J. Am. Chem. Soc. 1995, 117, 4607—4622 4607

Kinetics and Mechanism of the Formation of the
Bis(ethylidyne) Tricobalt Cluster Cp*3;Cos(u3-CCH3), from
Reaction of Acetylene with Cp*3Cos(u,-H)s(us-H)

Charles P. Casey,* Susan L. Hallenbeck, and Ross A. Widenhoefer

Contribution from the Department of Chemistry, University of Wisconsin,

Madison, Wisconsin 53706
Received September 12, 1994°

Abstract: The paramagnetic tetrahydride cluster Cp*3;Cos(u2-H)s(u3-H) (1) reacts with acetylene to ultimately form
the bis(ethylidyne) cluster Cp*3Cos(u3-CCH3); (2). Two kinetically formed intermediates were isolated from the
reaction: the diamagnetic mono(ethylidyne) trihydride cluster Cp*3Cos(u2-H)3(43-CCHs) (3) and the paramagnetic
mono(ethylidyne) monohydride cluster Cp*3Cos(u3-H)(u3-CCHs) (4). Cluster 3 loses H; at 80 °C [AG* = 29.5(1)
keal mol~!] to generate 4, and 4 reacts with H, at 80 °C [AG* = 23.8(1) kcal mol~'] to regenerate 3. A third
intermediate in the reaction of 1 with acetylene, the bridging acetylene dihydride cluster Cp*3Cos(u-H)(us-17%-
HCCH) (5), was detected by 'H NMR spectroscopy at 23 °C and rearranges to form exclusively cluster 4. Cluster
1 reacts with DC=CD at 80 °C to form Cp*3Cos(u>-H)2(u2-D)(u3-CCH;D) (3-CH,D) as the exclusive diamagnetic
product. The formation of 3-CH:D is consistent with the presence of the ethylidene dihydride intermediate Cp*3-

Cos(u2-H)2(u2-CDCH, D) (I1I).

Introduction

The chemisorption and rearrangement of acetylene on the Pt-
(111) surface has been extensively studied typically under ultra-
high-vacuum conditions.! These studies reveal that at low
temperature, acetylene coordinates to three surface metal atoms
by a 20— interaction (Scheme 1). Upon warming, the initially
formed adduct rearranges to a u-vinylidene species, which is
stable in the absence of H,. In the presence of H; or surface-
bound hydrides generated from the formation of u-acetylide in-
termediates,’ the u-vinylidene rearranges to a us-ethylidyne lig-
and, which is the most stable surface species. Exchange of sur-
face hydrides with us-ethylidyne hydrogen atoms has been pro-
posed to involve both «-vinyl® and u-ethylidene intermediates.*

Much of the interest in cluster chemistry has resulted from
the potential of clusters to mimic some of the reactivity of
heterogeneous systems and the ability of metal clusters to bind
organic fragments in orientations not accessible by a single metal
center.’ The reactions of acetylene with metal clusters have
provided examples of all intermediates proposed in the conver-
sion of acetylene to an ethylidyne ligand on the Pt(111) surface.
For example, Puddephatt has observed us-n%-acetylene, u-vinyl,
and u-vinylidene intermediates in the reactions of acetylene with
the triplatinum phosphine clusters [Pt;(43-CO)(u-dppm);]>* and
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[Pt3(us-H)(u-dppm);]* (dppm = Pho,PCH,PPhy).” The direct
conversion of acetylene to a us-ethylidyne ligand on a homo-
genous metal cluster has been observed in several systems.’~10

In collaboration with Theopold and co-workers, we recently
reported the synthesis of the unusual tricobalt tetrahydride cluster
Cp*3Co3(us-H)3(u3-H) (1).!! Complex 1 is a reactive cluster
due to its paramagnetic, 46-electron configuration and lack of
bridging ligands other than hydrogen.!2~13

Here we report that tetrahydride 1 reacts with acetylene to
ultimately form the bis(ethylidyne) cluster Cp*3Co3(u3-CCHs),
(2). Two kinetically formed intermediates were isolated from
the reaction: the diamagnetic mono(ethylidyne) trihydride
cluster Cp*3Cos(uz-H)s(us-CCH3) (3) and the paramagnetic
mono(ethylidyne) monohydride cluster Cp*;Cos(us-H)(us-
CCH;) (4)."* A third intermediate, the bridging acetylene
dihydride cluster Cp*3Cos(u-H),(us-*>-HCCH) (5), was ob-
served by '"H NMR spectroscopy at 23 °C and found to rearrange
exclusively to cluster 4. Due to the importance of the
rearrangement of acetylene to a us-ethylidyne ligand, we

(7) (a) Manojlovic-Muir, L.; Muir, K. W.; Rashidi, M.; Schoettel, G.;
Puddephatt, R. J. Organometallics 1991, 10, 1719. (b) Rashidi, M.;
Puddephatt, R. J. Organometallics 1988, 7, 1636. (c) Douglas, G;
Manojlovic-Muir, L.; Muir, K. W.; Rashidi, M.; Anderson, C. M.;
Puddephatt, R. J. J. Am. Chem. Soc. 1987, 109, 6527. (d) Rashidi, M.;
Puddephatt, R. J. J. Am. Chem. Soc. 1986, 108, 7111.

(8) (a) Lourdichi, M.; Mathieu, R. Nouv. J. Chim. 1982, 6, 231. (b)
Suades, J.; Mathieu, R. J. Organomet. Chem. 1986, 312, 335. (c) Lourdichi,
M.; Mathieu, R. Organometallics 1986, 5, 2067.

(9) Fachinetti, G.; Pucci, S.; Zanazzi, P. F.; Methong, U. Angew. Chem.,
Int. Ed. Engl. 1979, 18, 619.

(10) Knox, S. A. R. Pure Appl. Chem. 1984, 56, 81.

(11) Kersten, J. L.; Rheingold, A. L.; Theopold, K. H.; Casey, C. P.;
Widenhoefer, R. A.; Hop, C. E. C. A. Angew. Chem. 1992, 104, 1364,
Angew. Chem., Int. Ed. Engl. 1992, 32, 1341.

(12) (a) Casey, C. P.; Widenhoefer, R. A.; Hallenbeck, S. L.; Gavney,
J. A. J. Chem. Soc., Chem. Commun. 1993, 1692. (b) Casey, C. P,
Widenhoefer, R. A.; Hallenbeck, S. L.; Hayashi, R. K.; Gavney, J. A.
Organometallics 1994, 13, 4720.

(13) (a) Casey, C. P.; Widenhoefer, R. A.; Hayashi, R. K. Inorg. Chim.
Acta 1993, 212, 81. (b) Casey, C. P.; Widenhoefer, R. A.; Hayashi, R. K.
Inorg. Chem. 1995, 34, 1138.

(14) Casey, C. P.; Widenhoefer, R. A.; Hallenbeck, S. L. Organometallics
1993, 12, 3788.

(15) Casey, C. P.; Widenhoefer, R. A.; Hallenbeck, S. L.; Hayashi, R.
K.; Powell, D. R.; Smith, G. W. Organometallics 1994, 13, 1521.

© 1995 American Chemical Society



4608 J. Am. Chem. Soc., Vol. 117, No. 16, 1995

Casey et al.

Scheme 1
Pt(111) HC=cCH
surface >
Scheme 2
/H ~H. H H  .H. H
CP""'"-CO"""“ —'-.- ....(I,':o ...... Cpt cpt ___.Co...-"‘\__%(,; . .cpt
=~ HCc=CH °
K me N K
1 H/ Cp* 3 (':/ Cp*
CH,
HC=CH o
1 23 °C 110 °C THZ o
3
I
H H c
Cp* COQ\ Co ~Cp* 23 ec Co* .. CO/\\\CO"" p* HocH CF' "'-Co/ \\/co .Cp*
H \H// P c// cpr y Cp
5 4 2
I I
CH; CH;

undertook a detailed kinetic and isotopic labeling study of the
conversion of 1 to clusters 2—5. Deuterium labeling studies
indicate that the mechanism for formation of the trihydride
cluster 3 from 1 and acetylene involves sequential formation
of u-vinyl and u-ethylidene intermediates. Interestingly, deu-
terium labeling studies require a very different mechanism for
formation of monohydride cluster 4 via the intermediate 5.

Results

Formation of Bis(ethylidyne) Cluster Cp*3Co3(z3-CCH3);
(2) from Reaction of Acetylene with Cp*3;Cos(g2-H)3(u3-H)
(1). Reaction of a black benzene solution of Cp*3Cos(u2-H)s-
(us-H) (1) with excess acetylene at 100 °C for 2 days in a sealed
tube produced the purple bis(ethylidyne) cluster Cp*3Cos(us-
CCH3); (2), which precipitated from solution and was isolated
in 88% yield (Scheme 2). The 48-electron diamagnetic cluster
2 was characterized by spectroscopy and by X-ray crystal-
lography. In the '"H NMR spectrum, resonances at §-1.67 and
4.48 confirmed the 3:2 ratio of Cp*Co:CCHj groups. In the
BC{'H} NMR spectrum of Cp*;Cos(us-13C'3CH3), (2-13C;), a
doublet at 6 336 (Joc = 27 Hz) was assigned to the apical carbon
atom and a doublet at 6 44.3 was assigned to the ethylidyne
methyl group. The X-ray crystal structure of 2 revealed an
equilateral triangle of cobalt atoms symmetrically capped on
each face by a us-ethylidyne ligand.!s

Mono(ethylidyne) Tricobalt Intermediates Cp*3Coa(u,-
H)3(jl3-CCH3) (3) and Cp*3C03(jl3-H)(jl3-CCH3) (4) Two
mono(ethylidyne) intermediates were observed in the conversion
of tetrahydride 1 to bis(ethylidyne) tricobalt cluster 2. The

reaction of 1 with 3 atm of acetylene at 80 °C in C¢Dg was
monitored periodically by '"H NMR spectroscopy using CsMes
as an internal standard. After 1 h the Cp* resonance of
tetrahydride 1 could no longer be detected and the resonance
of the bis(ethylidyne) cluster 2 accounted for ~5% of the Cp*
resonances. The majority of the material consisted of a 44:56
ratio of two mono(ethylidyne) clusters, Cp*3;Cos(ua-H)s(us-
CCH;) (3) and Cp*3;Cos(us-H)(u3-CCHs) (4) (Scheme 2);6 the
ratio of 3:4 was constant throughout the complete disappearance
of 1.

Pure trihydride 3 was obtained from reaction of 1 with
acetylene under 4 atm of H,. A black benzene solution of 1
and excess acetylene were heated at 80 °C under 4 atm of H;
for 3 h to form a green solution of 3. By '"H NMR spectroscopy,
only trihydride 3 and none of monohydride 4 was observed.
Evaporation of solvent and crystallization from toluene gave
the 48-electron mono(ethylidyne) trihydride cluster Cp*3Cos-
(42-H)3(u3-CCH3) (3) in 53% yield. Inthe '"H NMR spectrum,
resonances were observed at § 5.12 (u-CCHj3), 1.67 (Cp*), and
—32.24 (Co-u-H). In the *C{'H} NMR spectrum of Cp*;-
Cos(u2-H)s3(u3-13C3CH3) (3-13Cy), a pair of doublets 6 316.1
and 6 45.7 (Jcc = 27 Hz) were assigned to the bridging carbon
and the methyl carbon, respectively. Both the chemical shifts

(16) The observed 'H NMR ratio of 3:4 is 60:40; the broad paramagnetic
resonance for 4 consistently integrates to ~75% of its actual intensity.?
The true ratio 3:4 was obtained by heating the two clusters under 4 atm of
H; at 80 °C in the absence of acetylene and measuring the increase in
intensity of the Cp* resonance for 3 at 0 1.67 relative to an internal standard
(CGMCG).
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Figure 1. Temperature dependence of the 'H NMR chemical shift of
4,

and Jcc of the ethylidyne carbon atoms of 3-13C; are similar to
the values observed for 2-13C,. -

Pure monohydride 4 was obtained by thermolysis of trihydride
3. When a green toluene solution of 3 was refluxed for 3 days,
the solution turned brown. Filtration and evaporation of solvent
gave the paramagnetic 46-electron mono(ethylidyne) monohy-
dride cluster Cp*3Cos(u3-H)(u3-CCH3) (4) in 75% yield as a
brown microcrystalline solid. The X-ray crystal structure of 4
revealed a triangular core of cobalt atoms capped on a single
face by a us-ethylidyne ligand.'> The molecular formula of 4
was established by high-resolution mass spectrometry (m/z =
610). In the 'H NMR spectrum of paramagnetic 4, a single
broad resonance at 6 53.6 (wi» = 1330 Hz) was assigned to
the three equivalent Cp* ligands; resonances corresponding to
the ethylidyne methyl group and the hydride ligand were not
observed.

