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Summary: The cluster Cp',M0,C0,S4(CO), (1; Cp’ =
CsH.Me) reacts with trimethylphosphine to form the ad-
duct Cp’,M0,C0,85(C0O),(PMe;) (2a), in which a Co-S
bond has been cleaved. Methyl isocyanide forms a sim-
llar adduct, Cp’,M0,C0,S5(C0),(MeNC) (2b), at <0 °C but
loses CO to form the carbonyl-substituted cluster
Cp’,M0,C0,S4(CO)s(MeNC) (8) at higher temperatures.
Reaction of 1 with CO at high pressure (1450 psi) was
shown to give reversibly the pentacarbonyl cluster
Cp’,M0,C0,55(CO); (2¢). Crystal data for 2a: space
group Pn; 2= 4;a = 7.089 (1) A, b = 18.669 () A, ¢
= 18.469 (4) A, 8 = 90.84 (2)°, T = -100 °C, V = 2448
(1) A%, R = 0.0404, R, = 0.0500 based on 4739 re-
flections with F, = 5a(F).

Carbonyl substitution reactions on mononuclear tran-
sition-metal carbonyl species have been extensively stud-
ied.! Three general mechanisms can be used to classify
these reactions:? dissociative, interchange (or concerted),
and associative, of which the dissociative mechanism is
most common. Most carbonyl substitution reactions on
metal carbonyl clusters also proceed via a dissociative
mechanism; however, there are many examples of asso-
ciative mechanisms mediated by metal-metal bond
breaking.? The attack of nucleophiles on metal carbonyl
clusters to give edge-opened clusters is well-known.*

Metal-heteroatom bonds are generally stronger than
metal-metal bonds;5® for this reason, nucleophilic attack
on heteroatom-metal carbonyl clusters to cleave metal-
heteroatom bonds is rare.” 1 Carbonyl substitution re-
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Figure 1. ORTEP plot of one independent molecule of
Cp’sMo0,C0,83(C0O),(PMe;) (2a).

actions with metal-heteroatom bond breaking are sparsely
reported in the literature,!'"™ and in a few cases, metal-
heteroatom bond breaking occurs prior to adduct forma-
tion of the cluster with the nucleophile.!%1® In this com-
munication we report an example of a carbonyl substitu-
tion reaction in which the intermediate displays metal-
heteroatom bond breaking.

Carbonyl substitution by aryl phosphines on
Cp’:Mo5Co,83(CO), (1; Cp’ = C;H Me) was reported in an
earlier communication.!” Reaction of 1 with PMe; at 0
°C does not give substitution products but instead allows
for the isolation of the dark red, unsubstituted adduct
Cp’;M0,C0,8;5(CO),(PMe;) (2a).'®* An X-ray crystal
structure determination obtained at low temperature!®
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(18) Cp’sM0;C0,8;(CO), (1; 0.138 g, 0.20 mmol) was dissolved in 25 mL
of CH,Cl;, and cooled to 0 °C. PMe; (0.024 mL, 0.23 mmol) was added
with vigorous stirring; the solution immediately became dark red-brown.
Addition of hexane (10 mL), followed by concentration of 5 mL and
cooling to -20 °C, gave dark red needles of Cp’;M0,C0,S3(CO)(PMeg)
(2a; 0.038 g, 85% yield). *H NMR (CgDg): & 5.06 (m, 2 H), 4.95 (m, 2 H),
4.83 (m, 2 H), 4.80 (m, 2 H) ABCD pattern for CpH, 1.88 (s, 6 H, CpCHy),
0.91 (d, Jpy = 8.4 Hz, 9 H, P(CHs)i,). IR (CgHg): »(CO) 1990 (s), 1956
(ms, br), 1941 (ms), 1921 (m, br) em™. Due to the facile loss of Me;P from
2§, ever::l in the solid state, a satisfactory elemental analysis could not be
obtained.
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shows the phosphine attached to one of the Co atoms and
cleavage of the Co~(u,-S) bond to that Co atom (Figure
1). The average nonbonded Co—S distance for the two
independent molecules is 3.16 A. The only significant
difference between the two independent molecules is the
orientation of the Co(CO),(PMej) unit; in molecule 1, the
P1-Co2-S1-(Mo1/Mo2 midpoint) torsion angle is 151.8
(1)°, while the corresponding torsion angle in molecule 2
is 162.1 (1)°. This difference is consistent with a facile
rotation of the Co(CO),(PMe;) unit. The proton NMR
spectrum is consistent with the solid-state structure, dis-
playing one ABCD pattern for the cyclopentadienyl ring
protons (6 5.06-4.80) and one resonance for the methyl
group (6 1.88). This pattern necessitates the presence of
a mirror plant through the Co atoms but not through the
Mo atoms. The solution IR spectrum shows four »cq
bands; the somewhat broader peaks at 1956 and 1921 cm™!
are assigned to the symmetric and antisymmetric
stretching modes, respectively, of the carbonyl ligands on
the Co atom ligated by the phosphine. The broadness is
attributed to the distribution of isomers formed by rotation
of the Co(CO),(PMe;) unit with respect to the rest of the
molecule. The bands at 1990 and 1941 cm™ are assigned
to the symmetric and antisymmetric stretching modes,
respectively, of the carbonyl ligands on the other Co atom.

