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presented in Table I. Structurally, 6¢ closely resembles
Cp,TiS;** and S;CH,.* In contrast, the most stable
conformer of 2 in solution and as a solid!® is the twist boat
which is stabilized by minimization of unfavorable trans-
annular S-S contacts.'® In 6¢ the transannular S-S
distances are longer as the result of the Ti—S bonds being
ca. 0.6 A longer than typical C~S bonds offsetting the effect
of the S-Ti-S angle (91°) which is 26° more acute than
for typical S—C-S angles.!”

The pathway for insertion of CR; unit into the cyclo-
TiS; moiety is proposed to proceed via initial cleavage of
the TiS; ring by an anionic sulfur nucleophile. The in-
termediate Cp,TiS,% species would be capable of nucleo-
philic addition to ketones or alkyl halides (Scheme I). We
have previously shown that 1 is reactive toward phosphine
nucleophiles,”? and it is well-known that S-S bonds are
readily cleaved by RS~ reagents.?! It should be noted that
our procedures work optimally with aqueous (NH,),S;
aqueous Na,S and anhydrous Li,S (in THF) were found
not to be useful. -

The TiS,CR, ring inversion barriers for 3a, 6a, and 7a
were measured in toluene-dg by DNMR spectroscopy.?
The results reveal the following ordering in the free en-
ergies of activation for ring inversion: Cp,TiS,CMe, (83.6
kJ /mol) > Cp,TiS;* (76 kJ /mol) > 1,4-Cp,TiS,CH, (59.2
kJ/mol) = 3-(C;H;),TiS,CH, (57 kJ/mol). We suggest
that the lone pair-methyl and lone pair-lone pair repul-
sions strongly influence the ease of TiS,X ring inversion.

In summary, the reactivity of 1 toward sulfur nucleo-
philes establishes a route to novel Ti-S—C rings. By virtue
of the stability of the Ti—S bonds toward nucleophiles, 1
reacts in a more controlled manner with S* than S; itself.
It will be of interest to test the generality of this reaction
with other polysulfide chelates and to examine the utility
of these compounds in organic synthetic applications.
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Summary: The reaction of chlorocarbonylbis(triphenyl-
phosphine)rhodium, RhC{COXPPh,),, with aroyl chlorides
in the presence of free '3CO in CDCl, or CgHg solvent at
100 °C gives a statistical distribution of the label over all
of the “CO” sites in the system. The reaction is catalytic
in rhodium complex and constitutes a simple synthesis of
aroyl chlorides labeled with '*C in the carbonyl position.
Ph'3COCI, 2-CIC¢H,'®COCI, 3-NO,C¢H,'*COCI, 4-
NO,C¢H,'3COClI, 4-CI'3COC4H,'*COCI, 4-
CH,OC¢H,'3COCI, 4-CH,COCH,*COCI, and trans-
CgHsCH=—CH'*COCI were successfully prepared by this
procedure. Ph'“COCI was prepared by exchange with
CH,'COCI in the presence of RhCI(CO)(PPh,),. Control
experiments show that the labeling does not proceed via
aryl chlorides. The labeling, by equilibrium of organo-
metaliic intermediates, shows that RhC(COXPPh,), reacts
with aroyl chlorides at 100 °C and that the equilibration
reactions are faster than formation of aryl chlorides.

Acid chlorides are decarbonylated to give aryl chlorides
by catalytic amounts of chlorotris(triphenylphosphine)-
rhodium, 1, at temperatures of the order of 180 °C.I At
temperatures of the order of 100 °C, the reaction of aroyl
chlorides with complex 1 is stoichiometric and was
thought? to give aryl chlorides and chlorocarbonylbis-
(triphenylphosphine)rhodium, 4. The difference between
the catalytic and stoichiometric reactions was attributed
to a high barrier to further reaction of complex 4 with the
aroyl chloride.?

We recently reported* that the stoichiometric decarbo-
nylation of aroyl chlorides by RhCl(PPh;); does not give
aryl chlorides® and that the actual decarbonylation product
is RhCly(Ar)(PPhy),, 5. We also presented evidence for
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1982, 47, 2489-91, subsequently reported that benzoyl fluoride is not
converted to fluorobenzene as claimed in the literature.®

© 1984 American Chemical Society



490 Organometallics, Vol. 3, No. 3, 1984
Scheme |
ArCOCI + RnCI(PPh3zla
1
ArCOCl + RhCHCO)PPhs ),
4

n e

RhCi,(CO)(COAr{PPhs), RhCIz{COJAr)(PPh3z)
6 co s 8
.
-Co /
RhClz(COAr}(PPh3),
2

RhGClz (Ar)(PPh3)s

an interlocking set of equilibria which accommodate the
observed chemistry at moderate temperatures (see Scheme
1).” The net equilibration is ArCOCl + RhCI{CO)(PPhy),
= 2CO + RhCl,(Ar)(PPhy),. This reaction leads to the
prediction that the carbonyl of the aroyl chloride should
exchange with the carbonyl ligand of RhCI{CO)(PPh,), and
that both should scramble with free CO. We now report?

experiments in the presence of *CO that are consistent
with the proposed equilibria. These experiments show
clearly that acid chlorides react with RhC1(CO)(PPhy), at
moderate temperatures, in contrast to previous assump-
tions. These experiments also demonstrate a new, catalytic
procedure for the preparation of Ar'3COCI.