The 'H NMR chemical shift of 4 in toluene-dg displayed a
linear dependence on inverse temperature over the range —54
to 60 °C but deviated slightly from linearity at higher temper-
atures (Figure 1; Supplementary Table 1). The effective
magnetic moment (iegr) of 3 determined by the Evans NMR
method!” was 3.8 & 0.3 up at 23 °C in C¢Ds. The paramagnet-
ism of the 46-electron cluster 4 is in accord with molecular
orbital calculations performed on the related 46-electron clusters
Cp3Cos(u3-CO),'® and CpsRhs(u3-CO),;'° the HOMO of these
clusters is a pair of half-filled degenerate e” orbitals. The
effective magnetic moment obtained for 4 is considerably larger
than the predicted spin-only value for a ground-state triplet (2.83
4p) and suggests that the unpaired electrons in cluster 4 possess
considerable angular momentum.'”® Unexpectedly high values
for u.sr have been observed for the 46-electron clusters 1 and
Cp2CoyCp*Ir(u3-CO). 20

NMR Observation of a Bridging Acetylene Intermediate
Cp*3Co3(u-H)2(u3-n>-HCCH) (5). In an effort to detect
additional intermediates in the conversion of tetrahydride 1 to
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Figure 2. Conversion of 1 to clusters 3, 4, and 5 under 3.6 atm of
acetylene at 23 °C.

the mono(ethylidyne) clusters 3 and 4, the reaction of 1 with
excess acetylene (3.6 atm) and at lower temperature (23 °C)
was monitored by '"H NMR spectroscopy in C¢Dg (Figure 2).
After 25 h (33% remaining 1), 27% of trihydride cluster 3 and
26% of monohydride cluster 4 had formed; in addition,
resonances assigned to 14% of an intermediate bridging
acetylene dihydride cluster, Cp*;Cos(u-H)2(us-#>-HCCH) (5),
were also observed. The amount of § reached a maximum of
14% and then gradually decreased with predominant production
of monohydride cluster 4. At long times, 1 and § disappeared
and a 56:44 ratio of monohydride cluster 4:trihydride cluster 3
was seen. The ratio of (5§ + 4):3 remained constant throughout
the reaction.

Cluster § is thermally unstable and was characterized without
isolation by 'H and '3C NMR spectroscopy. In the '"H NMR
spectrum in Cg¢Dg, a single Cp* resonance was observed at 0
1.84. In addition, a two-proton resonance at 6 7.50 was assigned
to the equivalent acetylenic protons, and a two-proton resonance
at 0 —23.45 was assigned to the bridging hydride ligands. In
the BC{'H} NMR spectrum of Cp*3Cos(u-H)a(u3-n>-H!>C'3CH)
(5-13Cy), an intense singlet at 0 151.3 was assigned to the
equivalent acetylenic carbon atoms. In the 'H NMR spectrum
of 5-13C; in THF-ds, the acetylenic protons appeared as an
AA'XX’ pattern centered at § 7.21 with 'Jcc = 20 Hz and Ucy
= 150 Hz. The chemical shifts and coupling constants observed
in the 'H and '3C NMR spectra of 5 and 5-13C, are consistent
with the values observed for other u3-n2-alkyne clusters.?!

Cluster § is an intermediate in the formation of the mono-
hydride cluster 4 but is not an intermediate in the formation of
trihydride cluster 3 (Scheme 2). A mixture of clusters 1, 3, 4,
and 5 was generated from the reaction of 1 under 5 atm of
acetylene at 23 °C. Acetylene was then removed under vacuum
and the mixture was monitored periodically by 'H NMR
spectroscopy at 23 °C. Cluster 5 disappeared slowly to form 4
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in 86 + 10% NMR yield. Throughout the complete conversion
of 5 to 4, the concentration of clusters 1 (106 £ 10% of original
intensity) and 3 (96 + 5% of original intensity) remained
essentially unchanged. The first-order rate constant for the
conversion of 5 to 4 was found to be 2.3 + 0.2 x 1075 g7
(AG* =23.6 £ 0.2 kcal mol~! at 23 °C), which corresponds to
a half-life of 8.4 h.

The maximum 14% buildup of intermediate 5 under 3.6 atm
of acetylene is consistent with the rate of conversion of 5§ being
4.7 times faster than its formation from 1 and acetylene (the
reaction is first order in acetylene, see below).?2 Under these
conditions, kobs = 6.6 x 1076 s~! for disappearance of 1 and
kobs = 3.7 x 1078 571 for the appearance of 5. The rate of
disappearance of 5 is calculated to be 1.7 x 1075 s~, which
corresponds to a half-life of 11 h in fair agreement with the
observed half-life for direct measurement of the disappearance
of §.

In a related experiment under even higher acetylene pressure
(5 atm), after 11.5 h (40% remaining 1), 30% of trihydride 3,
5% of monohydride cluster 4, and 25% of intermediate S were
observed. Intermediate 5 reached a maximum of 29% under 5
atm of acetylene which is consistent with the rate of conversion
of § being 1.6 times faster than its formation from 1 and
acetylene.?2 Under 5 atm, kops = 2 x 1073 7! for disappearance
of 1 and kes = 1.1 x 1075 57! for the appearance of 5. The
rate of disappearance of 5 is calculated to be 1.8 x 1075571,
which corresponds to a half-life of 11 h in fair agreement with
the observed half-life for direct measurement of the disappear-
ance of 5.

The ability to detect additional intermediates in a reaction
sequence upon lowering the temperature is not unusual,
particularly when a second-order reaction is followed by a first-
order reaction. If second-order and first-order reactions occur
at the same rate at a given temperature (AG,* = AG¥), then
because AS,* normally has a substantial negative value (unfa-
vorable) compared with AS;*, AH,* will be substantially smaller
(less unfavorable) than AH;*. As a consequence, the second-
order reaction will show a smaller temperature dependence than
the first-order reaction, and when the temperature is lowered,
the first-order reaction which depletes the intermediate will be
slowed more than the second-order reaction that generates the
intermediate. As a result, it often becomes possible to directly
observe an intermediate formed in a second-order reaction and
further transformed in a first-order process by simply lowering
the reaction temperature.

Kinetics of the Reaction of 1 with Acetylene. The kinetics
of the reaction of 1 with a greater than 10-fold excess of
acetylene were followed by 'H NMR spectroscopy. Plots of
In[1] vs time were reasonably linear indicating a first-order
dependence on [1] (Supplementary Figure 1). However, the
measured concentration of acetylene in solution dropped by
~25% after 4 half-lives due to concurrent cyclotrimerization
of acetylene. When the reaction was carried out in toluene-ds,
the formation of benzene was confirmed by 'H NMR spectros-
copy (0 7.14) and by gas chromatographic comparison with an
authentic sample. Due to the continuous depletion of acetylene
during the conversion of tetrahydride 1 to the ethylidyne clusters
2-35, the dependence of acetylene concentration on the rate of
disappearance of 1 was determined by single-point kinetics (28—
46% conversion) as a function of initial acetylene concentration
(1—7 atm, 0.05—0.29 M) (Supplementary Table 2; Supplemen-
tary Figure 2). This compromise allowed measurement of a
significant drop in [1] while minimizing the drop in acetylene
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concentration. A plot of rate constants versus initial acetylene
concentration established a first-order rate dependence on
acetylene and the second-order rate law: rate = k;[1][HC=CH].
The second-order rate constant was calculated to be 9.2 £+ 0.9
x 1073 M1 571 at 80 °C, which corresponds to a half-life of
30 min under 1 atm of acetylene.

Kinetics and Thermodynamics of the Interconversion of
3 and 4. Trihydride cluster 3 and monohydride cluster 4 inter-
convert quantitatively by reversible loss of Hy, but at a rate much
slower than they are formed from 1 and acetylene. When a
C¢Ds solution of 3 was heated at 110 °C for 35 h in an open
tube, 97% of 3 disappeared and 4 was the only observed product.
Determination of the NMR yield for conversion of 3 to 4 was
complicated by the consistently low integration of the para-
magnetic resonance for 4; the apparent yield was 75%.
However, when this solution was heated at 80 °C under H; for
23 h, trihydride 3 was regenerated nearly quantitatively (94 +
5% by 'H NMR). _

The equilibrium constant for the interconversion of 3 and 4
plus H, was determined by '"H NMR spectroscopy. When a
solution of 3 in C¢Dg was heated at 80 °C in a sealed NMR
tube a 48:52 equilibrium mixture of 3:4 formed after 4 days.
The H; pressure in the tube at equilibrium was calculated to be
0.09 atm (3.7 x 10™* M), corresponding to Ko = [H2][4)/13]
= 4.1 x 107* M. The value of this equilibrium constant is in
fair agreement with the equilibrium constant calculated from
the forward and reverse rate constants (see below): Keq =
k(3—d)/k(4—3) = (3.92 x 1076 s71)/(1.42 x 1072 M 1) =
2.8 x 1074 M.

The equilibrium constant was also measured at 90 °C (7.8 x
1074 M) and 105 °C (2.1 x 1073 M) (Supplementary Table 3).
A van’t Hoff plot of the data allowed calculation of the
thermodynamic parameters: AG = 5.5 kcal mol™!, AH = 16.9
kecal mol~!, AS = 32 eu at 80 £ 0.5 °C (Supplementary Figure
3). The large, positive entropy for the formation of 4 and H;
is nearly identical to the standard entropy of formation for H
(31.6 eu),? which indicates that the standard entropy for clusters
3 and 4 is very similar.

k
Cp*;Coy(5-CCHy) (- H); 5=
3

€q

Cp*;Co3(u,-CCHy))(us-H) + H, K, =k/k,
4

The kinetics of the hydrogenation of monohydride cluster 4
at 80 °C to form trihydride cluster 3 were analyzed by 'H NMR
spectroscopy. The rate of conversion of 4 to 3 was measured
as a function of hydrogen pressure from 1.1 to 5.5 atm of H;
(4.6 x 1073t0 2.3 x 1072M). For each reaction, good pseudo-
first-order rate plots for approach to equilibrium were obtained
by plotting In{[3}ins — [3);/ [3}inr} Vs time (Supplementary Table
4). A plot of pseudo-first-order rate constants versus hydrogen
concentration established a first-order dependence of the rate
of conversion of 4 to 3 on H, concentration (kobs = k2[Hz] +
ki) (Supplementary Figure 4). The second-order rate constant
was calculated to be kz = kon/{[Hz] + Keq} = 1.42 £+ 0.05 x
1072 M~ s, which corresponds to a half-life of 3.0 h at 80
°C under 1.1 atm (4.6 x 1073 M) of H,. The reaction rate was
also determined at 90 and 100 °C; an Eyring plot of the data
(Supplementary Figure 5) provided activation parameters: AG*
= 23.8 kcal mol~!, AH* = 16.6 kcal mol~!, AS* = —20 eu at
80 + 0.5 °C.

The kinetics of the loss of H; from trihydride cluster 3 in an
open tube to form monohydride cluster 4 were analyzed by 'H

(23) Benson, S. W. Thermochemical Kinetics, Wiley: New York, 1968.
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Figure 3. Enthalpy diagram for the conversion of 3 to 4 + H, at 80 °C.

NMR spectroscopy. A linear plot of In[3] versus time estab-
lished a first-order rate law for the disappearance of 3. The
rate constant for the disappearance of 3 was found to be 3.92
4+ 0.09 x 1076 s~! (AG* = 29.5 kcal mol™! at 80 £ 0.5 °C),
which corresponds to a half-life of 49 h (Supplementary Figure
6). ;
Analysis of the enthalpy diagram for the conversion of
trihydride 3 to monohydride 4 and H; (Figure 3) leads to the
conclusion that the Co—(us-H) bonds of 3 are considerably
stronger than a terminal Co—H bond. Conversion of 3 to 4 +
H; cleaves two Co—(u,-H) bonds, converts a Co—(u,-H) bond
to a Co—(u3-H) bond, forms an H—H bond, and increases the
number of Co—Co bonds from 3 to 4. Therefore, the enthalpy
for the conversion of 3 to 4 + H; may be expressed as AH® =
2E[Co—(u2-H)] — {E[Co—(us-H)] — E[Co—(u>-H)]} — E(H—
H) — E(Co—Co), where E designates the energy of the
respective bond. Because E(H—H) = 105 kcal mol~! and AH°
= 17 kcal mol™!, the strength of the Co—(u,-H) bond is equal
to 61 kcal mol~! plus one-half the Co—Co bond energy plus
one-half the difference in energy between a Co—(u3-H) bond
and a Co—(u»-H) bond. The Co—(u»-H) bond of 3 is therefore
estimated to be considerably stronger than a terminal Co—H
bond (~60 keal mol~1).* This is consistent with energy barriers
of 10—13 kcal mol~! measured by variable-temperature 'H
NMR spectroscopy for the conversion of a bridging hydride
ligand to a terminal hydride ligand in Co3,2° Os3,26 Rus,%” and
Ru,?8 clusters. In addition, an Fe—(u,-H) bond energy of 81—
85 kecal mol™! was estimated from the equilibrium formation
of Fe3(CO)o(u2-H)3(u3-CCH3) and CO from the reaction of Fe;-
(CO)1o(u2-H)(u3-CCH3) with H,»

The reversible addition of H; to a metal cluster such as mono-
(ethylidyne) monohydride tricobalt cluster 4 is interesting in

(24) (a) Connor, J. A. Top. Curr. Chem. 1977, 71, 71. (b) Halpem, J. .

