz. The bonding mode of the acetylene is the same 
as that found in complexes 5 and 71° and is the most 
common bonding mode in cluster complexes.21 The (r- 
bonds Pt3C2 and Pt2C1 are demonstrated by the coupling 
constants 'J(Pt3C2) = 420 Hz and 'J(Pt2C1) = 660 Hz in 
the -80 "C spectra.22 At room temperature the Pt3 res- 
onance in the Ig5Pt NMR of 8* appeared as a triplet with 
'J(PtC) = 200 f 10 Hz (Figure 2), i.e. half of the value of 
'J(Pt3C2) a t  -80 "C. The Pt2 signal was too broad to 
observe a t  room temperature. 

The above spectral data give a great deal of information 
about the fluxional process. The simplest form of flux- 
ionality would interconvert the equivalent structures 8 and 

(20) Sebald, A.; Wrackmeyer, B. J.  Chen. Soc., Chem. Commun. 1983, 
309. 

(21) Raithby, P. R.; Rosales, M. J. Adu. Inorg. Chem. Radiochem. 
1985,29,169. Sappa, E.; Tiripicchio, A.; Braunstein, P. Chem. Reu. 1983, 
83, 203. 

(22) The corresponding coupling constants in complex 5 are 'J(Pt3C2) 
= 530 and 'J(Pt2C') = 650 Hz. The lower value of 'J(Pt3C2) for 8 is due 
to the high trans influence of the vinyl group. 

s 9' 

and Pt2 but not the C'H' and C2H2 units. We suggest that 
the isomerization of 8 == 8' occurs via a less stable species 
10 (eq 2), in which the C'H' and C2H2 unite are equivalent. 

l_o 

Such a process is completely consistent with all the NMR 
data, so long as very little 10 is present in equilibrium with 
8 and 8". The activation energy for the fluxionality, 
calculated from both the variable-temperature I3C and 31P 
NMR spectra, was AG* = 44 f 2 kJ mol-'. It is, of course, 
possible that the mechanism of eq 1 also occurs and has 
a similar activation energy.23 Why is 10 less stable than 
8? We note that the structure of 10 is analogous to that 
of the stable complex 4, with a p3-q2-HCCH unit in place 
of the p3-$-C=CH2 unit of 4. Geometrical constraints 
would require the olefin in 10 to lie in the coordination 
plane of Pt,3 whereas the configuration with the olefin 
perpendicular to the coordination plane of square-planar 
platinum(l1) is always preferred and is required in complex 
4. We suggest that this feature destabilizes 10 with respect 
to.8, though the NMR data indicate that the difference 
in energy is not great. The similar complexes 5 and 7 are 
not fluxional a t  room temperature.l0 This difference is 
probably due to the high trans influence of the vinyl group, 
which labilizes the Pt3C2 bond in 8 and lowers the acti- 
vation energy for formation of the intermediate We 
think it is probable that the vinylidene group would be 
more stable than the ethyne group in all complexes 5,  7, 
and 8 but that there is no facile route for the isomerization 
in the absence of a hydride ligand on platinum. 

The 31P NMR spectra lend support to the above con- 
clusions on the fluxionality of 8. At room temperature, 
three 31P resonances were observed as expected for the 
fluxional system 8 + 8' (eq 1 or 2). At  -80 "C, the signal 
a t  6 +4.6 a t  room temperature had split into two signals 
due to P3 and P6 at 6 8.0 and 1.2 and that at -6.1 ppm had 
split into two signals due to P' and P2 at  6 -9.3, respec- 
tively, but the signal a t  6 14.2 did not split a t  low tem- 
perature (Figure 3). Presumably the chemical shifts of 
P4 and P5 were degenerate. 

Evidence about PtPt bonding was obtained from the 31P 
and Ig5Pt NMR spectra. First we note that 8 is a 46e 
complex and so, like 4, is expected to contain just one 
metal-metal bond.'O From the lg5Pt NMR spectrum at -80 
"C, 'J(Pt'Pt2) = 1700 Hz and this coupling indicates a 
Pt-Pt bond between these atoms. In contrast, no coupling 

(23) Similar fluxionality has been observed in other alkyne cluster 
complexes. See, for example, ref 5a and 21. 
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Models for Reactions of  Acetylene on Pla t inum(l l1)  Organometallics, Vol. 7, No. 7, 1988 1639 

differ only in the terminal groups vinyl and chloro, re- 
spectively. 

