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and (4.0 £ 0.2) X 10”7 g7 (2d) were measured. Hence, at
-8 °C and 250-360 psi of CO in CH3NO,, a-hydroxyalkyl
complex 2c carbonylates over 16 times faster than its
a-(trimethylsilyl)oxy analogue.

Previously, we reported that a-((trimethylsilyl)oxy)alkyl
complex (CO);MnCH,08i(CHj); carbonylates ca. 3.5 times
faster (24 °C, 750-1500 psi) than a-methoxyalkyl complex
(CO)sMnCH,OCH,.f* Hence, there is no evidence that the
bulk of the a-(trimethylsilyl)oxy substitute inhibits car-
bonylation. How then can the more rapid carbonylation
of the a-hydroxyalkyl ligand be accounted for? We believe
that an important clue is furnished by the IR spectra
shown in Figure 1. A comparison of the voy region of 3¢
and 2¢ and the vo—g region of 3¢ and 3d clearly indicates
the presence of a hydrogen bond in 3¢.!! This is shown
schematically in 4. Furthermore, the 1*C NMR spectra
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of 3¢ (CD;0D) and 3d (CD,Cl,) are virtually superim-
posable,® except that the acyl resonance of 8¢ is 11 ppm
downfield of that in 3d. We suggest that the faster rate
of carbonylation of 2¢ may be due to intramolecular hy-
drogen bond stabilization of the transition state or
equilibrium for the first step of eq 1.2 As precedent, we
note that Shriver found that proton acids can accelerate
the carbonylation of (CO)sMnCHg;'2 he attributed this to
intermolecular hydrogen bond stabilization of the tran-
sition state.

In summary, we have established the viability of intra-
molecular hydrogen bonding in metal a-hydroxyacyl com-
plexes. This, when coupled with the above rate data,
suggests some possible, previously unrecognized, con-
trolling factors in the conversion of CO/H, to ethylene
glycol. Further studies of the chemistry of metallacyclic
a-hydroxyalkyl complexes are in progress.
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Summary: The sulfur-capped trinuclear chromium car-
bony! cluster S[Cr(C0O),];> has been synthesized and
shown to arise via carbon monoxide loss from the CO-
saturated S[Cr(CO);],2~ species. The carbon monoxide
ligands display complete stereochemical nonrigidity at
ambient temperature. In a low-energy process that oc-
curs below —60 °C the bridging carbon monoxide groups
and the set of terminal CO groups that are cis to the
capping sulfide moiety undergo fast exchange when
compared to their chemical shift differences (1218 Hz at
50.3 MHz). A subsequent, higher energy exchange pro-
cess of these carbon monoxide ligands with the remaining
terminal carbonyl! sites (those trans to the sulfide cap)
occurs at temperatures greater than —20 °C. Addition of
Cr('3CO)sTHF to the S[Cr(C0O),],2 trimer results in for-
mation of (CO);CrS[Cr(C0),];2-, where the '3CO ligands
are shown to be statistically distributed throughout the
tetrameric species.