Inorg. Chim. Acta 1983, 100, 41. (c¢) Simdes, J. A. M.; Beauchamp, J. L.
Chem. Rev. 1990, 90, 629.

(25) Casey, C. P.; Widenhoefer, R. A.; Hallenbeck, S. L.; Hayashi, R.
K. Inorg. Chem. 1994, 33, 2639.

(26) Keister, J. B.; Shapley, J. R. Inorg. Chem. 1982, 21, 3304.

(27) (a) Churchill, M. R.; Janik, T. S.; Duggan, T. P.; Keister, J. B.
Organomerallics 1987, 6, 799. (b) Nevinger, L. R.; Keister, J. B.
Organometallics 1990, 9, 2312.

(28) Shapley, J. R.; Richter, S. I.; Churchill, M. R.; Lashewycz, R. A. J.
Am. Chem. Soc. 1977, 99, 7384.

16.6 kcal mol™?
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relation to the reversible chemisorption of H; on a metal surface.
The reversible addition of H, to the unsaturated 46-electron
cluster 4 is unusual since it does not involve simultaneous loss
of aligand. The reversible addition of Hs to a polynuclear mets!
complex is usually complicated by simultaneous dissociation
or hydrogenation of an ancillary ligand.!%2%30 We are awaie
of only four examples of the reversible addition of H» to metal
clusters without ligand loss. Stone reported that the 46-electron
mixed metal clusters Cp*3RhoM(u3-CO); [M = Ir, Rh] add H;
to form the 48-electron dihydride clusters Cp*3Rh,M(u:-CO)-
(U2-CO)(u2-H), M = Ir, Rh] without ligand loss.®! The
tetranuclear dihydride cluster Os;Pt(u-H)2(CO)io[P(CeH1)3]
formed Os3Pt(u-H)4(CO)10[P(CsH11)3] under 200 atm of H, and
was regenerated under N purge.®? The 48-electron trirutheniun:
dihydride cluster Rus(CO)g(u-H):(u--BusP); reacted reversibly
with H, via cleavage of a Ru—Ru bond to form the 50-electron
cluster Ru;(CO)g(u-H)o(H)o(u-+-BuyP),.33 We observed revers-
ible H, addition to the 46-electron dicarbonyl cluster Cp*;-
Cos(u3-CO);, to form the dicarbonyl dihydride cluster Cp*:Cos-
(u3-CO)(u2-CO)(u-H),. 120

Kinetics of the Reaction of 4 with Acetylene. Reaction of
mono(ethylidyne) monohydride cluster 4 with excess acetylene
at 100 °C for 8 h in benzene led to isolation of the bis-
(ethylidyne) cluster 2 in 90% yield [>95% pure by 'H NMR|].
The acetylene concentration dependence of the rate of conver-
sion of 4 to 2 at 80 °C was determined by single point kinetics

(29) Vites, I.; Fehlner, T. P. Organometallics 1984, 3, 491.

(30) (a) Lugan, N.; Lavigne, G.; Bonnet, J.-J.; Réau, R.; Neibecker, D.;
Tkatchenko, 1. J. Am. Chem. Soc. 1988, 110, 5369. (b) Hill, R. H,;
Puddephatt, R. J. J. Am. Chem. Soc. 1983, 105, 5797. (c) Andrews, M.
A.; Kaesz, H. D. J. Am. Chem. Soc. 1979, 101, 7255. (d) Keister, J. B.;
Payne, M. W.; Muscatella, M. J. Organometallics 1983, 2, 219. (e) Bavaro,
L. M.; Montangero, P.; Keister, J. B. J. Am. Chem. Soc. 1983, 105, 4977.
(f) Dutta, T. K.; Vites, J. C.; Fehlner, T. P. Organometallics 1986, 5, 385.
(g) Roberts, D. A.; Steinmetz, G. R.; Breen, M. J.; Shulman, P. M;
Morrison, E. D.; Duttera, M. R.; DeBrosse, C. W.; Whittle, R. R.; Geoffroy,
G. L. Organomerallics 1983, 2, 846. (h) Breen, M. J.; Shulman, P. M.:
Geoffroy, G. L.; Rheingold, A. L.; Fultz, W. C. Organometallics 1984, 3.
782.

(31) Bray, A. C.; Green, M.; Hankey, D. R.; Howard, J. A. K.; Johnson.
O.; Stone, F. G. A. J. Organomet. Chem. 1985, 281, C12.

(32) Farrugia, L. J.; Green, M.; Hankey, D. R.; Orpen, A. G.; Stone, F.
G. A. J. Chem. Soc., Chem. Commun. 1983, 310.

(33) Arif, A. M.; Bright, T. A,; Jones, R. A.; Nunn, C. M. J. Am. Chem.
Soc. 1988, 110, 68%4.
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Chart 1

Casey et al.

Table 1. 'H NMR Data for Bridging Ligands in Isotopomers of
Clusters 2, 3, and 5 in C¢Dg at 23 °C

cluster Ie} cluster Ie}

3 2

u3-CCH3; 5.12 u3-CCH3 4.48

443-CCH,D 5.10 43-CCH,D 4.46

us-CCHD, 5.08 u-CCHD, 4.44

Co—(up-H)s -3224 5

Co—(ur-H)(urD)  —32.27 ur7-HCCH  7.50

Co—(urH)urD)y  —32.30 urP-HCCD 747

as a function of initial acetylene concentration (1.1—5.7 atm,
0.07-0.29 M). A plot of the rate constants versus initial
acetylene concentration established a first-order dependence of
the reaction rate on acetylene concentration (Supplementary
Figure 7, Supplementary Table 5). Overall, a second-order rate
law was followed: rate = k,[4][HC=CH]. The second-order
rate constant was calculated to be 1.1 0.2 x 1073 M5! at
80 °C, which corresponds to a half-life of 4 h under 1 atm of
acetylene. This rate is approximately 8 times slower than the
reaction of tetrahydride 1 with acetylene. :

Reaction of 1 with DC=CD at 80 °C. There are a number
of plausible mechanisms for the conversion of acetylene to
u-ethylidyne ligands including involvement of acetylide, u-vi-
nylidene, u-vinyl, and u-ethylidene intermediates (see Chart 1).
Isotopic labeling experiments using DC=CD or Cp*;Cos(u2-
D);(u3-D) (1-ds4) are capable of distinguishing between such
intermediates providing that prior scrambling between acetylenic
hydrogens and cobalt hydrides does not occur.

The mechanism of the conversion of tetrahydride 1 to the
mono(ethylidyne) clusters 3 and 4 was first probed through the
analysis of the reaction of 1 with DC=CD. An NMR tube
containing 1 and 3 atm of DC=CD in C¢D¢ was heated at 80
°C and monitored by 'H NMR spectroscopy. After 30 min,
the reaction had proceeded to 85% completion to produce a 44
£ 5:56 + 5 mixture of deuterium labeled mono(ethylidyne)
trihydride cluster 3 and mono(ethylidyne) monohydride cluster
4. The ratio of diamagnetic 3 to paramagnetic 4 clusters in the
reaction of 1 with DC=CD was indistinguishable from the ratio
of mono(ethylidyne) clusters obtained in the reaction of 1 with
acetylene. Analysis of the gases over solution revealed the
presence of Hz, HD, and D, in a 95:5:<0.5 ratio (~97.5% H)
which indicated the predominant release of Hy in the formation
of the paramagnetic mono(ethylidyne) isotopomers.

Cluster 3 was shown to consist of the single isotopomer Cp*3-
Cos(uz-H)2(u2-D)(u3-CCHoD) (3-CH,D). It was possible to
determine the isotopic composition of 3 unambiguously from

Figure 4, 'H NMR spectrum of a 3:2 mixture of Cp*3Cos(ua-H)a(uts-
D)(u3-CCH2D) (3-CH;D) and Cp*gCOg(ﬂz—H)g(jlg-CCHg) (3). The
ethylidyne region (4 5.12 and 5.10) is on the left and the hydride region
(6 —32.24 and —32.27) is on the right,

'H NMR spectroscopy since deuterium isotope shifts on the
ethylidyne methyl resonance gave rise to separate 'H NMR
resonances for 3 (6 5.12), 3-CH,D (20 ppb lower frequency,
10 Hz at 500 MHz), and 3-CHD; (40 ppb lower frequency, 20
Hz at 500 MHz) (Table 1). Similarly, separate hydride
resonances were observed for (u2-H); (0 —32.24), (u2-H)a(uz-
D) (30 ppb lower frequency, 15 Hz at 500 MHz), and (u»-H)-
(u2-D), (60 ppb lower frequency, 30 Hz at 500 MHz). In the
'H NMR spectrum of 3 obtained from reaction of 1 with
DC=CD without isolation from the paramagnetic cluster 4, a
two-proton resonance at 0 5.10 was assigned to the u-CCH,D
ligand and a two-proton resonance at 6 —32.27 was assigned
to (u2-H)2(u2-D) cobalt hydrides. When a small amount of
unlabeled 3 was added to the sample, separate ethylidyne
resonances were observed for 3 (6 5.12, wi, = 2.5 Hz) and
3-CH.D (6 5.10, w1, = 5 Hz, broadened by deuterium coupling)
(Figure 4; Table 1). Similarly, separate hydride resonances were
observed for 3 (6 —32.24) and 3-CH.D (6 —32.27). The
hydride resonances for both 3 and 3-CH,D were broadened (w;»
= 9 Hz) by the quadrupolar Co nuclei and no additional
broadening of the hydride resonance of 3-CH:D due to
deuterium coupling was detected.

To estimate the isotopic purity of cluster 3-CH,D obtained
from the reaction of 1 with DC=CD, the ethylidyne methyl
region and the hydride region of the experimental 'H NMR
spectrum of 3-CH:D were compared to simulated spectra of
mixtures of y-CCHj3, u-CCH,D, and 4-CCHD; ligands employ-
ing the program RACCOON.>* These simulations indicated that

(34) Schatz, P. F.; Reich, H. J. RACCOON II Version 2.1; RYLAZ
Products: Madison, WI, 1993,
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Figure 5. Ethylidyne methyl region of the 3C{'H} NMR spectrum
of Cp*3Cos(ua-H)2(u2-D)(us-*C1*CH;D) (3-*CBCH:D).

>2% of a u-CCHj species or >10% of a u-CCHD; species
would have been detectable and none were detected; similarly,
>10% of a (u>-H); species and >20% of a (u,-H)(u>-D); species
would have been detectable and none were detected. Therefore,
we conservatively estimate that Cp*3Cos(uz-H)2(u2-D)(us-
CCH,D) (3-CH,D) constituted >88% of 3 obtained from the
reaction of 1 and DC=CD.

Further support for the presence of a single deuterium atom
in the ethylidyne methyl group of 3-CH,D was provided from
the C{'H} NMR analysis of Cp*3;Co3(us-H)2(u2-D)(us-
13C13CH,D) (3-13C13CH;D), prepared from 1 and excess
D3C='3CD. The resonance for the ethylidyne methyl group
at 0 454 (dt, Joc = 27 Hz, Jop = 20 Hz) was shifted 39 Hz
upfield from the resonance for 3-13C, which corresponds to an
isotope shift of 31 ppb (Figure 5). The splitting pattern and
the isotopic shift for the ethylidyne methyl carbon atom in the
13C NMR spectrum are consistent with the presence of a single
deuterium atom in the ethylidyne methyl group. If u-13C-
13CH; groups had been present, a sharp doublet shifted to higher
frequency would have been superimposed on the observed
spectrum. Similarly, the presence of u-'*C'3CHD; groups would
have led to the superposition of a more coupled multiplet at
lower frequency.

The distribution of the deuterium atoms in 3-CH,D requires
the migration of a single deuterium from carbon to cobalt and
the transfer of two hydrides from cobalt to carbon. These
transfers must occur without the intervention of an intermediate
that would scramble hydrogen and deuterium.

Isotopic Composition of the Bridging Acetylene Interme-
diate 5 Formed in Reaction of 1 with DC=CD at 23 °C.
The reaction of 1 with excess DC=CD in C¢Dg¢ (containing 1,4-
bis(trimethylsilyl)benzene as an internal standard) at 23 °C was
analyzed by '"H NMR spectroscopy after 12 h, following removal
of excess acetylene. Integration of the Cp* resonances indicated
the presence of 40 +5% 1,30 £ 5% 3, 10 + 5% 4, and 20 £+
5% S.

