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Addition of carbon monoxide (1 equiv) to 1,2-W,Cly(NMe,), in toluene/pyridine solutions yields a
monocarbonyl compound W,(NMe,),Cl;(py)5(CO) (I) as a golden brown microcrystalline precipitate. This
reacts in toluene solution with i-PrOH to give, by stepwise alkoxide for amide exchange, W,(NMe,);(O-
i-Pr)Cly(py)o(CO) (II) and Wo(NMey)o(O-i-Pr),Cly(py)o(CO) (III). The compounds I, IT, and III show »(CO)
in the range 1700-1750 cm™, which, though typical of a u4-CO function, are not formulated as such but
rather as terminal W-CO groups on the basis of the relative intensities of the satellites due to coupling
to 18W (I = !/,, 14.5% natural abundance). The chemical shifts for the carbonyl, ca. 250 ppm relative
to Me,Si and the magnitude of Jusy_13c, ca. 230 Hz, taken together with the low values for »(CO) suggest
a dominant contribution from the valence bond description, W=C=0. On the basis of NMR spectral
data structures for I, II, and III are proposed on the basis of confacial bioctahedral geometries (py)-
(NMey) 4., (0-i-Pr) W (u-NMe,),(u-Cl) WCI(CO)(py), where x = 0, 1, and 2, respectively. Compound I reacts
further with CO in toluene to give IV which is formualted as a carbonyl-carbamoyl compound, W,-
(NMeg)3(CONMe2)Cl2(py)%(CO). Addition of ®CO to I containing natural abundance *CO indicates the
formation of Wy(NMe,)3(*CONMe)Cly(py)o(CO). Addition of PMe,Ph to IV gives substitution of only
one pyridine ligand yielding V which on the basis of NMR and IR spectral data is shown to exist as two
isomers in solutions. The compounds IV and V are proposed to be related to I by insertion of CO into
an amide bond at the tungsten not bearing the terminal CO ligand. These findings are compared to previous
studies involving the addition of CO to M,(OR)g compounds (M = Mo and W).

Introduction
The dimetal hexaalkoxides of molybdenum and tungsten

These compounds have remarkably low values of »(CO)
for neutral molecules, ca. 1650 cm™ for M = Mo and ca.

have been found to react with carbon monoxide to give a
variety of products depending upon the metal, the steric
properties of the alkoxide, the relative amount of CO to
M,(OR)g, and the reaction condition.! The initially
formed compounds are carbonyl adducts of type 1%° or 2.34
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1560 cm™* for M = W. In part the low »(CO) values reflect
the fact that these compounds are inorganic analogues of
cyclopropenones and have significant contributions from
the ionic resonance forms shown in 3a and 3b.
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The markedly lower values of »(CO) for the tungsten
compounds (relative to molybdenum) are a reflection of
the greater =-back-bonding (reducing) ability of tungsten
in its middle oxidation states.> A consideration of the ionic

(4) Chisholm, M. H.; Huffman, J. C.; Leonelli, J.; Rothwell, I. P. J. Am.
Chem. Soc. 1982, 104, 7030.
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resonance forms 3a and 3b leads to the expectation that
the metal center should be susceptible to nucleophilic
attack while the oxygen atom should behave as a nucleo-
phile. This is indeed the case and W43(0-i-Pr)¢(py)o(CO)
dimerizes in solution to give W,(CO),(0-i-Pr),(py), and
free pyridine.’¢ Similarly addition of i-PrOH to W,(O-
t-Bu)s(u-CO) leads to W,(CO)y(0-i-Pr);,.2 In both these
tetranuclear compounds there are planar [W,(u-CO)], units
that have essentially W-W and C-O single bonds while
the W-C bond distances (1.95 A) are indicative of con-
siderable multiple bond order. Again the central core can
be viewed in terms of valence bond descriptions resulting
from the combination of 3a and 3b to give 4a and 4b.
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We have suggested that these reactions of alkoxide-
supported reduced metal centers may provide models for
the initial steps of the reaction involving carbon monoxide
on a reduced metal oxide surface leading ultimately to C-O
bond cleavage to generate carbide and oxide ligands.