Studies with Deuterium-Labeled Reagents. Most 
insertion reactions of metal hydrides with alkynes occur 
selectively to give vinyl complexes by cis insertion although 
trans insertion may also be observed for cluster complex- 
esSz8 Early experiments of 1 with C2D2, analyzed by 'H 
NMR, suggested a less selective reaction, and so a detailed 
study was carried out. Because the signal due to Ha of 8 
is obscured and that due to HS overlaps partly with a dppm 
resonance, the technique of 2H NMR was used for quan- 
titative analysis of deuterium label distribution. 

Reaction of [Pt3(p3-D)(p-dppm)3]+ ( l t )  with C2D2 gave 
the fully deuteriated derivative [Pt3(CD=CD2)(CDCD)- 
b-dppm),]+ (st% and the 2H NMR spectrum was recorded 
a t  room temperature (low-temperature 2H NMR spectra 
gave very broad resonances and were not useful). The four 
peaks due to the coordinated acetylene C2D2 (6 9.9), and 
vinyl substituents D" (6 6.91, D@ (6 5.31, and DY (6 3.7) were 
all resolved. Next, reaction of It with C2H2 was carried 
out, and the product was identified as [Pt3- 
(CzHzD)(C2H2)(p-dppm),]+ (st) with the deuterium label 
distributed equally among all the positions of the vinyl 
substituent (Ha, HS, and HY) but with no deuterium label 
in the coordinated acetylene. Finally reaction of 1 with 
CzDz gave [Pt3(C2HD2)(C2D2)(p-dppm),]+ (8**) with the 
deuterium label again randomly distributed in the vinyl 
group and with the coordinated acetylene fully deuteriated. 
These results were readily obtained by integration of the 
2H resonances. Further data were obtained from the 'H 
NMR spectra. Thus the 'H NMR spectrum of 8' gave a 
doublet at  6 5.24 due to H@ with 3J(HaH@) = 12 Hz su- 
perimposed on an equal intensity singlet at  6 5.27. This 
clearly indicates the presence of 

Ha H E  
Da\ /Ha 

Pt \D7 Pt \H7 
>c=c/ and ,C=C 

groups in equal amounts, the coupling 2J(HaHY) of 3.2 Hz 
not being resolved in the presence of the expected coupling 
3J(H@D") of -2 Hz. Similarly, there was a doublet at  6 
3.72 due to HY with 3J(H"H7) = 18 Hz with a superimposed 
equal intensity broad singlet a t  6 3.74. These peaks in- 
dicate equal amounts of 

1 4 2  4 6  -6 1 

Figure 3. 31P(1HJ NMR spectra (121 MHz) of complex 8: (a) 
at -80 "C and (b) at 20 "C. 'J(PtP) couplings at 20 "C are shown 
below spectrum b and the 31P signals that coalesce on warming 
are shown below spectrum a. 

was resolved between Pt'Pt3 and the coupling J(Pt2Pt3) 
= 500 Hz. The latter value is low for a direct PtPt bond, 
and we suggest that the coupling operates through the 
bridging acetylene [3J(Pt2C1C2Pt3)].'0 A t  room tempera- 
ture the average value of J(Pt3Pt1p2) = 310 Hz, from which 
it can be deduced that J(Pt'Pt3) = 120 Hz [note that 
'/2(500 + 120) = 310 Hz], a coupling which would not be 
resolved in the lg5Pt NMR spectrum at -80 OC. These 
couplings are fully consistent with the proposed structure 
for 8. In addition, the room-temperature 31P spectra show 
a large coupling 2J(Pt'P3) = 300 Hz, typical of values 
through a Pt-Pt bond,7~24~26*27 and again strongly suggest 
a bond between Pt' and Pt2. 

The NMR spectra described above are complex but very 
rich in structural information. Assignments of platinum 
resonances were aided by the observation of 'J(PtC) cou- 
pling in the spectra of 8* and assignments of phosphorus 
resonances by correlation of J(PtP) values from the Ig5Pt 
and ,'P NMR spectra (Figures 1-3). The presence of 
Pt-Pt bonds is partly based on the magnitudes of 'J(PtPt) 
coupling constants (a not altogether reliable criteri01-1)~~ 
but is confirmed by the characteristic long-range coupling 
to phosphorus atoms lying along the Pt-Pt axis.26 Both 
criteria suggest only one Pt-Pt bond in 8, and this is also 
expected from the electron count of the ~ 1 ~ s t e r . ~ J ~ , ~ ~ - ~ ~  
Finally we note that complex 8 is closely related to 
[Pt3C1(p3-~2-HCCH)(p-dppm)3]+ (7) which has been 
characterized crystallographically.'O Complexes 8 and 7 