Our interest in metal carbonyl sulfide and oxide com-
plexes that might serve as useful models for metal carbo-
nyls adsorbed at sulfide or oxide sites on surfaces! includes
fundamental studies utilizing sulfur and oxygen as good
nucleating ligands for group 6B metal carbonyls. A large
variety of metal carbonyl derivatives containing oxygen
or sulfide donor ligands display facile carbon monoxide
exchange; i.e., these ancillary ligands are extremely CO
labilizing.? Indeed this property of group 6B derivatives
most readily accounts for the formation of metal species
of higher nuclearity. For example, the tetranuclear chro-
mium derivatives [Cr(CO);0R]* (R = CHj, Ph, H), which
contain no Cr-Cr bonds, are presumably formed by ag-
gregation of Cr(CO);OR" species.®* Similar synthetic
methodology is pivotal in the formation of the tetrameric
chromium cluster [PPN],[(u-C0)5(CO)gCrs(us-S)Cr(CO);1,°
which has recently been reported. This derivative repre-
sents the first fully characterized group 6B metal carbonyl
cluster, although an early report of Na,[Cr3(CO).] by
Behrens may prove to be the first such species prepared.t’
We disclose herein further studies aimed at obtaining a
better understanding of what promises to be a general
route to the elusive group 6B metal carbonyl clusters.
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A reaction mixture of 1 equiv of Cr(CO);THF (prepared
photochemically from Cr(CO); in THF) and [Na][PP-
NI[{(CO);Cr},S] (synthesized from [PPN]{{Cr(CO)s},SH]
and NaH)® was stirred at 0 °C under nitrogen followed by
the addition of [PPN][C]] in ethanol. The solution was
allowed to stir overnight during which time the tempera-
ture increased to ambient conditions. The solvent was
removed in vacuo and the residue dissolved in acetone.
Upon addition of diethyl ether, red crystals of [PPN},-
[{(C0O),Cr};S1«(CH3),CO in 53% yield were obtained.?
During the entire reaction sequence the principal metal
carbonyl species present in solution was {(C0);Cr};S? as
evidenced by infrared spectroscopy.’® When CO was
allowed to escape the solution, formation of red crystals
of 2 readily takes place, with readmission of a carbon
monoxide atmosphere leading to a reformation of 1 (eq 1).

{(CO)5ICI}352' = {(00)4201'}382' + 3CO 03]

The temperature-dependent *C NMR spectra (Figure
1) of the [(C0),Cr];S? anion suggest a structure analogous
to that reported by Hoefler and co-workers® with the ab-
sence of the appended Cr(CO); group.! The bridging CO
groups (a) are assigned the most downfield resonance at
254.0 ppm, with the terminal CO resonances occurring at
229.7 ppm (c¢) and 236.1 ppm (b). As anticipated, the
resonance for the terminal CO ligands trans to the capping
S group occurs downfield from those cis to the us—S donor.!
The CO ligands display complete stereochemical nonri-
gidity at ambient temperature with the 3C NMR spectrum
exhibiting one resonance at 237.4 ppm, the weighted av-
erage of the three different carbonyl signals. The details
of this fluxional process are shown in Figure 1 where, in
a low-energy pathway, carbon monoxide sites ¢ and ¢ un-
dergo fast exchange when compared to their chemical shift
differences (1218 Hz at 50.3 MHz). Subsequent facile
exchange with the b carbonyl sites occurs above -20 °C.

Addition of 3C-enriched Cr(CO);THF to 2 at ambient
temperature results in production of the previously re-
ported (¢-C0)3(CO)¢Cry(1-S)Cr(CO);% anion in 90% yield
with the 3CO label statistically distributed throughout the
species.’? The trinuclear portion of the molecule exhibits
a 13C NMR spectrum much like that seen for 2 with res-
onances corresponding to a, b, and c sites at 252.1, 232.9,
and 226.5 ppm, respectively. The Cr(CO); portion of the
molecule exhibits two carbonyl resonances at 223.7 (COy,p,)
and 216.4 ppm (CO,;,).}* It was necessary to observe the
13C NMR spectrum of this tetrachromium species at =110
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(11) 13C NMR spectra were detd. on a Varian XL-200 spectrometer
in THF-dg on both natural abundance and !3C-enriched samples.

(12) The derivative prepared from non-*CQ-enriched Cr(CO),THF
prtgvided an infrared spectrum essentially the same as that reported in
ref 5.

(18) These are the expected chemical shift values for a S-Cr(CO); unit,
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Figure 1. Temperature-dependent *C NMR spectra of S[Cr-
(CO),]s% in tetrahydrofuran. A: natural abundance spectrum
at ~100 °C, chemical shift values are ¢ = 254.0 ppm, b = 236.1
ppm, and ¢ = 229.7 pm. B: spectrum of 3C-enriched sample used
in temperature-dependent studies at —100 °C.