It was possible to determine the isotopic composition of the
acetylene intermediate 5 since separate 'H NMR resonances
were seen for the acetylenic hydrogens of isotopomers of 5 (6
7.50) and 5-HCCD (6 7.47, shifted 12 Hz to lower frequency,
25 ppb). The acetylenic hydrogen resonance for 5-HCCD at
0 7.47 integrated for 0.5 H relative to the 45 H Cp* resonance
at  1.84 and no resonance at J 7.50 was seen for an unlabeled
bridging acetylene ligand; the accuracy of this determination
was greatly aided by comparing the integration of the & 7.47
resonance to that of the aromatic hydrogens of 1,4-bis-
(trimethylsilyl)benzene and the integration of the & 1.84
resonance to that of the trimethylsilyl hydrogens of the same
compound. Therefore, the 45:0.5 ratio of the Cp* to acetylenic
resonances corresponds to a ~1:1 ratio of Cp*3Cos(uz-H)(u2-
D)(u3-*-HCCD) (5-HCCD):Cp*3Co3(u2-H)o(u3-7>-DCCD) (5-
DCCD) (Scheme 3). The resonance for the hydride ligands of
5 at 6 —23.45 was too broad to be reliably integrated.
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Figure 6. Ethylidyne methyl region of the '"H NMR spectrum of a 57
=+ 5:43 £ 5 mixture of Cp*;Cos(u>-H),(12-D)(us-CCH,D) (3-CH,D)
and Cp*3Cos(u>-H)3(u3-CCHD») (3-CHD>) formed from reaction of 1
with acetylene-d; at 23 °C followed by the hydrogenation of the mono-
(ethylidyne) clusters at 80 °C. The observed spectrum (6 5.10 and
5.08) is on the left and the simulated spectrum is on the right.

Isotopic Composition of the Mono(ethylidyne) Monohy-
dride Cluster 4 Formed in Reaction of 1 with DC=CD. The
product mixture generated from the reaction of 1 and DC=CD
at 23 °C was then heated at 80 °C for 15 min to convert the
isotopomers of § into isotopomers of the paramagnetic mono-
(ethylidyne) cluster 4. At this point, a mixture of 40% 1, 26%
3-CH;D, and 34% 4 was present. The isotopic composition of
the mono(ethylidyne) monohydride cluster 4 could not be
determined directly because only a broad Cp* resonance at o
54 is observed in its 'H NMR spectrum. Consequently, this
mixture was hydrogenated under 4.5 atm of H; at 80 °C to
convert 4 to additional 3. (Under these conditions, a control
experiment demonstrated that there is no exchange of H, with
#-CCH,D units.)>> The 'H NMR spectrum of the resulting 3
displayed a pair of ethylidyne resonances at 6 5.10 for 3-CH,D
and at 5.08 (shifted 20 Hz to lower frequency, 40 ppb) for
3-CHD; in a 73 + 5:27 £ 5 area ratio, which corresponds to a
57 + 5:43 £ 5 ratio of 3-CH,D:3-CHD; (Figure 6). Because
3-CH;D formed directly from 1 and DC=CD accounts for 44
=+ 5% of the total 3, hydrogenation of paramagnetic cluster 4
produced 13 + 5% additional 3-CH;D and 43 + 5% 3-CHD,.
Therefore, 4 formed from DC=CD and 1is a 23 £ 5:77 + §
ratio of Cp*3Co3(u3-D)(u3-CCH,D) (4-CH,D):Cp*3Cos(u3-H)-
(u3-CCHD:) (4-CHD;) (Scheme 3).

The isotopic composition of the mono(ethylidyne) monohy-
dride cluster 4 formed directly at 80 °C was similar to that seen
above. A 40 % 5:60 £ 5 mixture of 3-CH,D:4 obtained from
reaction of 1 with DC=CD at 80 °C was heated overnight under
4.5 atm of H, at 80 °C to convert 4 to additional 3. The 'H
NMR spectrum of the resulting pure 3 displayed a pair of
ethylidyne resonances of 6 5.10 for 3-CH;,D and at 6 5.08 for
3-CHD; in a 74 + 5:26 + 5 area ratio, which corresponds to a
59 £ 5:41 £ 5 ratio of 3-CH;D:3-CHD,. Because 3-CH,D
formed directly from 1 and DC=CD accounts for 40 £ 5% of
the total 3, hydrogenation of paramagnetic cluster 4 produced
19 + 5% additional 3-CH,D and 41 4+ 5% 3-CHD,. Therefore,
4 formed from DC=CD and 1 is a 32 + 5:68 4= 5 ratio of
Cp*3C03(,u3-D)(y3-CCH2D) (4-CH2D) and Cp*3CO3(ﬂ3-H)(ﬂ3-
CCHD;) (4-CHD;).

Reaction of a 1:1 Mixture of HC=CH and DC=CD with
1. The reaction of 1 with a 1:1 mixture of HC=CH:DC=CD

(35) Slow exchange was observed at higher temperatures. A solution
of 3 (3 mg, 0.005 mmol) in C¢Ds (0.5 mL) was heated at 110 °C under 5
atm of D, and monitored periodically by 'H NMR. After 10 days, the
intensity of the ethylidyne methyl resonance (6 5.12) had dropped from
3.0 H to 2.1 H relative to the Cp* resonance (6 1.67).
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Scheme 3
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¢
' [
CH,D CHD,
3-CH,D 3-CHD,
13% + 44% = 57 + 5% 43 :5%

(3 atm total) at 80 °C formed nearly the same 44 £ 5:56 £+ 5
ratio of 3:4 as obtained from either pure HC=CH or -pure
DC=CD. The diamagnetic mono(ethylidyne) cluster was
obtained as a 1:1 ratio of the isotopomers 3:3-CH,D (Supple-
mentary Figure 8). At the end of the reaction, some H/D
exchange of recovered acetylene had occurred to give an
approximate 32:25:43 ratio of HC=CH:HC=CD:DC=CD. This
complicates interpretation of the data. Nevertheless, it is clear
that there is little isotope effect on the partitioning between 3
and 4, little isotope effect on the reaction of acetylene with 1,
and probably little isotope effect on the partitioning of HC=CD
between 3 and 3-CH,D.

Reaction of 4 with DC=CD. The reaction of 4 with excess
DC=CD at 80 °C for 24 h formed Cp*;Cos(u3-CCHj3)(u3-
CCHD;) (2-CHD;). In the '"H NMR spectrum of 2-CHD,,
ethylidyne resonances were observed in a 3:1 area ratio for us-
CCHj; at 0 4.48 (unshifted relative to unlabeled 2) and for us-

CCHD; at 6 444 (wip = 7 Hz, shifted 18 Hz to lower
frequency, 37 ppb) (Supplementary Figure 9).

Synthesis of Cp*3Coa(u2-D)3(3-D) (1-ds). The tetradeu-
teride cluster 1-d4 was prepared by the reaction of [Cp*CoCl];
with LiAIDy in ether at room temperature followed by quenching
with CD3;0OD. The extent of deuteration of 1-d4 was determined
by reaction with CO which forms Cp*Co(CO),'! and re-
leases hydrogen gas which was analyzed by mass spec-
trometry. The 60:30:10 ratio of D;:HD:H, observed by mass
spectrometry corresponds to 75% deuteration of 1-d4. Assuming
a statistical distribution of deuterium, “1-d4”* would consist of
32% Cp*3Cos(u-D)4, 42% Cp*3Cos(u-H)(u-D)s, 21% Cp*s-
Cos(u-H)2(u-D),, 5% Cp*3Cos(u-H)3(u-D), and <1% Cp*3Cos-
(u-H)4. 3637

Reaction of 1-ds with Acetylene at 80 °C. The reaction of
1-d4 with acetylene at 80 °C was 70% complete after 20 min
and gave a significantly lower 32 + 5:68 + 5 ratio of
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diamagnetic trihydride cluster 3:paramagnetic monohydride
cluster 4 than the reaction of 1 with either HC=CH or DC=CD,
which gave 44 + 5:56 =+ 5 ratios. The different ratios obtained
from 1 and 1-d, indicate a cobalt hydride isotope effect on the
partitioning between 3 and 4.

The isotopic composition of the diamagnetic trihydride cluster
was shown by '"H NMR to be a 73 £ 5:21 £ 5:6 ratio of
3-CHD; (6 5.08):3-CH,D (5 5.10):3 (6 5.12) (Supplementary
Figure 10).® The exclusive formation of 3-CH,D from reaction
of 1 with DC=CD indicated that two hydrides were transferred
from cobalt to carbon. The statistical transfer of two hydrides
from 1-d4 during the formation of 3 would have produced a
56:38:6 ratio of labeled ethylidyne ligands u3;-CCHDj:us3-
CCH,D:u3-CCHs. The excess us-CCHD; ligand observed in
the reaction of 1-d, with acetylene (73%) is consistent with an
inverse kinetic isotope effect of ku/kp ~ 0.5 favoring transfer
of Co—D over Co—H to the ethylidyne ligand.

The ratio of paramagnetic mono(ethylidyne) isotopomers of
4 was obtained by hydrogenating the initially formed mixture
to pure 3, analyzing the ratio of isotopomers of 3, and then
subtracting the amount of initially formed isotopomers of 3.
'H NMR analysis following hydrogenation indicated the pres-
ence of a 67 £+ 5:28 + 5:5 ratio of 3-CHD; (6 5.08), 3-CH,;D
(6 5.10), and 3 (6 5.12) (Supplementary Figure 11). After
subtracting the 32% of the initially formed 73:21:6 ratio of
isotopomers, the 68% of 3 obtained from hydrogenation of 4
was calculated to result from a 65 £ 5:35 £ 5:<5 ratio of the
paramagnetic isotopomers 4-CHD,:4-CH;D:4. This 65:35:<5
ratio of paramagnetic mono(ethylidyne) isotopomers is similar
to the 72 & 5:28 + 5:~0 ratio of 4-CHD;:4-CH;D:4 obtained
in the reaction of 1 with DC=CD. The similarity of these ratios
indicates that essentially complete scrambling of label between
cobalt hydride and acetylenic hydro¥en sources occurred prior
to formation of 4.

Analysis of the gases over solution revealed the presence of
D,:HD:H; in a 66:25:9 ratio, which corresponds to 79% D

(36) We have not been able to determine the source of the residual
protons in 1-ds. All glassware was flame dried, washed with D,0, and
flame dried a second time under vacuum. LiAlD4 was obtained from two
independent sources (Aldrich, 98% D; Cambridge Isotope Laboratories, 98%
D) and was transferred under N> directly into an inert-atmosphere glovebox
where it was either used as received or purified by extraction with dry ether.
Likewise, CD;OD (Cambridge Isotope Laboratories, 99.8% D) was
transferred under N, into glass tubes with Teflon valves, degassed, and
transferred into an inert-atmosphere glovebox; separate bottles of CD;0D
were employed for each synthesis of 1-d4. None of the above variations
resulted in a detectable change in the yield or deuterium content of 1-ds.
Attempted use of EtOD from either Aldrich (99% D) or Isotech (99% D)
as the quenching agent led to very low yields of 1-d4 (<5%).

(37) An isotope effect for release of hydrogen in the reaction of 1 with
CO can be approximated from these data if several assumptions are made.
Assuming a statistical distribution of D, if each molecule of 1 releases two
molecules of hydrogen gas without any intermolecular scrambling, then
the ratio of D;:HD:H, is determined by the isotopic composition of all the
isotopomers except for 1-d,. The ratio of D2:HD:H; released from 1-d; is
influenced by the isotope effect on the release of the first molecule of
hydrogen. To obtain the observed 60:30:10 ratio of Dy:HD:Hj, the 21%
1-d; would need to produce 7.0% D,, 6.5% HD, and 7.5% H,. The
statistical ratio expected for 1-d; is 3.5% D», 14% HD, and 3.5% Hj. Thus,
an isotope effect results in preferential formation of the symmetric species
D; and H; relative to HD. This is consistent with an inverse isotope effect
of kup/kpp = 0.25 (or with a normal isotope effect of kun/kup = 4). Ina
separate experiment, 1-d4 was reacted with just enough CO to produce Cp*3-
Co3(u-H),(u-CO), and hydrogen gas.!? Mass spectrometry showed a 82:
14:4 ratio of Dy:HD:H,. The greater proportion of D, formed compared
with the reaction with excess CO is consistent only with an inverse isotope
effect.

(38) Due to the mixture of isotopomers present in 1-d4, we were unable
to determine the exact isotopic composition of the clusters 2—5 formed
from the reaction of 1-d4 and acetylene. While the methyl ethylidyne and
acetylenic resonances were sufficiently resolved to determine the relative
composition of the bridging hydrocarbon ligands, the ratio of the hydride
isotopomers could not be determined due to the low intensity of the broad
resonances (win = 9 Hz).
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released from the cluster. This is a higher percentage of D;
than observed in the fragmentation reaction of 1-d4 with CO
(60 D,:30 HD:10 H,, 75% D).3” The excess D; observed in
the reaction of 1-d, with acetylene is consistent with an inverse
kinetic isotope effect of kyp/kpp ~ 0.4 favoring loss of D,.