(24) Curiously, a t  low temperature, only the long-range coupling *J- 
(Pt2P6) = 600 Hz was resolved in either the 31P or lssPt NMR spectra. 
We presume that P3 is distorted away from the Pt1Pt2 axis and so the 
expected long-range coupling 'J(Pt3Pt1) is not resolved. For earlier 
references to long-range coupling through R-Pt bonds, see ref 6,7 ,9 ,  and 
10. Blau, R. J.; Espenson, J. H. Inorg. Chem. 1986, 25, 878. 

(25) Ptegosin, P. S. Coord. Chem. Reo. 1982, 44, 247. 
(26) Jennings, M. C.; Payne, N. C.; Puddephatt, R. J. J. Chem. SOC., 

(27) Ferguson, G.; Lloyd, B. R.; ManojloviE-Muir, Lj.; Muir, K. W.; 
Chem. Commun. 1986, 1809. 

Puddephatt, R. J. Inorg. Chem. 1986,25, 4190. 

H a  DE D\ / H E  

Pt \ H Y a n d  Pt \H7 
>c=c' ,c=c 

respectively. The 'H NMR spectrum of 4** gave a broad 
(width a t  half-height -4 Hz) singlet at  6 5.24 due to Hfi 
and at  6 3.74 due to HY, indicating the presence of 

/D >C=C/ and >C=C 
D H E  D 

Pt \D Pt \H7 

groups, respectively. Together with the 2H NMR data, 
these results show that complete H-D scrambling occurs 
within the vinyl groups and that this process is intramo- 
lecular and does not involve the coordinated acetylene 
ligand. Note that intermolecular processes would lead to 
vinyl groups PtC2HnD,, with all combinations of n = 0-3, 
a form of scrambling which is not consistent with the 
observed spectra. 

We have observed previously that similar H-D scram- 
bling occurs during the formation of complex 4.9 The 

(28) Burch, R. R.; Shusterman, A. J.; Muetterties, E. L.; Teller, R. G.; 
Williams, J. M. J. Am. Chem. SOC. 1983, 105, 3546. 
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results are most readily interpreted in terms of the pro- 
cesses shown in Scheme I, in which rapid equilibration 
between intermediates having P t 3 H ( H C 4 H ) ,  P&(CH= 
CH2), Pt3H(C=CH2), and Pt3(CCH3) groups occurs. 
Clearly, interconversion between vinyl and vinylidene 
hydride speciess alone cannot lead to scrambling of H, D 
labels as observed above, but a short-lived species such as 
an ethylidyne, in which all hydrogens are equivalent, would 
naturally lead to such scrambling. If this mechanism is 
correct the intermediate vinylidene hydride species cannot 
be 4 since 4 fails to react with acetylene to give 8. Since 
in 4 the vinylidene and hydride ligands are mutually trans, 
it  is unlikely that rapid equilibration with vinyl or ethy- 
lidyne species would be possible. The proposed interme- 
diate should therefore have the hydride and vinylidene 
ligands in a position allowing rapid reversible insertion. 
The scrambling reaction could equally well occur by the 
sequence Pt3(p-CH=CHz) + Pt3(CCH3) + Pt3H(C=C- 
H2). The vinyl to ethylidyne conversion is k n ~ w n . ~ ~ , ~  

A second possible mechanism involves rapid intercon- 
version between complexes 3, A, and B in Scheme I. Since 
the @-hydrogen atoms in the vinylidene species 3 are 
equivalent, this can lead to general scrambling within the 
vinyl group even though all hydrogens are not equivalent 
a t  any one time. The ethylidyne species C would not be 
necessary in this mechanism. Since none of intermediate 
A, B, or C is directly detectable, it is not possible to de- 
termine which sequence is followed. 

The Characterization of Complex 9. Reaction of 1 
with excess propyne a t  room temperature gave [Pt3(p3- 
q2-MeC=CH)(CH=CHMe)(p-dppm)3][PF,] (9). The 
complex was characterized by elemental analysis and by 
NMR spectroscopy. Complex 9 was not fluxional, and the 
room-temperature 31P and lg5Pt NMR spectra contained 
six and three resonances, respectively, very similar to the 
low-temperature NMR spectra of the similar complex 8. 
This lack of fluxionality is probably due to steric hindrance 
to rotation of the propyne ligand. 