°C, a slightly lower temperature than that needed for
derivative 2, to completely freeze out intramolecular CO
exchange. The temperature dependence of the 1*C NMR
spectrum for the triangular chromium moiety was much
the same as that observed for species 2 with the appended
Cr(CO)g unit entering in the exchange process at tem-
peratures greater than 10 °C. Analogous observations were
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noted when 3C-enriched W(CO);THF was added to the
S[Cr;3(C0O),5]* anion.
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Summary: Mo,(OCMe,), reacts with phenylacetylene in
pentane to produce Mo(CPhYOCMs;); in ~60% yield (by
'H NMR) in ~2 h. It can be isolated by sublimation in
~30% yield. In the presence of quinuclidine (quin)
Mo,(OCMe,)s reacts with phenylacetylene to yield an
inseparable 1:1 mixture of Mo{(CPhXOCMe,)s(quin) and
Mo(CH)YOCMe;)s(quin) in a combined yield of ~60%.
Analogous reactions between Mo,(OCMe;)g and 1-pen-
tyne in the presence of quinuclidine yield olly 1-pentyne
oligomers containing a mixture of Mo(CPrXOCMe,)s(quin)
and Mo(CHYOCMe,);(quin) in ~50% yield (by 'H NMR).
In the absence of quinuclidine only Mo(CPr)(OCMej); is
observed by NMR in the olly product mixture. Addition of
acetylene to Mo,(OCMe;), yields what we propose to be
Mo,(OCMe,;)s(u-C,H,), which upon attempted recrystalli-
zation loses acetylene to reform Mo,(OCMe;),.

Two years ago we reported that W,(OCMe;), reacts with
disubstituted acetylenes to give alkylidyne complexes of
the type W(CR)(OCMe;); and with nitriles to give a
mixture of W(CR)(OCMeg), and [W(N)}(OCMes),],.>2 The
reaction appeared to be highly specific in that other W,X,
complexes (e.g., X = NMe,, OCH,CMe;, CH,SiMe;) either
did not react with acetylenes or nitriles or did not give
alkylidyne complexes. We thought it peculiar that Mo,-
(OCMey); also did not react with disubstituted acetylenes
or with nitriles, especially since reactions between both
Wo(OR)s and Moy(OR)g (R = i-Pr, t-Bu, CH,-t-Bu) and
acetylenes have produced a number of interesting, closely
related, dimeric compounds containing one or more ace-
tylenes.? Here we report that the Mo=Mo bond in
Moy (OCMes)g can be cleaved under mild conditions, but
only by terminal acetylenes.

Mo,(0OCMes)s* in pentane (~50 mg in ~3 mL) reacts
immediately with 15 equiv of phenylacetylene to give a
brown solution and over a period of 2 h a brown precipi-

(1) Multiple Metal-Carbon Bonds. 36. For part 35 see ref 6.
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M.; Huffman, J. C., submitted for publication. (c) Chisholm, M. H. In
“Inorganic Chemistry: Toward the 21st Century”; American Chemical
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tate. The solvent was removed from the filtrate to give
a brown residue that by *C NMR was shown to contain
Mo(CPh)(OCMe,); in a yield of 50-60% (*H NMR vs. an
internal standard).” Mo(CPh)(OCMe,); can be sublimed
from the crude mixture at 65 °C (0.001 um) in ~30% yield
(vs. Moy(OCMey)s.” Lowering the temperature (6 h at 0
°C, 12 h at 25 °C) did not improve the yield (~40%
crude). Use of fewer equivalents of phenylacetylene leads
to incomplete consumption of Mo,(OCMes)s. The yield
also was not improved by adding a dilute solution of the
acetylene to a solution of Mo,(OCMey)s (concentrated or
dilute) over a period of 1 h. On the basis of these results
we can only conclude that the Mo=Mo bond is split by
PhC==CH; we do not know the fate of “Mo(CH)(OCMe;);".