Inverse kinetic isotope effects in organometallics systems have
been observed for hydrogen transfer from the metal atom to a
coordinated ligand, and for the reductive elimination of C—H?3%40
and H—H*! bonds. For example, inverse kinetic isotope effects
were observed in the stoichiometric hydrogenation of a-meth-
ylstyrene employing the mononuclear hydride complexes HCo-
(CO)4,*? HMn(CO)s,*> CpMo(H)(CO);, and CpW(H)(CO);.4
An inverse isotope effect of ku/kp = 0.8 was measured for the
reductive elimination of methane from the rhenocene cations
Cp:Re(H)CH;* and Cp,Re(D)CD;*.*° A similar isotope effect
of kuy/kp = 0.7 was determined for methane elimination from
the tungsten hydride complex Cp*,W(H)CHj3; and the tungsten
deuteride compound Cp*,W(D)CD3.*® An inverse isotope
effect of ku/kp = 0.4 £+ 0.2 was reported for the reductive
elimination of H, from the iridium dihydride complex (nor-
bornadiene)(PPh;),Ir(H),* 412

Inverse kinetic deuterium isotope effects for the transfer of a
hydrogen atom from a transition metal to a carbon or hydrogen
atom have been attributed to reversible formation of a g-bound
intermediate prior to alkane or H, dissociation.*> There is a
greater zero point energy difference between C—H and C—-D
bonds than between M—H and M—D bonds due to the
substantially greater force constant of the g-HH or o-CH
complex compared with that of the M—H bond of the reactant.
Because of the substantial thermodynamic preference for
deuterium to concentrate in the site with the strongest bond and
the highest vibrational frequency,* the ¢-D intermediate will
have a greater equilibrium concentration than will the corre-
sponding o-H complex. Assuming a negligible isotope effect
on the dissociation of the g-complex, the greater concentration
of the 0-D intermediate results in a faster overall rate for D
elimination and an inverse isotope effect is observed. Inverse
kinetic deuterium isotope effects would also be observed if no
intermediate were involved but the reaction coordinate in the
neighborhood of the transition state resembled a o-complex
dissociating from the metal center.*’

Isotopic Composition of the Bridging Acetylene Interme-
diate 5 Formed in Reaction of 1-d4 with Acetylene at 23 °C,
'H NMR analysis of the reaction of 1-d, with excess acetylene
in C¢Ds (containing 1,4-bis(trimethylsilyl)benzene as an internal
standard) at 23 °C after 12 h showed 40% 1-d4, 30% 3, 5% 4,
and 25% 5. The acetylenic hydrogen resonance for 5S-HCCD
at 0 7.47 integrated for 0.5 H relative to the 45 H Cp* resonance
at 0 1.84 and only a trace (<5%) of the perprotio 5 was detected
at 0 7.50. The resonance for the hydride ligands of 5 at 6 —23.5
was too broad to be reliably integrated. These spectra are

(39) Heinekey, D. M.; Gould, G. L. J. Am. Chem. Soc. 1989, 111, 5502,

(40) (a) Buchanan, J. M,; Stryker, J. M,; Bergman, R. G. J. Am. Chem.
Soc. 1986, 108, 1537. (b) Wenzel, T. T.; Bergman, R. G. J. Am. Chem.
Soc. 1986, 108, 4856. (c) Periana, R. A.; Bergman, R. G. J. Am. Chem.
Soc. 1986, 108, 7332. (d) Parkin, G.; Bercaw, J. E. Organometallics 1989,
8, 1172,

(41) (a) Howarth, O. W.; McAteer, C. H.; Moore, P.; Morris, G. E. J.
Chem. Soc., Dalton Trans. 1984, 1171. (b) Hermes, A. R.; Girolami, G.
S. Inorg. Chem. 1988, 27, 1775.

(42) Roth, J. A.; Orchin, M. J. Organomet. Chem. 1979, 182, 299.

(43) Sweany, R. L.; Halpern, J. J. Am. Chem. Soc. 1977, 99, 8335.

(44) Sweany, R. L.; Comberrel, D. S.; Dombourian, M. F.; Peters, N.
A. J. Organomet. Chem. 1981, 216, 57.

(45) Melander, L.; Saunders, W. H. Reaction Rates of Isotopic Molecules;
Wiley: New York, 1980.

(46) Wolfsberg, M. Acc. Chem. Res. 1972, 5, 225.

(47) (a) Bigeleisen, J. Pure Appl. Chem. 1964, 8, 217. (b) Melander, L.
Acta Chem. Scand. 1971, 25, 3821.
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consistent with formation of a 50:50:<5 ratio of 5-DCCD:5-
HCCD:5 isotopomers. This is very similar to the ratio of
isotopomers obtained from the reaction of 1 with DC=CD. The
generation of the same 1:1 mixtures of S-DCCD:5-HCCD from
both the reaction of 1-d4 with acetylene and the reaction of 1
with DC=CD requires complete isotopic scrambling between
cobalt hydride and acetylenic hydrogen sources in the formation
of intermediate 5.

Reaction of both 1 and DC=CD or 1-d4 and HC=CH formed
an equilibrium mixture of the isotopomers of 5-DCCD:5-
HCCD:5 after ~6 h as determined by 'H NMR spectroscopy;
the low intensity of the acetylenic resonances of 5 precluded
'"H NMR analysis before 6 h. In an effort to determine whether
the scrambling observed in the isotopomers of § had occurred
prior to or after the formation of 5, we searched for 'H NMR
magnetization exchange between the acetylenic hydrogens and
the hydride ligands of perprotio 5 by selective inversion of the
acetylenic protons. Delay times ranging from 10 us to 100 ms
were employed; the relaxation time for the acetylenic resonance
(T, = 0.4 s) limited the delay time allowed to <100 ms. Ata
delay time of 100 ms, no magnetization transfer was observed
which indicates that <~20% of the acetylenic protons and
hydride ligands had undergone chemical exchange within 100
ms. As a result, if chemical exchange of the acetylenic protons
and hydride ligands of § occurs at all, the rate must be slower
than 10 s~

Statistically, a 16:65:16 ratio of 5-DCCD:5-HCCD:S would
have been expected for a scrambled intermediate. The greater
than statistical amount of deuterium found in the bridging
acetylene unit is consistent with an equilibrium isotope effect
favoring each C—D bond over a Co—D bond by a factor of
35,

Equilibrium deuterium isotope effects previously have been
observed to concentrate deuterium in C—D bonds over M—D
bonds. For example, an equilibrium constant of Ky =10+
0.1 was reported for the equilibration of the rhenocene hydride
methyl-d; complex Cp,Re(H)CD;* and Cp,Re(D)(CHD,)*,
which is considerably less than the equilibrium constant of Keq
= 3 predicted on a statistical basis.>® Similarly, an equilibrium
constant of K.q = 1.4 was measured for the equilibration of the
tungsten hydride methyl isotopomers Cp;W(H)CD3 and Cp,W-
(D)(CHD,).#8 Reaction of CH;N, with the triosmium dideu-
teride cluster Os3;(CO),oD> generated a mixture of dideuteride
isotopomers of the hydride methyl cluster Os3(CO);o(u-H)(u-
CH3) and the dihydride methylene cluster Os3(CO);o(u-H)2(u-
CH,). Neutron diffraction and '"H NMR spectroscopy revealed
a preference for deuterium in the carbon-bound sites for both
the methyl (Keq = 1.74) and methylene tautomers (Kq = 1.58).%°

Discussion

Formation of u3-Ethylidyne Ligands. The reaction of 1
with acetylene that produces u-ethylidyne complexes 2, 3, and
4 is closely related to processes occurring on metal surfaces
and to reactions of other metal cluster compounds. u3-Ethyli-
dyne ligands can be generated on a clean metal surface such as
Pt(111) either from reaction with acetylene! via a surface-bound
u-vinylidene intermediate or from reaction with ethylene!®%
via a u-vinyl intermediate.

The direct or stepwise rearrangement of ethylene to a us-
CCHj; ligand on a homogeneous metal cluster has also been
demonstrated. For example, the tetrahydride tetraruthenium

(48) Bullock, R. M.; Headford, C. E. L.; Kegley, S. E.; Norton, J. R. J.
Am, Chem. Soc. 1985, 107, 727.

(49) Calvert, R. B.; Shapley, J. R.; Schultz, A. J.; Williams, J. M.; Suib,
S. L.; Stucky, G. D. J. Am. Chem. Soc. 1978, 100, 6240.
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cluster RugH4(CO)1; reacted with ethylene at 65 °C to form the
mono(ethylidyne) trihydride cluster RusH3(CO)o(u3-CCH3) in
12% vyield.5! Likewise, the hexaosmium cluster Oss(CO)is
reacted with ethylene at 165 °C to form the bis(ethylidyne)
cluster Osg(CO)16(u3-CCH;)2.52 Ethylene reacted readily with
the tricobalt monohydride cluster Co3(CO)oH to form the mono-
(ethylidyne) derivative Co3(CO)o(u3-CCH;). The triruthenium
trihydride cluster CpsRus(u2-H)3(CO); reacted with ethylene in
boiling toluene to give the tricarbonyl ethylidyne cluster Cps-
Rus(u2-CO)3(u3-CCH3).1° The triosmium cluster Os3(CO)12
reacted with ethylene to initially form the u-vinylidene cluster
Os3(CO)y(u-CCH3) which reacted with H in refluxing heptane
to form the mono(ethylidyne) trihydride cluster Os3(CO)o(u3-
CCH;)(H)s.>*

The thermal rearrangement of mononuclear complexes which
possess a coordinated ethylene ligand has also led to the
formation of u3-ethylidyne clusters. For example, thermolysis
of the bis(ethylene) cobalt complex CpCo(H,C=CH;), (6)
formed the tetranuclear mono(ethylidyne) monohydride cluster
Cp4Co4(u3-CCH3)(u3-H) (7).5° Decomposition of 6 under H,
formed 7 along with the tetracobalt bis(ethyiidyne) cluster Cps-
Co4(u3-CCHs), and the tricobalt bis(ethylidyne) cluster Cps-
Cos(u3-CCH3)2.°¢ Thermolysis of Cp*Co(H,C=CH,); at 120
°C was initially reported to form the bis(ethylidyne) cluster 2.%7
However, a reinvestigation of the reaction revealed that ther-
molysis of Cp*Co(H,C=CH;), actually forms the mono-
(ethylidyne) monohydride cluster 4 as the exclusive product.'s

The direct conversion of acetylene to a u3-CCHj ligand is
less common than the analogous transformation involving
ethylene but has been observed in several instances. Acetylene
reacted with the anionic triiron cluster [Fe;(CO);;H]~ at room
temperature to form a mixture of clusters including the mono-
(ethylidyne) decacarbonyl cluster [Fe3;(CO)io(u3-CCH3)]~ 8 Acety-
lene reacted rapidly with the tricobalt monohydride cluster
Co3(CO)oH to form the ethylidyne cluster Co3(CO)o(u3-CCH3)
as the exclusive product.® CpsRus(uz-H);(CO); reacted with
acetylene in boiling toluene to initially form the 4-vinyl cluster
CpsRu3(u3-CO)(u2-CO)(u-CH=CH;) which underwent 1,2 hy-
drogen migration to afford the ethylidyne cluster CpsRus(us-
CO)3(u3-CCH;).'10 In addition, tert-butyl acetylene reacted with
the triruthenium cluster Ru3(CO);; to form the us-acetylide
monohydride cluster HRu3(CO)y(u3-C2CMe;) which reacted
with H, to form the trihydride us-alkylidyne cluster Hs-
Ru3(CO)s(u3-CCH,CMe3).*®  Thermolysis of CpCo(CO); in the
presence of substituted alkynes™® or thermolysis of cobalt
acetylene complexes® results in cleavage of the C=C triple
bond and formation of the corresponding bis(ethylidyne) trico-
balt cluster.
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(51) Canty, A. J.; Johnson, B. F. G.; Lewis, J.; Norton, J. R. J. Chem.
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Kinetics of the Formation and Interconversion of Mono-
(ethylidyne) Clusters 3 and 4. The mechanism of conversion
of 1 to mono(ethylidyne) clusters 3 and 4 depicted in Scheme
4 is consistent with all of our kinetic measurements. Because
tetrahydride 1 is coordinatively unsaturated (46 electrons),
acetylene can coordinate to 1 to form the 48-electron acetylene
adduct I without prior loss of H,. The second-order rate law
observed for the reaction of 1 and acetylene is consistent with
either rate determining formation of I followed by rapid
rearrangement to clusters 3 and 5 or rapid and reversible
formation of I followed by rate-limiting rearrangement to
clusters 3 and 5.