Compound 2a is unstable with respect to loss of PMe;
such that, in solution at ambient temperature, 2a reverts
to 1 in a few hours. In the solid state, this reaction requires
several days at room temperature.

OCu,,,, wCO
oc=—Co, \C Co=Co
S\‘\MO —S +PM93
_QO
OCI',.' S ": /co
»-CO; Cp <o
oc \s\<|;M —/ \ewe,
N \S
Mo'
CF" 2a

The reaction of 1 (0.03 mmol) with MeNC (0.02 mmol)
was followed by NMR spectroscopy.? At -20°C, 1 and
the adduct Cp’;M0,C0,S;(CO),(MeNC) (2b) were observed
in a 3:2 ratio. As found for 2a, an ABCD pattern for the
Cp’ ring protons (6 5.30-5.01) and a singlet for the Cp’
methyl protons (6 2.07) were recorded. The IR spectrum
shows two broader stretches at 2003 and 1958 ¢cm™, cor-
responding to the symmetric and antisymmetric stretching

(19) Crystal data: monoclinic, Pn (No 7),a =17.089 (1) A, b = 18.669
©®Ac= 18469 () A, B =9084 (2)°, T =100 °C, V = 2448 (1) A%, Z
=4, R = 0.0404, R, = 0.0500. See the supplementary material for com-
plebe crystallographic data.

(20) Cp’;:M0,C0,83(CO), (1; approximately 20 mg, 0.03 mmol) was
dissolved in 0.7 mL of a 1:1 CDCl;/CCl, mixture in an NMR tube and
cooled to —65 °C. MeNC (1.0 uL, 0.02 mmol) was added and the tube
placed into the NMR spectrometer at 20 °C. NMR spectra were re-
corded as the temperature was allowed to rise. The reaction was also
followed by infrared spectroscopy: a solution of 1 (7.7 X 10* M) and
MeNC (8.0 X 102 M) in toluene at -84 °C was syringed into an infrared
solution cell cooled to ~78 °C. Spectra were then collected as the tem-
perature was allowed to rise. Cp’;M0,C0,8;(C0),(MeNC) (2b): 'H NMR
(CDCl,/CCly) 6 5.30 (m, 2 H), 5.05 (m, 4 H), 5.01 (m, 2 H), ABCD pattern
for Cp H, 3.51 (s, 3 H, CNCH,), 2.07 (s, 6 H, CpCH,); IR (toluene) »(CN)
2170 (w, br) cm™, v(CO) 2003 (mw, br), 1984 (s), 1958 (m, br), 1940 (m)

em™, Cp/;M0,C0,83(C0)3(MeNC) (3): 'H NMR (CDCl,/CCl) 4 5.59 (m,
4 H), 5. 24 (m, 4 H) 2 ABCD pattern for Cp’ H, 3.48 (s, 3 H, CNCHa). 2.12
(s, 6 H, CpCH,); IR (CDClg/CCl) »(CN) 2135 (m, br) cm™, »(CO) 1994
(s), 1950 (s, br) cm™, These spectroscopic properties are nearly identical
with those of the corresponding tert-butyl isocyanide complex
Cp’sMo0,C0,85(C0O)3(*BuNC), which was isolated and characterized by
satisfactory elemental analysis.
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modes, respectively, of the carbonyl ligands on the Co atom
ligated by the isocyanide. As expected on the basis of the
w-accepting character of the isocyanide ligand, these fre-
quencies are at higher energy than the corresponding ones
in 2a. The bands assigned to the symmetric and anti-
symmetric stretches for the carbonyl ligands on the other
Co atom appear at 1984 and 1940 cm™, respectively. These
frequencies are very similar to those in 2a. The vcy band
in 2b appears at 2170 ecm™,

At gbout 5 °C, the monosubstituted adduct
Cp’sM0,C0,8;(C0O);(MeNC) (3) began to form. The NMR
spectrum showed the expected 2 ABCD pattern for the Cp’
ring protons (6 5.6-5.2). The resonances of the Cp’ methyl
protons, however, were coincident and only one singlet was
observed at 6 2.12. The infrared spectrum in the carbonyl
region was very similar to that of the mono(arylphosphine)
adducts'’ (1994 (s) and 1950 (s, br) cm™) with the »cy band
appearing at 2135 (m, br) cm™.