The connectivities of the propyne and propenyl groups 
were determined by 'H NMR spectroscopy, including se- 
lective decoupling experiments. 

For the p3-q2-CH3CCH ligand, the CH3 resonance was 
at  6 2.31 and appeared as a doublet, J (HH) = 5 Hz, due 
to coupling to a proton a t  6 -8.3, which was obscured by 
phenyl resonances. There was no resonance in the region 
6 9-14, which would be expected for the acetylenic proton 
if the connectivity were Pt2-CH=CMe-Pt3.10 Well-re- 
solved couplings J(PtCH3) of 11,34, and 67 Hz were ob- 
served, indicating coupling of the CH3 protons to all three 
platinum atoms. 

For the propenyl group, the Ha, Ha, and CH Y r esonances 
appeared a t  6 6.10, 3.71, and 0.83, respectively, with 3J- 
(H",HP) = 17 Hz and 3J(H@HY) = 7 Hz. In addition, H" 
was coupled to two 31P atoms, 3J(PHa) = 3 Hz, and to Pta, 
V(PtH") = 18 Hz. These data, particularly the magnitude 
of 3J(HaH@), clearly define the trans-propenyl geometry 
shown for 9. The above assignments were confirmed by 
selective decoupling experiments. 

Reaction of Pt3(p3-D)(p-dppm)3]f with propyne gave 9 
with the deuterium label selectively situated in the HP 
position. This was clearly demonstrated by both the 'H 
(resonance a t  6 3.7 ppm absent, resonance a t  6 6.1 a 
broadened singlet) and the 2H (broad resonance a t  d 3.73, 
no resonance a t  d 6.1) NMR spectra. 

The propenyl group in 9 or 9* is formed by the usual 
cis insertion of the alkyne into the P tH or P tD bond of 
1 or l*. The product 9 could be formed selectively only 
because i t  is the thermodynamically most stable product, 

Rashidi and Puddephatt 

but the absence of H-D scrambling in the formation of 9* 
shows that a propylidyne intermediate is not formed in 
this system. I t  was noted earlier that no intermediate 
alkyne complex analogous to 3 and no propylidene complex 
analogous to 4 could be detected in the reactions with 
propyne, and it is possible that a-elimination cannot occur. 
However, in this case interconversion between species 
analogous to 3, A, and B in Scheme I would not lead to 
H-D scrambling and, provided the trans-propenyl is 
thermodynamically favored over the the cis-propenyl- 
platinum group, would give the observed product 9. The 
result gives some support for this mechanism. 

Discussion 
This work was initiated in order to try to mimic some 

of the chemistry that occurs when acetylene reacts with 
a Pt(ll1) surface.l This has been successful in many re- 
speds although the simple model cluster complexes do not, 
and cannot be expected to, give identical chemistry. 

In terms of the functional groups formed, complex 1 with 
acetylene has given p3-q2-(II)-HCCH, p3-q2-C=CH2, and 
q'-CH=CH2 groups as stable units, and there is some 
evidence for the intermediate ethylidyne group CCH,. All 
of these groups are thought to play a part in the reaction 
of acetylene on the Pt(ll1) surface, but in this case the 
Pt3(p3-CCH3) group is the most stable species.' The 
possible ethylidyne intermediate [Pt3(p3-CCH3)(p- 
d ~ p m ) ~ ] +  would be a 44e cluster and would be expected 
to have two Pt-Pt bonds.29 Both stable complexes 4 and 
8 are 46e complexes and, as expected, have only one Pt-Pt 
bond. The energy differences between these groups are 
probably small in both the model cluster compounds and 
the surface species.'I2 

The structurallo and spectroscopic data for the Pt3(H- 
CCH) and Pt3(C=CH2) groups may be of use in identif- 
ying similar groups on a platinum surface. For example, 
there is a strong resemblance between the CC distances 
in the Pt3(HCCH) groups on the Pt(ll1) surface [1.45 (3) 
Alle and in complex 7 [1.40 (4) A].1o If CP-MAS solid-state 
spectra of the proposed HCCH and CCH3 groups on a 
platinum surface can be obtained, the 13C NMR data for 
the model compounds will be valuable for comparison. 
Unfortunately, the IR spectra of the model compounds are 
dominated by dppm absorptions and are not useful for 
comparison with the known vibrational spectra of the 
surface 