Tetrahydride cluster 1 reacts with 3 atm of acetylene at 80
°C to form a 44:56 ratio of the mono(ethylidyne) clusters 3
and 4 with a half-life of ~6 min. This rate is much faster than
either the conversion of 3 to 4 with loss of Hy (11, = 49 h) or
the addition of H; to 3 to form 4 (¢1» = 36 h calculated for a
H; pressure of <0.1 atm). Since the rate of formation of 3 and
4 from reaction of 1 with acetylene is greater than 100 times
faster than the interconversion of 3 and 4, independent formation
of mono(ethylidyne) clusters 3 and 4 is required. The formation
of 3 and 4 as kinetic products is consistent with the detection
of the u-acetylene intermediate 5 at lower temperature and the
observation that 5 is converted exclusively to monohydride 4.

Formation of Cp*3C03(jlz-H)2(jlz-D)(jl 3-CCH2D) (3-CH2D)
from the Reaction of 1 with DC=CD. The exclusive for-

(59) (a) Fritch, J. R,; Vollhardt, K. P. C.; Thompson, M. R.; Day, V. W.
J. Am. Chem. Soc. 1979, 101, 2768. (b) Fritch, J. R.; Vollhardt, K. P. C.
Angew. Chem., Int. Ed. Engl. 1980, 19, 559. (c) Allison, N. T.; Fritch, J.
R.; Vollhardt, K. P. C.; Walborsky, E. C. J. Am. Chem. Soc. 1983, 105,
1384. (d) Eaton, B.; O’Connor, J. M.; Vollhardt, K. P. C. Organometallics
1986, 5, 394.

(60) Yamazaki, H.; Wakatsuki, Y.; Aoki, K. Chem. Lett. 1979, 1041.
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mation of the single isotopomer Cp*;Cos(ua-H)a(u2-D)(us-
CCH,D) (3-CH,D) from the reaction of 1 and DC=CD requires
that two hydrides be transferred from cobalt to carbon while
one deuterium is transferred from carbon to cobalt without any
scrambling of label. Since rapid scrambling of any cobalt-bound
hydrogen and deuterium can be confidently assumed,?6~28:!
transfer of both cobalt hydride atoms to carbon must occur prior
to transfer of deuterium from carbon to cobalt.

The mechanism for the formation of 3-CH,D from 1 and
DC=CD shown in Scheme 5 is consistent with these observa-
tions. Initial coordination of DC=CD to the 46-electron
tetrahydride cluster 1 would produce the 48-electron adduct 1.
Hydride addition across the coordinated acetylene C=C bond
would generate the u-1',7-vinyl intermediate II. Metal hydride
addition across a coordinated alkyne to form a bridging alkenyl
ligand has been observed in Os;%* and W,53 systems. Transfer
of a second hydride from cobalt to the terminal x-vinyl carbon
atom would give the 46-electron ethylidene intermediate III.
Although intramolecular hydride transfer to a y-vinyl ligand to
form an alkylidene ligand has not been previously observed.
intermolecular addition of hydride and other nucleophiles to a
u-alkenyl ligand to form a wu-alkylidene ligand has been
reported.** Transfer of deuterium from the bridging carbon to

(61) Casey, C. P.; Widenhoefer, R. A.; Hallenbeck, S. L.; Hayashi, R.
K. Inorg. Chem. 1994, 33, 2639.
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Tachikawa, M.; Shapley, J. R.; Pierpont, C. G. Inorg. Chem. 1981, 20.
1528. (c) Sappa, E.; Tiripicchio, A.; Lanfredi, A. M. M. J. Organomei.
Chem. 1983, 249, 391. (d) Deeming, A. J.; Hasso, S.; Underhill, M. J.
Chem. Soc., Dalton Trans. 1975, 1614. (e) Guy, J. J.; Reichert, B. k.:
Sheldrick, G. M. Acta Crystallogr. 1976, B32, 3319.
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Chem. Soc. 1986, 108, 989.
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cobalt appears difficult from the initially formed ethylidene
intermediate ITI, but could readily occur if the ethylidene ligand
first migrates to place the deuterium on the bridging carbon
over the cobalt triangle. The resulting intermediate IV could
be stabilized through formation of an a-agostic bond. The
migration of a u-alkylidene ligand has been observed in a
diruthenium propylidene complex5> and a Os;W cluster.5
Finally, transfer of the a-deuterium atom from carbon to cobalt
would produce the observed product 3-CH;D as the sole
isotopomer. The strong tendency of an alkylidene a-hydrogen
atom to form an q-agostic bond and to undergo a-elimination
to form an alkylidyne ligand has been well documented in
electron deficient mononuclear complexes,” W> dimers,® and
053,499 FeCo,,79 Rus,”! and Ruy” clusters. The predominant
formation of Cp*3C03(yz-H)(yz-D)z(m-CCI-lDz) (3-CH])2) from
the reaction of 1-ds and acetylene is also consistent with the
presence of an ethylidene intermediate.

Formation of u-Acetylene Intermediates 5-HCCD and -

5-DCCD. Both the reaction of 1 with DC=CD and the reaction
of 1-d4 with HC=CH produced the same 1:1 mix-
ture of 5-HCCD and 5-DCCD. This is consistent with
an equilibration process which scrambles carbon and cobalt
bound hydrogen atoms. On a statistical basis a 1:4:] ratio

(64) (a) Deeming, A. J.; Hasso, S. J. Organomet. Chem. 1976, 112, C39.
(b) Churchill, M. R.; DeBoer, B. G.; Shapley, J. R.; Keister, J. B. J. Am.
Chem. Soc. 1976, 98, 2357. (c) Churchill, M. R.; DeBoer, B. G. Inorg.
Chem. 1977, 16, 1141. (d) Laing, M.; Sommerville, P.; Dawoodi, Z.; Mays,
M. J.; Wheatley, P. J. J. Chem. Soc., Chem. Commun. 1978, 1035. (e)
Dyke, A. F.; Knox, S. A. R.; Naish, P. J.; Orpen, A. G. J. Chem. Soc.,
Chem. Commun. 1980, 441, (f) Henrick, K.; McPartlin, M.; Deeming, A.
J.; Hasso, S.; Manning, P. J. Chem. Soc., Dalton Trans. 1982, 899. (g)
Deeming, A. J.; Manning, P. J. Organomet. Chem. 1984, 265, 87.
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Chem. Soc., Dalton Trans. 1991, 929,
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26, 3077.

(70) (a) Barreto, R. D.; Fehlner, T. P. J. Am. Chem. Soc. 1988, 110,
4471. (b) Barreto, R. D.; Puga, J.; Fehlner, T. P. Organometallics 1990,
9, 662,
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J. Am. Chem. Soc. 1986, 108, 6076. (b) Bower, D. K.; Keister, J. B. J.
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9, 1656.

(72) Cowie, A. G.; Johnson, B. F. G.; Lewis, J.; Raithby, P. R. J.
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of isotopomers 5:5-HCCD:5-CDCD would have been expected;
the observed ratio of isotopomers is consistent
with an equilibrium isotope effect which favors each
C—D bond over a Co—D bond by a factor of 3.5 (Kw/Kp =~
0.29). '

Several things are known about the timing of the scrambling.
First, because the gas released in the reaction of 1 and DC=CD
was >97% H, the isotopic scrambling must occur after loss of
H,. Second, because 5 is fully scrambled when it first appears,
scrambling must occur either before the formation of 5 or with
a half-life of less than 3 h after its formation. Third, scrambling
of § after its formation must be slower than the time scale for
an NMR saturation transfer experiment.

There are at least three different types of intermediates that
could explain the scrambling of label: a u-acetylide, a u-vi-
nylidene, and a u3-',7%-vinyl intermediate. In all these cases,
scrambling might occur either before or after formation of §
and more complex mechanisms involving more than one of these
three types of intermediates are also possible. The scrambling
could occur via the y-acetylide intermediate V (Scheme 6); the
interconversion of alkyne ligands with acetylides is well
documented, 386273

Alternatively, scrambling might occur via two pathways
involving initial formation of a us-n!,n%-vinyl intermediate VI
(Scheme 7). The first involves reversible formation of u-vi-
nylidene intermediate VII; the interconversion of u-vinyl and
u-vinylidene ligands has been observed on metal clusters,5247
The second involves reversible formation of the u3-n',%-vinyl
intermediate VIII which has a plane of symmetry passing
through two vinyl carbons and one cobalt; us-n!,5%-vinyl
complexes are known but rare.”

Conversion of S-HCCD and 5-DCCD to Isotopomers of
4. Scrambling of the deuterium label in the bridging acetylene
intermediate S precludes exact determination of the mechanistic
pathway for the conversion of a 1:1 mixture of S-HCCD and
5-DCCD to a 72 £ 5:28 £ 5 mixture of the mono(ethylidyne)
monohydride isotopomers 4-CHD;, and 4-CH;D. It is clear,
however, that the mechanism is quite different from that seen
for formation of trihydride mono(ethylidyne) cluster 3. If no
further scrambling of deuterium label occurs after formation of

(73) (a) Sappa, E.; Gambino, O.; Milone, L.; Cetini, G. J. Organomet.
Chem. 1972, 39, 169. (b) Aime, S.; Deeming, A. J. Chem. Soc., Dalton
Trans. 1983, 1807.
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Commun. 1984, 37.

(75) Dawoodi, Z.; Henrick, K.; Mays, M. J. J. Chem. Soc., Chem.
Commun. 1982, 696,
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5 (questionable and untestable), then formation of 4 by transfer
of two hydrogens from cobalt to carbon to form an ethylidene
intermediate followed by back transfer of hydrogen from the
bridging carbon to cobalt would have led to 4-CH,D as the
major isotopomer, contrary to our observation.

The 72 4 5:28 =+ 5 ratio of clusters 4-CHD; and 4-CH,D is
consistent with complete scrambling of the deuterium label prior
to the irreversible formation of 4-CHD; and 4-CH,D with an
equilibrium isotope effect favoring C—D over C—H by a factor
of 2.6. Conversion of 5§ to 4 could occur via a variety of
intermediates including the u-vinyl intermediate VI, the u-vi-
nylidene intermediate VII, or a combination of the two (Scheme
8). Conversion of an alkyne ligand to a #3-17?-vinylidene ligand
has been observed on Pt3,’d CosRu,”6 Fes,”” and Osg’8 clusters.
Bridging alkyne ligands have also been proposed to convert to
vinylidene ligands via acetylide intermediates.” The intercon-
version of u-alkenyl and u-alkylidyne complexes via 1,2-
hydrogen migration has been observed in Fe; cations® and in
neutral Rus'® and Os3™ clusters.

Partitioning between Trihydride 3 and gu-Acetylene In-
termediate 5. The partitioning between mono(ethylidyne)
trihydride cluster 3 and u-acetylene dihydride intermediate §
involves a competition between hydride transfer from cobalt to
carbon to form 3 and H; loss to produce 5 from a common in-
termediate. Because the gas evolved in the reaction of 1 with
DC=CD consisted of >97% H,, the partitioning must occur

(76) (a) Bernhardt, W.; von Schnering, C.; Vahrenkamp, H. Angew.
Chem., Int. Ed. Engl. 1986, 25, 279. (b) Roland, E.; Bernhardt, W.;
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before the transfer of any deuterium from acetylene to cobalt.
There are two candidates for the partitioning intermediate. The
first is the initial 48-electron acetylene adduct I (Scheme 4)
which could either transfer hydride to an acetylenic carbon atom
to produce the y-vinyl complex II and ultimately cluster 3 or
eliminate H; to produce the acetylene dihydride cluster 5. The
second possibility is the u-vinyl trihydride intermediate IT which
could either transfer hydride to the u-vinyl ligand to produce
the ethylidene intermediate I and eventually cluster 3 or elimi-
nate H; to form the monohydride vinyl cluster VI which could
then back transfer hydrogen from carbon to cobalt and form 5.
The reaction of 1 with either HC=CH or DC=CD formed
the same 44:56 ratio of 3.4, but the reaction of 1-d4 with
HC=CH gave a 32:68 ratio of 3:4. These isotope effects require
that partitioning involve only Co—D and Co—H bonds. The
ratio 3:4 observed in the reaction of 1 with HC=CH corresponds
to the ratio of the rate constant for H transfer versus the rate
constant for H, elimination from a common intermediate, k.
transfer/K(.etim) = 44/56. Similarly, the ratio of 3:4 observed in
the reaction of 1-d; with HC=CH corresponds to the ratio of
the rate constant for D transfer versus the rate constant for D
elimination, or Kip.ganster/kip-etim) = 32/68. Because the ratio
3:4 depends on the ratio of two independent rate constants, the
change in the ratio 3:4 observed upon substitution of 1-d4 for 1
corresponds to a ratio of the isotope effects for H transfer (k-
transfer)/K(D-transter)) and for Hy elimination (ky-etimy/k(p-etim)), OF

k[H-transfer]/k[D-transfer] _ (44/56) —

= 1.8
(32/68)

k[H-elim]/k[D-elim]

An inverse isotope effect of K(y.iansfery/k(D-transter) ~ 0.5 favoring
the transfer of Co—D over Co—H was determined from the
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Scheme 8

excess deuterium incorporated into the ethylidyne ligand of 3
formed in the reaction of 1-ds with acetylene. Therefore, we
estimate an inverse isotope effect of kyn/kpp =~ 0.3 (0.5/1.8 =
0.3) for the elimination of H, from cobalt. We have confidence
in the relative magnitude of these isotope effects, but because
of the number of independent measurements of limited accuracy
that go into their calculation, the absolute values of the isotope
effects should be considered as very approximate.