In a typical experiment, benzoyl chloride (2.6 mmol) and
RhCI(CO)(PPh;), (0.10 mmol) were dissolved in 4 mL of
CDCl; in a 10-mm NMR tube. The mixture was deoxy-
genated by two freeze-pump-thaw cycles and the evacu-
ated tube opened to a reservoir of *CO (90%) at ap-
proximately atmospheric pressure; the volume above the
reaction mixture corresponded to ~0.2 mmol of *CQO. The
tube was sealed and heated at 90 £ 10 °C; 3C NMR
spectra were recorded periodically at room temperature
using fixed instrument parameters. The initial spectrum,
before heating, showed a strong singlet!! at 186 ppm due
to the RhC1(}33CO)(PPh,), and a very weak peak at 168
ppm due to natural abundance Ph'3COCl. After 6 h of
heating, the spectrum showed absorptions of roughly
comparable intensity at 186 and 168 ppm. The heating
was continued until the relative intensities of the 186 and
168 ppm absorptions showed no further change; after 24
h of heating the intensity of the 168 ppm peak was several
times that of the 186 ppm peak. No other absorptions were
observed in the carbonyl region of the 3C NMR spectra.
The tube was opened and the “organic” fraction separated
either by bulb to bulb distillation at reduced pressure or
by evaporation of the solvent and extraction with 1:1
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ether—pentane. The “inorganic” residue was identified as
RhCI(CO)(PPhy), [IR absorptions at 1975 (12CO) and 1925
(133CO)!! ecm™ and no other absorptions in the region
1500~2200 cm™; 13C NMR showed the characteristic
doublet of triplets pattern'! of 4]. Benzoyl chloride was
characterized in the “organic” fraction by the carbonyl
absorptions at 1775 and 1735 cm™; chlorobenzene was not
detected by GC analysis.'* Hydrolysis of the organic phase
gave benzoic acid, mp 121-122 °C, in 99% yield. The
benzoic acid was analyzed by mass spectrometry at 20 eV;
the observed enrichment factor, 102(m* + 1)/[(m*) + (m*
+ 1)], was 12.8%. The observed enrichment factor (ef) for
natural benzoic acid obtained from the starting benzoyl
chloride was 7.4%. The theoretical change in ef, (ef)product.
- (ef)smmg material> Calculated from the composition of the
reaction mixture by assuming statistical distribution of the
label over all of the carbonyl sites (4 + PhCOCI + free CO)
was ~6% (observed 5.4%).

In a separate experiment, a highly enriched sample of
Ph1*CO,H was prepared by reacting PhCOCI (0.48 mraol),
RhC1(CO)(PPh), (0.083 mmol), and *CO (~1 mmoel) in
5 mL of C¢Hg at 100 °C for 36 h. The recovered RhCl-
(CO)(PPhy), (86%) was analyzed by IR; the ratio of the
integrated intensity of the 1925 cm™ absorption to the sum
of the integrated intensities of the 1925 + 1975 cm™ ab-
sorptions corresponded to ef = 66%. The mass spectrum
of the isolated benzoic acid gave ef = 63%.

With use of the “typical conditions” described above for
benzoyl chloride, 2-chloro-, 3-nitro-, 4-nitro-, 4-methoxy-,
and 4-acetylbenzoyl chlorides and terephthaloyl chloride'®
were all successfully labeled. The acids were recovered in
good yields (70-99%; ef = 13-15%), and ary! chlorides
were not produced.!* Crossover experiments rigorously
excluded a decarbonylation-recarbonylation pathway via
the corresponding aryl chlorides. Thus, benzoyl chloride
was reacted in the typical manner in the presence of 1
equivalent of added 1,2-dichlorobenzene. The 13C NMR
spectrum showed the formation of CgH5'*COC] (168 ppm),
but even after 40 h at 90-100 °C, 2-CIC,H,'3COQC], (165
ppm) was not observed. The 3C NMR spectra of the
inverse experiment, 2-chlorobenzoyl chloride doped with
chlorobenzene, showed the formation of 2-CIC¢H,'3COC],
but no CgH;*COC]. This experiment was worked up to
give recovered RhCH{CO)(PPhg), (90%) and recovered
chlorobenzene (94%). The carboxylic acid fraction was
precipitated from the hydrolysis mixture and analyzed
without purification. The mass spectrum corresponded
to that of 2-chlorobenzoic acid (ef = 14.5%) and showed
no peak corresponding to benzoic acid at m/e 122.