Studies in the related tungsten system® have shown that
W,(OCMeg), reacts with PhC=CH in the presence of
quinuclidine (1-azabicyclo[2.2.2]octane) to produce a 1:1
mixture of W(CPh)(OCMe;z);(quin) and W(CH)-
(OCMeg)s(quin) in high yield. The reaction between
Mo,(OCMez)¢ and PhC=CH (3 equiv/dimer) in the
presence of quinuclidine (8 equiv) proceeds analogously
(eq 1) in ~60% yield (by 'H NMR vs. CH,Cl; as an in-

Moy(OCMey)s ot

Mo(CPh)(OCﬁl:;h(quin) + Mo(CH)(OCMes);(quin)
(1)

ternal standard) in 2 h in pentane. The methylidyne
proton in Mo(CH)(OCMe;);(quin) is observed at 3.98 ppm
(in C4Dg) and the methylidyne carbon atom at 267.2 ppm
(in CgDg; Joy = 146 Hz) in the crude reaction mixture (cf.
W(CH)(OCMe,)5(quin)!®). Slow, partial sublimation of
the crude reaction mixture at 25 °C and 0.001 um yields
a virtually identical mixture of Mo(CPh)(OCMe;)s(quin)
and Mo(CH)(OCMey);(quin). So far we have not found
a way to separate these two compounds. We propose that
Mo(CH)(OCMeg)s(quin) is produced when the primary
product Mo(CH)}(OCMe;), is trapped by quinuclidine. In
the absence of quinuclidine some of the methylidyne
complex is probably converted into Mo(CPh)(OCMe,)s,
judging from the 50 = 5% yield quoted above, although
whether that conversion consists of a metathesis reaction
between Mo(CH)(OCMe,); and PhC=CH is unknown.!!

A reaction similar to that shown in eq 1 in the presence
of pyridine (4 equiv) yields only Mo(CPh)(OCMe;)s(py)
in ~50% yield by 'H NMR (vs. CH,Cl,). Attempted
sublimation of Mo(CPh)(OCMe;);(py) from the crude re-
action mixture yielded only Mo(CPh)(OCMey)s.

(5) 8(CPh) 276.7 in Mo(CPh)(OCMejy); in CgDg; cf. (CPh) 257.0 in
W(CPh)(OCMe3)9 in CGDG.G

(6) Listemann, M. L.; Schrock, R. R. Organometallics, in press.

(7) (a) Anal. Caled for MoC,gHg,0,: C, 56.43; H, 7.97. Found: C,
55.73; H, 7.86. (b) We have recently discovered® that Mo(CCMe;)-
(OCMey); can be prepared from MoQ,Cl, via (Mo(CCMe;) (CHyCMeg)s.°
Although Mo(CCMe;)(OCMe;), does not react with disubstituted acety-
lenes, it will react with terminal acetylenes to give Mo(CR)(OCMeg); and
Me;CC=CH quantitatively McCullough, L., unpublished results). Both
Mo(CPh)(OCMej); and Mo(CPr)(OCMe;); (inter alia) have been pre-
pared by this method. Addition of quinuclidine to Mo(CPr){OCMe;);
gives Mo(CPr)(OCMe;);(quin) quantitatively, while addition of pyridine
to Mo(CPh)(OCMej); gives Mo(CPh)(OCMe;)s(py).

(8) McCullough, L. G.; Schrock, R. R. J. Am. Chem. Soc. 1984, 106,
4067.

(9) Clark, D. N.; Schrock, R. R. J. Am. Chem. Soc. 1978, 100, 6774.

(10) In W(CH)(OCMejy);(quin) the methylidyne proton is observed at
5.15 ppm and the carbon atom at 247.1 ppm (Jow = 287 Hz, Joy = 147
Hz) in CgDg.8

(11) Chisholm has obtained strong evidence that Wy(u-C,Hj)(py)-
(OCMe3)5(u-OCMey) is in equilibrium with “W(CH)(OCMe;),” in the
presence of pyridine (probably as an unstable pyridine adduct, W-
(CH)(OCMe3)s(py)).®* Conceivably, therefore, Mo(CH)(OCMey); could
decompose bimolecularly to reform Moy,(OCMe;)g, which could then react
with more PhC=CH.
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