Conclusion

These detailed kinetic and deuterium labeling studies of the
reaction of tetrahydride tricobalt cluster 1 with acetylene have
revealed distinctive mechanisms for the formation of mono-
(ethylidyne) trihydride cluster 3 and mono(ethylidyne) mono-
hydride cluster 4. The selective deuteration of trihydride cluster
3 is consistent with the presence of a u-ethylidene intermediate.
After loss of Hj, deuterium scrambled acetylene dihydride
cluster § is formed which is subsequently converted to mono-
(ethylidyne) monohydride cluster 4.

Experimental Section

General Methods, All manipulations were performed under a
nitrogen atmosphere in an inert atmosphere glovebox or by standard
high-vacuum techniques. Reactions were performed in 1.9 mL thick-
walled resealable NMR tubes or in 35 mL thick-walled flasks equipped
with Teflon valves. The molar amounts of H, and acetylene were
measured on a high-vacuum line using pressure, volume, and temper-
ature measurements. 'H NMR spectra were obtained on a Bruker
WP200, WP270, or AMS00 spectrometer. '3C{'H} NMR spectra were
obtained on a Bruker AMS00 (126 MHz) spectrometer. Mass spectra
of solid samples were determined on a Kratos MS-80 spectrometer.
Mass spectra of gaseous samples were recorded on a VG Analytical

(80) Casey, C. P.; Marder, S. R.; Adams, B. R. J. Am. Chem. Soc. 1985,
107, 7700.
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ZAB-2F spectrometer operating at 70 eV of ionizing electrons at 25
°C. Elemental analyses were performed by Desert Analytics (Tucson,
AZ). 'H NMR simulations were performed employing the program
RACCOON,* and kinetic data were simulated with the program
GEAR.®! The temperature dependence of the solubility of H, in
benzene,®? the density of benzene,®® the vapor pressure of benzene,®
and the temperature dependence of the solubility of acetylene in
benzene® were obtained from the literature,

Diethyl ether, hexane, pentane, and benzene were distilled from
purple solutions of sodium and benzophenone; toluene was distilled
from sodium. Benzene-ds and toluene-ds were distilled from sodium
and benzophenone or from sodium/potassium alloy. Acetylene (Na-
tional Cylinder Gas) was passed through a trap cooled to —78 °C prior
to use. HYC=!"’CH, DC=CD, D'’*C=!CD, D,, CD;OD, LiAlD,
(Cambridge Isotope Laboratories), and H, (Liquid Carbonic) were used
as received.

Cp*3Cos(u2-H)3(u5-H) (1). A solution of LiAlH, (0.31 g, 8.2 mmol)
and [Cp*CoCl],* (1.0 g, 2.2 mmol) in Et;0 (40 mL) was stirred at
room temperature for 20 min. EtOH (10 mL) was added dropwise
over 2 min and the resulting solution was stirred 30 min to fort a
purple solution. Solvent was evaporated and the residue was extracted
with Et,0 and filtered through Celite. Evaporation of Et;O yielded a
black solid whose 'H NMR showed a 1.2:1 ratio of Cp* resonances
for 1:Cp*Co(u-H)3CoCp*.!" Vacuum sublimation of the residue (120
°C, 24 h) gave Cp*Co(u-H);CoCp* (200 mg, 23%) as a purple
sublimate which was ~90% pure by 'H NMR analysis. Cp*Co(u-
H);CoCp* was purified further by crystallization from pentane at —20

(81) Weigert, F. J.; McKinney, R. J. “GEAR” PC3003, Project SERA-
PHIM, Department of Chemistry, University of Wisconsin—Madison,
Madison, WI 53706, 1991.

(82) Solubility Data Series, Volume 5/6, Hydrogen and Deuterium;
Young, C. L., Ed.; Pergamon Press, Oxford, 1981; pp 159—167.

(83) International Critical Tables of Numerical Data, Physics, Chemistry,
and Technology; Washburn, E. W., Ed.; McGraw-Hill: London, 1928; Vol.
111, pp 29, 39, 221.

(84) Solubilities of Organic Compounds; Seidell, A., Ed.; Von Nor-
strand: New York, 1941; Vol. II.

(85) Kolle, U.; Khouzami, F.; Fuss, B. Angew. Chem. Suppl. 1982, 230.
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°C. The sublimation residue was extracted with toluene, filtered through
Celite, and evaporated to give 1 (444 mg, 53%) which was ~95% pure
by 'H NMR analysis and was used for subsequent preparative reactions
without further purification. 1 used in NMR experiments was crystal-
lized from pentane at —20 °C. 'H NMR (C4Ds, 200 MHz, 22 °C), 6
62.3. HRMS (EI, 45 eV, 200 °C), caled (found) for CsHysCos:
586.1825 (586.1819, M™). Anal. Calcd (found) for CyHisCos: C,
61.44 (61.42); H, 8.42 (8.39).

Cp*3Co3(u3-CCHs)2 (2). A black solution of 1 (70 mg, 0.12 mmol)
and acetylene (6.16 mmol) in 5 mL of benzene was heated at 100 °C
for 50 h. A precipitate was filtered from the resulting purple suspension,
washed with hexane, and dried to give 48 mg of Cp*;Cos(us-CCH3),
(2) as a purple microcrystalline solid which was ~95% pure by 'H
NMR analysis. The combined filtrates were evaporated, washed with
5 mL of acetone, and dried to yield 2 (total 67 mg, 88%). 'H NMR
(200 MHz, C¢Ds) 6 4.48 (s, 6 H, u3-CCH;), 1.57 (s, 45 H, CsMes).
HRMS (EI) caled (found) for C34Hs;Cos (M™): 636.1986 (636.2004).

Cp*3Co3(u3-PC1*CH3); (2-13Cy). An NMR tube containing 1 (4
mg, 0.007 mmol) and HC=">CH (0.23 mmol) in 0.3 mL of C¢Ds
was heated at 80 °C for 50 h. Unreacted acetylene was removed via
5 freeze—pump—thaw cycles; '"H NMR analysis indicated that 2-13C,
constituted ~95% of the material in solution. 'H NMR (500 MHz,
CeéDs) 6 4.48 (dd, Jeu = 124 Hz, 2Jcy = 6 Hz, us-CCH;), 1.57 (s,
CsMes); BC{'H} NMR (126 Hz, CsD¢) 6 336 (d, Joc = 27 Hz, us-
CCHj3), 91.6 (s, CsMes), 44.3 (d, Joc = 27 Hz, u»-CCHs), 10.7 (s,
C5M85).

Cp*3Cos(u2-H)3(u3-CCHs) (3). A flask containing 1 (100 mg, 0.17
mmol) and acetylene (1.43 mmol) in 5 mL of benzene was sealed under
1 atm of H; at 77 K and heated at 80 °C for 3 h to produce a green
solution (H, pressure at 80 °C is calculated to be <4.5 atm). After
filtration through Celite, benzene was evaporated and the residue was
washed with hexane to give Cp*3Co3(us-H)3(u3-CCH;) (3) (51 mg,
53%) as a green microcrystalline solid which was >95% pure by 'H
NMR analysis. 3 was further purified by crystallization from toluene
at —20 °C. 'H NMR (200 MHz, C¢Ds) 6 5.12 (s, 3 H, u3-CCH;), 1.67
(s, 45 H, CsMes), —32.24 (s, 3 H, Co-u-H). HRMS (EI) caled (found)
for C3;HaeCos (MT — 2H): 610.1827 (610.1816). Anal. Caled (found)
for C3Hs1Cos: C, 62.75 (63.03); H, 8.39 (8.09).

Cp*3Co3(u2-H)s(u3-13C13CH3) (3-13C;). An NMR tube containing
1 (4 mg, 0.007 mmol) and H*C='3CH (0.23 mmol) in 0.3 mL of C¢Ds
was heated at 80 °C for 30 min. Unreacted acetylene was removed
via § freeze—pump—thaw cycles and the sample was analyzed without
isolation. 'H NMR analysis revealed Cp* resonances at ¢ 62 (1), 54
(4-13Cy), and 1.67 (3-3C3) in a 1.0:3.2:2.5 ratio. 'H NMR (500 MHz,
CsDs) 6 5.12 (dd, 'Jeu = 124 Hz, 2/cy = 7 Hz, u;-CCH,), 1.67 (s,
CsMes), —32.24 (s, Co-u-H); *C{'H} NMR (126 MHz, CsDs) 6 316.1
(d, Jec = 27 Hz, us-CCHjs), 92.3 (s, CsMes), 45.7 (d, Joc = 27 Hz,
u-CCHs), 11.6 (s, CsMes).

Cp*3Cos(u3-H)(#3-CCHj3) (4). A green solution of 3 (130 mg, 0.21
mmol) in 15 mL of toluene was refluxed for 3 days in an open tube
under N; to produce a brown solution. The solution was filtered through
Celite and toluene was evaporated under vacuum to give Cp*3Cos(us-
H)(u;-CCH3) (4) (97 mg, 75%) which was 95% pure by 'H NMR
analysis. Crystallization from toluene at —20 °C afforded pure 4 (41
mg, 32%) as brown crystals. 'H NMR (200 MHz, C¢Ds) 6 53.6 (brs,
CsMes). HRMS (EI) caled (found) for C;HasCos (M™): 610.1827
(610.1833). Anal. Caled (found) for C3HaeCos: C, 62.95 (63.01);
H, 8.09 (8.22).

Generation of Cp*3Cos(u-H)2(#3-n*HCCH) (5). An NMR tube
containing 1 (4 mg, 0.007 mmol) and acetylene (0.23 mmol) in 0.3
mL of C¢D¢ was shaken periodically at 23 °C for 11.5 h. Unreacted
acetylene was removed via 5 freeze—pump—thaw cycles and the sample
was analyzed without isolation due to thermal instability. 'H NMR
analysis (200 MHz, C¢Ds) revealed Cp* resonances for 40% 1 (6 62),
7% 3 (0 1.67), 24% 4 (S 54). In addition, a Cp* resonance at d 1.85
which accounted for 29% of the Cp* resonances along with resonances
at & 7.50 (s, 2 H, us-7*-HCCH) and —23.45 (s, 2 H, Co-u-H) were
assigned to the bridging acetylene cluster Cp*3Cos(u-H)(us-1>-HCCH)
(5).

Generation of Cp*;Cos(u-H),(u3-7*-HPCCH) (5-3C;). Cluster
(5-13C3) was prepared as a mixture of clusters including 1, 3-13Cz, and
4-13C, from the reaction of 1 (4 mg, 0.007 mmol) and H'3C="*CH

J. Am. Chem. Soc., Vol. 117, No. 16, 1995 4621

(0.23 mmol) in 0.3 mL of C¢Ds using a procedure analogous to that
used to prepare 5. 'H NMR (500 MHz, THF-dg) 6 7.21 (AA’XX":
Uen + %cu = 152 Hz, Yce + 3Juy = 25 Hz, individual coupling
constants of Jey = 150 Hz, WJec = 22 Hz, 3Juyy = 3 Hz, ey =2 Hz
were determined by comparison to a simulated spectrum), 1.80 (Cs-
Mes), Co-u-H signal not observed. '3C{'H} NMR (126 MHz, CsD¢)
d151.3 (s, ,ug-?]z-HCCH), 90.4 (C5Me5), 11.6 (CsMes).

Kinetics of the Reaction of 1 with Acetylene. An NMR tube
containing 1 (3 mg, 0.005 mmol), CsMeg (1 mg, 0.006 mmol), and
0.087 mmol of acetylene (1.9 atm over solution at 80 °C) in 0.53 mL
of C¢Ds was heated at 80 °C with continual agitation for 15 min.
Unreacted acetylene was removed via 3 freeze—pump—thaw cycles
and the tube was analyzed by 'H NMR spectroscopy. The concentration
of 1 was determined by integrating the Cp* resonance for 1 (6 62)
relative to the hexamethylbenzene resonance (6 2.12). The initial rate
constant was determined according to the formula kg = In[(1o — 1,)/
1o)/time. The second-order rate constant for the disappearance of 1
was obtained from a plot of initial rate constants versus initial acetylene
pressure,

Kinetics of the Reaction of 4 with H,, An NMR tube containing
4 (2.5 mg, 0.004 mmol) and C¢Meg (0.005 mmol) in 0.5 mL of C¢Ds
was sealed under H, (740 Torr) at room temperature and heated to 80
°C where the pressure of hydrogen was calculated to be 1.1 atm. The
tube was shaken continuously and analyzed periodically by 'H NMR
spectroscopy; concentrations were determined by integrating the Cp*
resonance of 3. (6 1.67) relative to the hexamethylbenzene resonance
(6 2.12). The pseudo-first-order rate constant was obtained from a
plot of In{[3inr] — [3:]/[3is]} versus time. In order to obtain the
hydrogen pressure dependence of the rate of conversion of 4 t0 3, a
slightly modified procedure was employed to achieve H, pressure > 1
atm. An NMR tube containing 4 (2.5 mg, 0.004 mmol) and CcMes
(0.005 mmol) in 0.5 mL of C¢Ds was cooled to 77 K and opened to a
small volume manometer (35.1 mL) containing ~0.5 atm of H,. The
pressure drop indicated that 0.14 mmol of H, (2.8 atm, 0.012 M at 80
°C) had been transferred into the tube. First-order rate constants were
obtained for reactions carried out under 2.3 and 5.2 atm of H; by an
analogous procedure.