Can the model system assist in understanding the 
mechanism of the HCCH to CCH3 reaction on the Pt(ll1) 
surface? This is proposed to occur by rearrangement of 
Pt3(HCCH) to Pt3(C=CH2) followed by reaction with 
surface hydrogen to give Pt3(CCH3).' Acetylene to vi- 
nylidene rearrangements are known in a few binuclear and 
cluster complexes,31 but, in the Pt3 clusters, no rear- 
rangement of the HCCH ligand occurs unless there is a 
hydride ligand present.'O The possibility should therefore 
be considered that the surface reaction also requires sur- 
face hydrogen in the first step. The reaction sequences 

H3) or Pt3(HCCH) + Pt3(CH=CH2) + Pt3(CCH3) + 
Pt,(HCCH) + Pt3(CH=CH2) Pts(C=CHZ) + Pt3(CC- 

(29) See, for example: Underwood, D. J.; Hoffman, R.; Tatsumi, K.; 
Nakamura, A.; Yamamoto, Y. J. Am. Chem. SOC. 1985, 107, 5968. 

(30) Anson, C. E.; Keiller, B. T.; Oxton, I. A.; Powell, D. B.; Sheppard, 
N. J. Chem. SOC., Chem. Commun. 1983,470. 

(31) See, for example, ref 5j, 5m, and Berry, D. G.; Eisenberg, R. J. 
Am. Chem. SOC. 1985,107,7181. It is not known if this rearrangement 
occurs by a single or a multistep mechanism. For a review, see: Bruce, 
M. I.; Swincer, A. G. Adu. Organomet. Chem. 1983,22, 59. For reactions 
a t  a single Pt center, see: Chisholm, M. H.; Clark, H. C. Acc. Chem. Res. 
1973, 6,  202. 
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Models for  Reactions of Acetylene on Platinum(ll1) 

Pt3(C=CH2), both involving a vinyl intermediate, appear 
to be consistent with both the surface and the cluster 
chemistry though the stable species differ. The reaction 
of [Pt&3-D)&-dppm)3]+ with propyne proves that the first 
step in the cluster reaction, after alkyne coordination, 
involves cis insertion of the alkyne into the P tH  bond to 
give an alkenyl derivative. 

Experimental Section 
'H NMR spectra were recorded on a Varian XL-200 NMR 

spectrometer. 31P, '=Pt, 13C, and 9 NMR spectra were recorded 
on a Varian XL-300 NMR spectrometer. References were TMS 
('H), H3P04 (31P), aqueous K2[PtC14] (lg5Pt), acetone (2D), and 
TMS (13C). C2D2 was prepared by reacting CaC2 with D,O and 
was dried by passing the evolved gas through a column of silica 
gel. C2H2 and C2H2-13C2 were commercial samples and were used 
without purification. [Pt&.~~-CO)(w-dppm)~l [PF& was prepared 
by the published method.' It was, however, purified as follows: 
crude [Pt&~3-Co)(pdppm)~] [PF6I2 (0.5 g) was dissolved in acetone 
(7 mL) and layered carefully with methanol (20 mL). Slow 
diffusion of methanol at room temperature gave, after 4 days, large 
red crystals of the compound in good yield. [Pt3(p3-H)(p- 
dppm)Z][PF,] was prepared by the literature method,, and 
[Pt.&-D)OL-dp~m)~1 [PF,] was prepared similarly by using Na13Dl 
and CH30D (as solvent). 
[Pt,(CHCH,)(HCCH)(p-dppm),][PF,]. Acetylene was passed 