In the presence of excess carbon monoxide the reactions
follow a different course leading to a disproportionation
of the (M=M)%* center to M(O) and metal alkoxides. The
form of M(O) is M(CO)g¢ while the nature of the oxidized
metal alkoxides is again dependent upon the metal and
the specific alkoxide ligand.! These reactions involve
transfer and terminal-bridge scrambling of CO and OR
groups. Intermediates along such a reaction path are un-
derstandable by consideration of the isolated species
Moy(0-i-Pr)g(CO),"” and Wy(0-i-Pr)¢(CO),.2 The latter
compound may be viewed as a W(O-i-Pr); molecule lightly
ligated to a W(CO), fragment through the agency of a pair
of alkoxide ligands.

With this background, we turned our attention to re-
actions of carbon monoxide with (M=M)®* centers (M =
Mo, W) containing other ligands. Rather interestingly
M,(NMe,)¢ compounds are much less reactive toward
carbon monoxide and no simple 1:1 CO/M, adducts have
as yet been detected or isolated.® However, substitution
of two NMe, groups by Cl ligands greatly enhances the
uptake of CO by the dimetal center. We describe here
reactions involving 1,2-W,Cl;(NMe,),'° with 1 and 2 equiv
of carbon monoxide.

Results and Discussion

Syntheses. Addition of carbon monoxide (1 equiv), by
the use of a gas-tight syringe, to a toluene solution of
W,Cl,(NMe,), in the presence of pyridine (3-4 equiv)
yields a golden brown microcrystalline precipitate,
W,Cly(NMe,) (py);(CO) (I) which starts to form within 15
min. Compound I does not appear stable in toluene so-
lution at room temperature, and this impeded our efforts
to grow crystals suitable for single-crystal X-ray studies.
Compound I reacts in toluene with {-PrOH to give two

(5) A similar effect is seen in »(NO) in compounds of formula [M-
(OR)3(NO)], where M = Cr, Mo, W: Bradley, D. C.; Newing, C. W.;
Chisholm, M. H.; Kelly, R. L.; Haitko, D. A.; Little, D.; Cotton, F. A;
Fanwick, P. E. Inorg. Chem. 1980, 19, 3010.

(8) Cotton, F. A.; Schwotzer, W. J. Am. Chem. Soc. 1983, 105, 4955.

(7) Chisholm, M. H.; Huffman, J. C.; Kelly, R. L. J. Am. Chem. Soc.
1979, 101, 7615.

(8) Cotton, F. A.; Schwotzer, W. J. Am. Chem. Soc. 1983, 105, 5639.

(9) Ahmed, K. J; Chisholm, M. H., unpublished results.

(10) Akiyama, M.; Chisholm, M. H,; Cotton, F. A,; Extine, M. W,;
Murillo, C. A. Inorg. Chem. 1977, 16, 2407,
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Table I. Selected Spectroscopic Data for the New Carbonyl
Ditungsten Compounds

»(CO),
compound 8(1%C0)  em?  Jwe, Hz I %
W,Cly(NMey),(CO)py), (I)  257.6 1725 225 7
1695°
1730%
W,Cly(NMey)3(0-i-Pr)(CO)-  262.4 1750 234 9
(py), (1)
W,Cly(NMe,)y(0-i-Pr),- 2514 1715 998 8
(CO){(py), (I1I)
W,Cly(NMe,)3(C(O)MNey)-  258.8° 1725 239 9
(CO)py). (IV) 1690°
1725°
224.4¢ 1595 83.5 7
1570°
1590?
W,Cly(MNey)s(C(O)NMe,)-  258.1° 1725 228 7
(CO)(PMe,Ph)(py) (V) 257.2¢ 1685
(two isomers) 1695°
1660°
224.2¢ 1595 85 8

223.9¢ 1575

¢13CQO. ®Solution value in toluene. °13CO group. *CONMe,
group. ©Intensity of each satellite peak due to '®¥W natural abun-
dance = 14.5%).

successive replacements of NMe, ligands by O-i-Pr ligands
according to the reaction shown in eq 1.