Kinetics of the Conversion of 3 to 4. An NMR tube containing 3
(3 mg, 0.004 mmol) and CsMes (0.005 mmol) in 0.55 mL of C¢Ds was
heated to reflux under nitrogen (740 Torr, 80 °C). The reaction was
analyzed periodically by '"H NMR spectroscopy; concentrations were
determined by integrating the Cp* resonance of 3 (6 1.67) relative to
the hexamethylbenzene resonance (& 2.12). The first-order rate constant
for the conversion of 3 to 4 was determined from a plot of In[3] versus
time.

Equilibrium between 3 and 4 + H,. A 1.62 mL NMR tube
containing 3 (4.3 mg, 0.0070 mmol, 0.016 M) and CsMes (0.003 mmol,
0.007 M) in 0.44 mL of C¢Ds was flame sealed under nitrogen (500
Torr). The tube was heated at 80 °C and analyzed periodically by 'H
NMR spectroscopy. The concentration of 3 was determined by
integrating the Cp* resonance for 3 (8 1.67) relative to the hexameth-
ylbenzene resonance (6 2.12); the concentration of 4 was calculated
from mass balance. The concentration of H» in solution was calculated
from mass balance and from tables of the temperature dependence of
the solubility of hydrogen in benzene. When no further decrease in
the concentration of 3 was observed (4 days) the solution was heated
at 80 °C under 4.5 atm of H» for 12 h to quantitatively regenerate 3
[103 & 5% by 'H NMR analysis] which indicated that no decomposition
had occurred. The equilibrium constant for the interconversion of 3
with 4 and H, was determined according to the following equation:
Keq = [4][H2)/[3]. Cluster 3 was also quantitatively regenerated by
hydrogenation of mixtures of 3 and 4 equilibrated at 90 and 105 °C.

Synthesis of 2 from 4 and Acetylene. A flask containing a brown
solution of 4 (30 mg, 0.05 mmol) and acetylene (0.44 mmol) in 10 mL
of benzene was heated to 100 °C for 8 h to form a purple solution.
After evaporation of benzene under vacuum, the residue was washed
with acetone and dried to give 2 (28 mg, 90%) which was >95% pure
by 'H NMR.

Kinetics of the Reaction of 4 with Acetylene. An NMR tube
containing 4 (3 mg, 0.005 mmol), C¢Mes (1 mg, 0.006 mmol), and
0.23 mmol of acetylene (3.5 atm over solution at 80 °C) in 0.54 mL of
Ce¢Ds was heated at 80 °C with continual agitation for 48 min,
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Unreacted acetylene was removed via 3 freeze—pump—thaw cycles.
The concentration of 4 was determined by integrating the Cp* resonance
for 4 (8 54) relative to the hexamethylbenzene resonance (6 2.12) in
the '"H NMR spectrum. Initial rate constants were calculated from the
following formula: kws = In[(dg — 4,)/dg]/time.

Kinetics of the Conversion of 5 to 4. An NMR tube containing 1
(3 mg, 0.005 mmol), CsMeg (0.9 mg, 0.005 mmol), and acetylene (0.23
mmol) in 0.31 mL of C¢Ds was shaken periodically at 23 °C for 16.5
h. Unreacted acetylene was removed via 5 freeze—pump—thaw cycles
and the sample was analyzed periodically by 'H NMR spectroscopy at
23 °C. Concentrations were determined by integrating the Cp* reso-
nances for 1 (6 62), 3 (6 1.67), 4 (6 54 H), and 5 (J 1.85) relative to
the hexamethylbenzene resonance (6 2.12). The first-order rate constant
for the disapperance of 5§ was obtained from a plot of In[5] versus time.

Cp*3Cos(us-H);(u2-D)(us-CCH,D) (3-CH;D). The reaction of 1
(4 mg, 0.007 mmol) and DC=CD (0.23 mmol) using a procedure
analogous to that used to prepare 3-13C, generated 3-CH,D as the only
diamagnetic product (40% of total clusters). 3-CH:D was analyzed
without isolation. 'H NMR (500 MHz, CeDs) 6 5.10 (brs, 2 H, us-
CCH,D), 1.67 (s, 45 H, CsMes), —32.27 (s, 2 H, Co-u-H). Solid 3
(~1 mg) was then added to the solution and the resulting 'H NMR
spectrum provided the isotope shifts for the ethylidyne methyl resonance
and the hydride resonance (Figure 4).

Cp*3C03(jlz-H)2(jlz-D)(jl3-13C13CH2D) (3‘13C 13CI'I?,D). The reaction
of 1 (4 mg, 0.007 mmol) and DP*)C=!CD (0.23 mmol) using a
procedure analogous to that used to prepare 3-13C, generated 3-1C-
3CH,D as the only diamagnetic product (40% of total clusters).
3-BCBCH,D was analyzed without isolation (Figure 4). '*C{'H} NMR
(126 MHz, C¢Ds) 6 92.3 (s, CsMes), 45.4 (dt, Joc = 27 Hz, Jep = 20
Hz, us-CCH:D), 11.6 (s, CsMes).

Analysis of Isotopomers of 4 from Reaction of 1 with DC=CD.
An NMR tube containing 1 (4 mg, 0.007 mmol), C¢Mes (1 mg, 0.006
mmol), and DC=CD (0.23 mmol) in 0.3 mL of C¢D¢ was heated at 80
°C for 30 min. Unreacted acetylene was removed via 5 freeze—pump—
thaw cycles and the sample was analyzed by 'H NMR spectroscopy.
The concentration of 3-CH,D formed directly from 1 was determined
by integration of the Cp* resonance for 3-CH,D (6 1.67) relative to
the hexamethylbenzene resonance (4 2.12). The sample was then sealed
under 1 atm of H; at 77 K and heated at 80 °C for 12 h to convert the
initially formed paramagnetic mono(ethylidyne) isotopomers (6 54) into
diamagnetic clusters and the sample was reanalyzed by 'H NMR spec-
troscopy. The amount of 3 formed by hydrogenation of 4 was then
determined from the increase in intensity of the J 1.67 resonance relative
to the hexamethylbenzene resonance. The ratio of 3-CH:D to 3-CHD;
was determined by cutting and weighing the resonances at d 5.10 (u3-
CCH,D) and at 6 5.08 (us-CCHD»). The ratio was confirmed and error
limits were established by comparison of the actual spectrum and
simulated spectra of various mixtures of y3-CCH,D:u;-CCHD; clusters.

MS Analysis of H; from Reaction of 1 with DC=CD. 'H NMR
analysis of the reaction of 1 with DC=CD in Ce¢Ds at 80 °C for 30
min showed a 6:46:48 ratio of 1 (4 62), 3 (4 1.67), and 4 (6 54). The
tube was cooled to 77 K and mass spectral analysis of the noncon-
densable gases revealed the presence of H,, HD, and D, in a 95.0:5.0:
<0.5 ratio.

Similarly, reaction at 23 °C for 24 h gave a 19:36:10:37 ratio of 1
(8 62),3 (6 1.67), 4 (4 54), and § (6 1.84) and mass spectral analysis
of the noncondensable gases revealed a 97.5:2.5:<0.5 ratio of H,, HD,
and Dz.

CP*:;CO:;([I:;—CCH:;)([I:;—CCI‘ID:) (2-CHD3). An NMR tube contain-
ing 4 (3 mg, 0.005 mmol) and DC=CD (0.23 mmol) in 0.3 mL of
Ce¢Ds was heated at 80 °C for 24 h to form 2-CHD; (~95% pure by
'H NMR) which was analyzed without isolation. 'H NMR (500 MHz,
CsDg) 6 4.48 (s, 3 H, u3-CCH3), 4.44 (brs, 1 H, 43-CCHD»), 1.57 (s,
45 H, CsMes). Benzene was evaporated and the purple solids were
analyzed. HRMS (EI) caled (found) for C3gHasD2Cos (M™): 638.2112
(638.2135).

Cp*3Cos(uz-D)s(u3-D) (1-ds). LiAlD4 (0.67 g, 30.5 mmol) was
added over 10 min to a solution of [Cp*CoCl], (2.08 g, 4.53 mmol) in
125 mL of Et,O and the solution was stirred for 30 min. CD;0D (6.0
mL, 148 mmol) was then added dropwise over 20 min and the resulting
red-brown solution was stirred for 30 min. Evaporation of solvent
produced a black residue which was extracted with Et;O and filtered
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through Celite. Evaporation of Et;0 and vacuum sublimation (120 °C,
17 h) of the residue gave 1-d4 as the sublimation residue (590 mg,
33%) which was >95% pure by '"H NMR analysis. Deuteration of the
bridging positions of 1-d4 was determined by degradation with CO and
mass spectral analysis of the gases over solution. An NMR tube
containing a black benzene solution of 1-d4 was sealed under 1 atm of
CO and heated at 80 °C for 30 min to form a clear orange solution of
Cp*Co(CO),.!! Analysis of the gases above solution by mass
spectrometry indicated the presence of D;, HD, and H; in a 6:3:1 ratio
which corresponds to 75% D.

Analysis of the Isotopomers of 3 from the Reaction of 1-d4 with
Acetylene. An NMR tube containing 1-d4 (4 mg, 0.007 mmol), Ce-
Meg (1 mg, 0.006 mmol), and acetylene (0.23 mmol) in 0.3 mL of
CeDs was heated at 80 °C for 20 min. Unreacted acetylene was re-
moved via 5 freeze—pump—thaw cycles. 'H NMR analysis (500 MHz)
revealed that 70% of 1-d, had reacted to form a 32:68 mixture of 3 (6
1.67) and 4 (6 54). Ethylidyne resonances were observed at 6 5.08
(3-CHDy), 6 5.10 (3-CH;;D), and 6 5.12 (3). Cutting and weighing of
these resonances indicated a 73:21:6 ratio of u3-CCHD,:u3-CCH,D:
u3-CCH; ligands which was confirmed by comparison to simulated
spectra. Hydride resonances for (u2-H)3 (6 —32.24), (up-H)2(42-D) (6
—32.27), and (u2-H)(u2-D); (6 —32.30) were also observed. Due to
broadening (w1, = 9 Hz), the ratio of the hydride resonances could
not be quantitatively determined. However, the major hydride isoto-
pomer was (u>-H)(u2-D);. Solid 3 (~1 mg) was then added to the so-
lution and the 'H NMR spectrum of the mixture was obtained. The
hydride resonance for (,-H)(u>-D), was shifted upfield from the reso-
nance for 3 by 32 Hz which corresponds to an isotope shift of 64 ppb.

Analysis of the Isotopomers of 4 from the Reaction of 1-d4 with
Acetylene. An NMR tube containing 1-d4 (4 mg, 0.007 mmol), Cs-
Meg (1 mg, 0.006 mmol), and acetylene (0.23 mmol) in 0.3 mL of
CsDs was heated at 80 °C for 20 min. Unreacted acetylene was
removed via S freeze—pump—thaw cycles. 'H NMR analysis (500
MHz) revealed that 70% of 1-d4 had reacted to form a 32:68 mixture
of 3 (6 1.67) and 4 (6 54) and that a 73:21:6 ratio of 3-CHD,:3-CH;D:3
was present. The sample was then sealed under 1 atm of H, at 77 K
and heated at 80 °C for 12 h to convert 4 into 3 and the mixture was
reanalyzed by '"H NMR spectroscopy. The concentration of diamagnetic
mono(ethylidyne) isotopomers increased by 210% and a 67:28:5 ratio
of 3-CHD;:3-CH;D:3 was determined by cutting and weighing the
ethylidyne methyl resonances and by comparison to simulated spectra.
Comparison of the spectrum of the final reaction mixture to simulated
spectra of a mixture containing 32% of a 73:21:6 ratio of 3-CHD,:3-
CH:D:3 (initially formed 3) and 68% of a 65:35: <5 ratio of 3-CHD;:
3-CH,D:3 gave a good fit.

MS Analysis of Hydrogen from Reaction of 1-d; with Acetylene,
An NMR tube containing 1-d4 (4 mg, 0.007 mmol) and acetylene (0.23
mmol) in 0.3 mL of C¢Ds was shaken periodically at 23 °C for 24 h.
Mass spectral analysis revealed that the noncondensable gases consisted
of 66% D,, 25% HD, and 9% H,.
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