The behavior of 1 with different nucleophiles may be
understood with respect to the kinetic acheme shown in
eq 2. The steady-state concentration of intermediate 2

L —/ o
k.4 \\l CNMe
-C%z

OCi,. WO

—Co VCO-—CNMe
s\ Zt
(2)

is given by K[1][L]/(1 + ky/k_;), where L is the nucleophile
and K = k,/k_;. With less basic arylphosphines, K is small
with respect to 1 + k,/k_; and detectable concentrations
of 2 do not form. With Me;P and MeNC, K is large with
respect to 1 + k,/k_; at low temperature, but the tem-
perature dependences of the k; values are different for the
two adducts 2a and 2b. In the former case, k_; increases
faster with increasing temperature than either k; or k, and
the adduct decomposes back to starting materials. In the
case of 2b, it is k, that shows the greatest increase with
temperature and CO substitution is observed. These
different behaviors presumably arise from the different
donor/acceptor properties of the various ligands. Tri-
methylphosphine is a strong o-donor and causes a
strengthening of the Co—CO bonds; therefore, the phos-
phine is preferentially displaced. The =-acceptor quality
of the isocyanide ligand decreases the Co-CO bond
strength, thus promoting loss of a carbonyl.

The reactivity of 1 with CO was investigated by NMR
and IR spectroscopy. At 1450 psi of CO, 40% of 1 is
converted to Cp’;Mo,Co,S3(CO); (2¢; K, ~ 6.8 X 1072 atm™
for reaction 3). Removal of CO allows 2¢ to completely
revert to 1.

The NMR spectrum of 2¢ shows the expected ABCD
pattern (6 4.90-4.65) for the Cp’ ring protons and a singlet

1 + MeNC

(21) 1 was loaded into a high-pressure sapphire NMR tube and dis-
solved in toluene-ds. The reaction with CO was monitored as the pressure
of CO was increased to 1450 psi, at which point 40% of 1 was converted
to Cp’;Mo0,C0,84(CO); (2¢). Removal of CO showed complete converstion
of 2¢ back to 1. The reaction was also investigated by infrared spec-
troscopy with an internal reflectance cell under 800 psi of CO.
Cp’;M0,C0,85(CO);s (2¢): 'H NMR (toluene-dg) & 4.90 (m, 2 H), 4.77 (m,
2 H), 4.69 (m, 2 H), 4.65 (m, 2 H) ABCD pattern for Cp’ H, 1.76 (s, 6 H,
CpCHy); IR (CgHg) »(CO) 2040 (m), 1987 (s), 1958 (s, br), 1940 (sh) em™.
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(8 1.76) for the methyl protons. The infrared spectrum,
obtained with an internal reflectance cell, shows two »co
bands at 2040 (m) and 1958 (s, br) cm™, which may be
assigned to the Co(CO); fragment. The two peaks at 1987
(s) and 1940 (sh) cm™ are assigned to the Co(CO), group.
The formation of 2¢ may account for the lack of desul-
furization catalysis when 1 is heated with thiols at 150 °C
under 1000 psi of CO.22

While Co-S bond breaking clearly occurs in the course
of these carbonyl substitution reactions, kinetic studies are
necessary to determine if this occurs prior to nucleophilic
attack in a preequilibrium step or if Co-S bond breakage
is initiated by the nucleophile. These studies are currently

(22) Riaz, U.; Curnow, O. J.; Curtis, M. D. J. Am. Chem. Soc. 1991,
113, 1416.

underway; preliminary results indicate that the conversion
of 2 to 3 is also reversible.

The electronic unsaturation of cluster 1, and conse-
quently the weaker Co—(u,-S) bond,? accounts for its un-
usual reactivity toward nucleophiles. Cluster 1 has 60
valence shell electrons (VSE) but only 5 M-M bonds
(rather than the 6 M—M bonds usually present in 60-VSE
clusters). Addition of a nucleophile to 1 converts it into
an electronically saturated, 62-VSE, 5-M-M-bonded
cluster. Although this type of reaction should be general,
the sparse number of unsaturated clusters limits the known
examples.lei121324
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Summary: The triangular nickel compiex [Nig(us-
CNMe)uz-IXdppm)s] [PFe] (1) is an electrocatalyst for the
reduction of CO,. Complex 1 exhibits a reversible sin-
gle-electron reduction at £,,, = -1.09 V vs Ag/AgCl. In
the presence of CO,, 1 reduces CO, by an apparent EC’
electrochemical mechanism. The reduction products
correspond to the reductive disproportionation of CO, to
CO and CO,. Isotope labeling studies with 3CO, indi-
cate that '*C0Q,*- disproportionation produces only '*CO
and °CO,%. In the presence of an H* donor, only HCO,"
is observed.

The reduction of carbon dioxide has been investigated
by chemical,'"!8 electrochemical,'®-% and photochemical?
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