(@) W,Cl,(NMey),(py)3(CO) —— ot

toluene, 25 °C, 10 min

WZCIZ(NMeZ):i(?I'i‘Pr)(pY)Z(CO) + HNMe, (1)

i-PrOH, 25 °C, 1 h

(ii) II toluene

W2C12(NMGQ)2(8ii-P1')2(DY)2(CO) + HNMe,

The alcoholyses reactions shown in eq 1 were undertaken
with the hope of obtaining crystalline products suitable
for single-crystal X-ray studies in order to provide un-
equivocal identification of the terminal W~CO moiety (see
later).

Compounds II and III are stable in solution, but re-
peated attempts to grow crystals suitable for X-ray studies
always resulted in twinned crystals.

Compound I reacts with carbon monoxide (1 equiv) to
give W,Cly(NMe,);(CONMe,)(py),(CO) (IV) which can be
prepared directly from W,Cl,(NMe,), and CO (2 equiv),
eq 2, allowing for the initially formed suspension of I in
toluene to dissolve as it reacts further.

15 min, 25 °C

(i) W,CL,(NMey), + 2py + CO ——
chl2(NMelz)4(pY)2(CO) (2
(i)
I+CO

3h,25°

h, 25 °C
toluene W2012(NM92)3(CI%NM92)(pY)z(CO)

Compound IV is deep red and gives microcrystalline
samples upon crystallization from toluene-hexane solu-
tions. IV reacts in toluene with PMe,Ph (1 equiv) to give
W,Cl,(NMe,)3(CONMe,) (py) (PMe,Ph)(CO) (V) which is
obtained as a purple microcrystalline solid from toluene—
hexane solutions. Formation of V is essentially quanti-
tative according to eq 3, and, rather interestingly, a further
addition of PMe,Ph does not lead to a replacement of the
last molecule of pyridine of ligation.

Crystalline samples of IV and V also proved unsatis-
factory for single-crystal X-ray studies.
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25°C

IV + PMe,Ph — R
W;Cl(NMe;)s(CONMe,)(23) (PMesPh) (CO) + py (3

Physicochemical and Spectroscopic Properties.
The new compounds I-V are all air-sensitive crystalline
solids, soluble in aromatic hydrocarbon solvents. Ele-
mental analyses are given in the Experimental Section
along with infrared and NMR data. Selected spectroscopic
data are summarized in Table L.

Structural Assignments. W—CO. Compounds [, II,
and I1I show »(CO) in the range 1700-1750 ¢cm™ and -
(13CO) ca. 260 downfield from Me,Si with coupling to W
(I = 1/, 14.5% natural abundance) of ca. 230 Hz. The
integrated signals of the satellites due to coupling to 3W
establish that the CO ligand is bound to only one tungsten.
Thus we rule out the presence of the W,(u-CO) moiety
which was previously seen in the chemistry of the 1:1 CO
adducts with My(OR)¢ compounds.} It should be noted
that since these compounds have been synthesized using
ca. 90% 13CO the satellite signal intensities can be estab-
lished with a good deal of precision.

W-CONMe,. The addition of 3CO to W,Cl,(NMe,)
{(py)2(CO) leads to IV having the labeled carbamoyl ligand:
W,Cl,(NMe,);(1*CONMe,)(py),(CO). Conversely, the ad-
dition of CO (natural abundance) to the 1¥CO-labeled I
yields W,Cl,(NMe,);(CONMe,) (py)o(1*CO). The evidence
for the carbamoyl ligand can be summarized: (i) the low
»(CO) value of ca. 1600 cm™! is typical of a #'-CONMe,
ligand,!! (i) the magnitude of Jusy_isc ca. 85 Hz is typical
of a Cyy2 ~ W coupling constant'? and both the chemical
shift and Jusw_isc values are inconsistent with a Wy(u-CO)
group;! (iii) the appearance of two NMe, signals in the 'H
NMR in 1:1 ratio which show %Jic_g ca. 4 Hz in the labeled
ligand *CONMe,. The appearance of two NMe signals
presumably reflects restricted rotation about the C-N bond
due to contributions from the VB description.