These experiments are in good agreement with predic-
tions based on Scheme I. The observed labeling is ap-
proximately that expected for a statistical distribution of
the 1¥CO over all of the “CO” sites in the reaction mixture.
The process is clearly catalytic since [ArCOCI}/[RhCl-
(CO)(PPhy),] = 25. Aryl chlorides are not produced nor
are they intermediates in the labeling. Since other car-
bonyl complexes do not build up, the equilibria in Scheme
I must favor ArCOCl + RhCI(CO)(PPh;), under these
conditions. As a result, the final reaction mixtures contain
only the labeled starting materials. 1t is, of course, im-
portant to note that the reaction is tolerant of a variety
of functional groups, several of which are incompatible
with the classical Grignard route to labeled aromatic acids.

(14) Conversion of the aroyl chloride to aryl chloride in 1% yield
would have been detected.

(15) The procedure fajled with phthaloyl chloride; RhC1(CO)(PPhy),
was consumed to give a stable adduct of unknown structure.
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The procedure described above must also work to in-
troduce “CO into the carbonyl position. To avoid handling
14CO, we tried CH;*COCI!® as an in situ source of 1“CO.
Thus, RhC1(CO)(PPhyg), (0.10 mmol), benzoyl chloride (2.7
mmol), and CH;4COCI (8.3 mmol, 13 mCi/mol) were re-
acted in benzene (5 mL) for 22 h at 100 °C. The normal
workup gave benzoic acid (97%) with a specific activity
of 8 mCi/mol (theoretical for statistical distribution = 7
mCi/mol). The recovered RhC1I(CO)(PPh;), was also ra-
dioactive. The success of this exchange experiment sug-
gests that nonaromatic acid chlorides might also be suc-
cessfully labeled under our “typical” conditions. In fact,
trans-cinnamoyl chloride!® was smoothly labelled in 11 h
at 100 °C (recovered acid, 96% yield, ef = 21%). We are
actively pursuing experiments with simple aliphatic sub-
strates.

Several observations suggest that the slow step in the
labeling mechanism is the initial reaction of RhCl(CO)-
(PPhy), with the acid chloride. Thus, the rate of the la-
beling depends qualitatively on the concentration of 4 and
on the structure of the acid chloride. For example, a simple
competition experiment revealed that 4-nitrobenzoyl
chloride is labeled more rapidly than benzoyl chloride. The
time courses of the 3C NMR spectra show that cinnamoyl
chloride labels more rapidly than does benzoyl chloride.
The most important mechanistic conclusions follow from
the success of these labeling experiments; the barrier to
product formation (3 or 5 — ArCl) must be greater than
the barriers 5 = 3 @ 2 & 6 — 4 (see Scheme I). The
labeling reaction shows that the aroyl chlorides react with
RhCI(CO)(PPh;), at 100 °C. The “activation” of RhCl-
(CO)(PPhy), is, therefore, not the reason that the catalytic
decarbonylation of aroyl chlorides requires high temper-
atures. Rather, the high temperature is required to form
the aryl chloride product. The most important synthetic
conclusion is that these reactions provide a simple, one-pot,
catalytic procedure for preparing aroyl chlorides labeled
with 13C or *C in the carbonyl group.
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Summary: The reaction H, + (u,-H)Fe;(CO),o(us-CCH;)
= CO + (uy-H)3Fey(CO)g(ug-CCH,) is shown to be an
equilibrium process with an equilibrium constant of 0.66
at 60 °C in benzene. This measurement allows an es-
timate of the enthalpy change of the same reaction of 4
kcal/mol. By utilization of known thermochemical infor-
mation and this reaction enthalpy, the bond energy for a
FeHFe three-center interaction is calculated to lie be-
tween 81 and 85 kcal/mol. This number is significantly
larger than that for an FeCO interaction and suggests an
energetic preference for bridging over terminal FeH
bonds.

We have found that the reduction of certain iron car-
bonyl anions with BH3THF leads to the formation of
(to-H)3Fes(CO)g(us-CCHy) (I)M2 as well as other iron
clusters containing hydrocarbon fragments.? One of these
products, (uoH)Fe3(CO),0(us-CCH,) (II),* is converted in
the presence of H, into I, and I, in the presence of CO, is
converted into IT (eq 1). Although a number of instances

O @5

c
0
I O Feco),

of the addition of H, to metal cluster compounds, with or
without the displacement of another ligand, are known,58
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(2) Wong, K. S,, Haller, K. J.; Dutta, T. K.; Chipman, D. M.; Fehlner,
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