through a solution of [Pt3(p3-H)(p-dp~m)3][PFs] (0.1 g) in CHzC12 
(20 mL) for 2 min. The color immediately changed to a darker 
color and then, after a few seconds, to a lighter red-brown. This 
solution was stirred for 5 min at room temperature. The solvent 
was removed under reduced pressure and the residue dried under 
vacuum. A sample was purified by dissolving the compound in 
a minimum amount of acetone and leaving the solution for 4 days, 
after which yellow crystals were separated and washed with a few 
drops of acetone and dried under vacuum: yield 90%; mp 181-185 
"C dec. Anal. Calcd for [Pt3(CHCH,)(CHCH)(cl-dppm),l[PFs]: 
C, 48.95; H, 3.66. Found: C, 48.43; H, 3.97. NMR in CDzC12 at 
-80 "C: 'H, 6 6.91 [deduced by decoupling, Ha], 5.20 [m, 3J(HaHB) 
= 12 Hz, 2J(Hm7) = 3 Hz 3J(PtH) = 86 Hz, J(PH) = 2 Hz, HP], 
3.74 [m, 3J(H7Ha) = 18 Hz, 3J(PtH) = 40 Hz, J(PH) = 2 Hz, W], 
11.61 [s, C'H]; lac, 6 152 [m, 'J(PtC) = 590 Hz, 'J(CC) = 62 Hz, 
'J(CH) = 137 Hz, C3], 124 [m, 'J(CH) = 150 Hz, C4], 105.4 [m, 
'J(Pt3C) = 420 Hz, 'J(CH) = 200 Hz, C'], 208 [m, 'J(Pt2C) = 660 
Hz, 'J(CH) = 140 Hz, 'J(Pt'C) = 150 Hz, 2J(PC) = 95 Hz, C']; 
31P, b -9.3 [m, 'J(PtP) = 4260 Hz, P'], -2.9 [m, 'J(PtP) = 2440 
Hz, P2], 8.0 [m, 'J(PtP) = 3600 Hz, PI, 14.2 [m, 'J(PtP) = 3280 
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Hz, p ,  p6] ,  1.2 [m, lJ(PtP) = 3440 Hz, '9(Pt2P) = 600 Hz, P6]; 
'=Pt, 6 -3425 [m, 'J(Pt'Pt2) = 1700 Hz, Pt'], -3060 [m, R2], -2866 
[m, J(Pt3Pt2) = 500 Hz, Pt3]. Additional NMR data are given 
in the text and in Figures 1-3. Single crystals were grown as long 
yellow needles from acetone-pentane by slow diffusion, but they 
were all twinned and so not suitable for X-ray structure deter- 
mination. 

The corresponding deuteriated complexes were prepared sim- 
ilarly by using I P ~ ~ G ~ - H ) ( C L - ~ P P ~ ) ~ I  [PFd (or [Pt3(p3-Db 
d ~ p m ) ~ ]  [PF,] and C2D2 (or C2H2) in CH2C12. 

The 13C-labeled complex was synthesized by condensing excess 
acetylene-C*2 into a solution of [Pt3(p3-H)(p-dppm),] [PF,] in 
CH,C12 under vacuum. The solution was then allowed to warm 
up to room temperature. This was stirred for 5 minutes and 
worked up by the usual method. 
[P~,(CHCHM~)(CHCM~)(~-~P~~)~][PF,~. Propyne was 

passed through a solution of [Pt3(r3-H)(r-dppm),][PF,] (0.1 g) 
in CH2C12 (20 mL) for 2 min. This was stirred for 5 min at room 
temperature. The solvent was removed under reduced pressure 
and the residue dried under vacuum. This was purified by dis- 
solving the compound in a minimum amount of acetone and 
leaving the solution for 4 days, after which yellow crystals were 
separated and washed with a few drops of acetone and dried under 
vacuum: yield 80%; mp 188 "C dec. Anal. Calcd for [Pt3- 
(CHCHM~)(CHM~)(P-~~~~)~] [PF,]: C, 49.48; H, 3.81. Found: 
C, 50.03; H, 4.22. NMR in CD,Cl,: 31P, 6 14.7 [m, 'J(PtP) = 3260 
Hz, p ,  P I ,  7.02 [m, 'J(PtP) = 3500 Hz, 3J(P3P6) = 100 Hz, 
,J(P5P8) = 40 Hz, pa], 0.40 [m, 'J(PtP) = 3275 Hz, V(Pt'P3) = 
670 Hz, PI, -4.23 [m, 'J(PtP) = 4040 Hz, PI, -5.50 [m, 'J(PtP) 

3260,3260 Hz, J(Pt9t') = 640 Hz, Pt3], -3003 [m, 'J(PtP) = 3500, 

[m, 'J(PtP) = 4040,3275 Hz, Pt2]. 'H NMR data are given in 
the text. Single crystals were grown as long yellow needles from 
acetone-pentane by slow diffusion but were unsuitable for X-ray 
structure determination. 
[Pt&CHCDMe)(CHCMe)(p-dppm),l [PF6] was prepared sim- 

ilarly by using [Pt3(p3-D)(p-dppm)31 [PI?,]. 
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