W—C
N*— Me(b)

Me(a)

Evidence for a Confacial Bioctahedron. The gross
structural features of the molecules can be accommodated
with a common template having the following features:

1. There is no molecular plane of symmetry for any of
the compounds.

2. There is in each compound, and in V for each isomer
present, in solution, a pair of bridging NMe, groups. These
give rise to four NMe signals in the ratio 1:1:1:1. In com-
pounds I and II, there are also terminal NMe, groups.
These undergo temperature-dependent M~N bond rota-
tions which can be frozen out at low temperatures on the
IH NMR time scale but are rapid at room temperature.'®
In IV and V, the terminal NMe, groups show restricted
rotation around W-N bonds at room temperature, pre-
sumably due to greater Me,N-to-W =-bonding.

3. The conversion of I to II and II to III involves the
successive substitution of terminal NMe, groups at one

(11) Angelici, R. J. Acc. Chem. Res. 1972, 5, 335 and references therein.

(12) For an extensive listing of 'J1ssy.13c see: Chisholm, M. H.; Folting,
K.; Hoffman, D. M.; Huffman, J. C. J. Am. Chem. Soc. 1984, 106, 6794.

(13) These suggestions have analogies with observed solid-state
structures and solution behaviors of W,Cl,(NMe,)s_,(py)2(u-CoR,) com-
pounds where n = 2, 3, and 4. Ahmed, K. J.; Chisholm, M. H.; Huffman,
il_. }(E.dJ. Chem. Soc. Chem. Commun. 1985, 151, and results to be pub-
ished.
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Figure 1. 3C{!HJNMR spectrum of W,Cl,(NMe,)3(O-i-
Pr)(**CO)(py),, where 13C represents 92.5 atom % !3C, in benz-
ene-dg recorded at 21 °C and 74.8 MHz, shown at scale expansion
in the region 266.2-258.1 ppm. Si%nals denoted by t and t’
correspond to 1 W-13CO and #W-1°CO, respectively. The as-
terisk represents the resonance due to either a minor isomer or
an impurity.

tungsten center. The first substitution is followed by a
slower one because of enhanced Me,N-to-W w-bonding in
II relative to I.1* The relatively small change in »(CO)
upon substitution of NMe, groups by O-i-Pr groups sup-
port the notion that the amido and alkoxy groups con-
cerned are on the tungsten atom not bearing the carbonyl
ligand.

4. At least three pieces of experimental evidence indi-
cate that the CO and CONMe, moieties in IV and V are
on different tungsten atoms. (i) In the PMe,Ph-containing
compound V, only the terminal carbonyl ligand shows
coupling to 3P and the magnitude of 'Jusp_::C is consistent
with a cis-(PMe,Ph)W(CO) arrangement. (ii) The 3C-
labeled compound IV W,Cl,(NMe,);(3*CONMe,)(py),-
(13CO) does not show any *C-13C coupling. Had the
BCONMe, and *CO ligands been at the same metal center
then such a coupling should have been apparent. (iii) In
the formation of the carbamoyl compound 1V, it is the
second molecule of added carbon monoxide that forms the
carbamoyl ligand and the W-CO group is not scrambled
in this reaction.

All of the above can be accommodated about a common
structural template involving a confacial bioctahedron.
Compound I is formulated as (py){NMey),W(u-Cl)(u-
NMe,),W(Cl)(py)(CO). Note the carbonyl ligand is
bonded to a tungsten atom having only a terminal chloride
and pyridine ligand. The reaction between I and i-PrOH
yields first II, (py) (;-PrO)(Me,N)W (u-Cl)(¢-NMe,),WCl-
(py)(CO), and then III, (py)(i-PrO);W(u-Cl)(u-
NMe,),WCl(py)(CO). The reaction between I and CO

(14) This is typical of alcoholysis reactions involving 1,2-M,R,(NMe,),
compounds. Tatz, R. J. Indiana University, Bloomington, Indiana, Ph.D.
Thesis, 1984.
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Figure 2. 'H NMR spectrum of W,Cly,(NMe,)3(0-i-Pr)(CO)(py),
in benzene-dg recorded at 21 °C and 360 MHz. Signal denoted
by the asterisk is due to the protio impurity of the solvent.
Resonances between 6.3 and 9.6 ppm are due to the coordinated
pyridine ligands.

proceeds to give IV, (py)(Me,N)(Me,N(O)C)W (u-Cl) (-
NMe,),WCl(py)(CO), which upon reaction with PMe,Ph
gives (py)(Me,N)(Me;N(O)C)W (u-Cl)(u-NMe,),WCl-
(CO)(PMe,Ph) (V).

It is possible to envisage more than one isomer for
compounds I-V, even with the specific grouping of ter-
minal and bridging ligands given above. However only for
compound V do we observe two isomers. If isomers are
present in solution for the other compounds, their con-
centration is very small relative to the major isomer. For
example, the *C NMR spectrum of the *CO-labeled
compound II, in the carbonyl region, is shown in Figure
1. The central W-13CO signal is flanked by satellites due
to coupling to ¥¥W, and only a very small signal at 263
ppm provides possible evidence of another isomer. The
'H NMR spectrum of II in toluene-dg is shown in Figure
2. In the region between 3 and 4 ppm four singlets of
equal intensity are assigned to the bridging NMe, methyls;
however, the terminal NMe, resonance at ca. 3 ppm is
indicative of rapid W-N bond rotation. There is only one
methyne resonance for the O-i-Pr ligand, but there are two
sets of doublets for the O-i-Pr methyl groups which are
diastereotopic. The 6-10 ppm range of the spectrum
contains the 'H NMR resonances of two different types
of pyridine ligands.

This situation is contrasted with the spectral data for
V. The ¥C NMR spectrum for the *C-labeled compound
(py) (Me,N)(Me,N(0)3C)W (u-Cl) (u-NMe,),W(Cl)-
(PMe,Ph)(13CO) is shown in the W-*CO and W-'3C(O)-
NMe, region in Figure 3. The downfield signals at ca. 258
ppm arising from the W-CO moiety reveal the presence
of two such groups in the approximate ratio 3:4. Each
W-CO signal shows coupling to 3'P and %W. A parallel
situation is revealed in the W-13C(Q)NMe, portion of the
spectrum except that coupling to ®'P is not observed. In
the proton NMR spectrum there are 16 NMe signals: one
set of eight lines of equal intensity standing in the integral
ratio ca. 3:4 to another set of eight lines. Similarly the
pyridine resonances reveal two py ligands.

Concluding Remarks

Addition of CO to W,Cly;(NMe,), in the presence of
pyridine gives rise to first a 1:1 CO adduct and then to
insertion of CO into a W-NMe, ligand. The latter is a rare
example of a CO insertion into a transition metal-nitrogen

Ahmed and Chisholm
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Figure 3. 13CPH}NMR spectrum  of W2012(NMe2)3
(13CONMe 2) (12CO) (PMe,Ph)(py) in its two isomeric forms, re-
corded in methylene-d, chloride at 21 °C and 74.8 MHz. Slgnals
due to #W-3CO (h and i) showing couplmg to the coordinated
phosphine ligand. Signals labeled b’ and i’ are due to #¥W-13CO.
(b) The region of the spectrum representing the *CONMe, ligand
showing no coupling to the coordinated phosphine. Signals
represented by k and 1 are due to #*W-'3CONMe,, whereas k’
and I’ denote #*W-13CONMe,.

bond.’ The 1:1 CO adduct contains a terminal W—CO
function and not a W, (u-CO) group, which contrasts to
earlier findings involving 1:1 CO adducts of W,(OR)4
compounds. The CO ligand shows unusually low values
for »(CO) in compounds I, II, and III, and the chemical
shifts and magnitude of the ®*C-'8W coupling contants
are comparable to those seen for terminal alkylidyne
groups: W=CR.'>1® These results may be rationalized
by the presence of extensive W-to-CO n*-back-bonding in
the compounds described in this paper, wherein a valance
bond description of W=C=0 or W*=C-—0" is being
approached. For electron-counting purposes the d3-d*
dimer may be partitioned as d?>-d* with the CO ligand
bound to the “soft” d* center (the one that also binds the
phosphine in V) as shown in the diagram.
& N
cIl N

\m/\

N=NMez: py=NCsHs

The CO insertion occurs at the other tungsten center (d?)
which is relatively “hard” and does not readily exchange
pyridine for PMe,Ph. Regretably we have been unable to
back these claims by single-crystal X-ray crystallographic
studies though the spectroscopic data provide a solid basis
for the claims presented.

Further studies are in progress.

Experimental Section

All operations were carried out in dry and oxygen-free solvents
and atmospheres (Ny). W,Cl,(NMe,), was prepared according
to literature methods.'® Carbon monoxide was purchased from
Matheson and was used without any further purification. The
90% '*C-labeled carbon monoxide was obtained from MSD and

(15) Carbamoyl ligands are more commonly generated by attack of an
amine on a coordinated CO ligand (see ref 11) though CO insertion into
actinide—amide bonds (Th and U) has been well established to give M-
7?-C(0)NMe; moieties: Fagan, P. J.; Manriquez, J. M.; Vollmer, S. H.;
Day, C. S .; Day, V. W.; Marks, T. J. J. Am. Chem. Soc. 1981, 103, 2206.

(16) Mann, B. E.; Taylor, B. F. “!3C NMR Data for Organometallic
Compounds”; Academic Press: New York, 1981.
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was stored in glass containers over activated charcoal. Nicolet
360, Varian X1.-300, and Varian XL-100 NMR instruments were
used to obtain 'H, !3C, and 3P NMR spectra, respectively. A
Perkin-Elmer 283 infrared spectrometer was used to record IR
spectra. Solid-state spectra were obtained from Nujol mulls
between KBr plates while toluene solutions were used to obtain
solution IR spectra.

W,Cl,(NMe,),(CO)(py), (I). W,Cl,(NMe,), (0.49 g, 0.8 mmol)
was suspended in toluene (3 mL) and pyridine (3 equiv) was
added. The solution was cooled to 0 °C in an ice bath. Carbon
monoxide (1 equiv) was added by a gas-tight syringe (provided
with a lock), and the gas was transferred to the syringe with the
help of a calibrated vacuum manifold. The solution was stirred
at 0 °C for %/, h by which time a golden brown precipitate had
formed and was collected by filtration, washed with toluene (5
mL), and dried under vacuum. The sample was spectroscopically
pure, and no effort was made for any further purification; yield
0.45 g (73%). Anal. Caled for W,CL,N:C,sH;,0: C, 28.5; H, 4.2;
N, 10.5; Cl, 8.8. Found: C, 28.3; H, 4.5; N, 10.1; CI, 8.5.

IR spectral data (major bands) from Nujol mulls: 2805 (s), 2760
(s), 1725 (vs), 1600 (w), 1595 (w), 1485 (m), 1322 (m), 957 (s), 945
(s), 930 (s), 765 (m), 755 (m), 705 (m), 695 (m) cm™.

'H NMR spectral data (from benzene-ds solution at 22 °C,
chemical shift values (8) relative to Me,Si): 3.13 (s, 6 H, NMe,);
3.55 (s, 3 H, NMey); 3.56 (s, 6 H, NMe,); 3.64 (s, 3 H, NMe,); 3.73
(s, 3 H, NMe,); 3.98 (s, 3 H, NMe,); 6.35, 6.60, 9.50 (m, 10 H,
NC;Hj;).

W,Cl,(NMe,)(0-i-Pr)(CO)(py), (II). W,Cl(NMe,),-
(CO)(py), (0.39 g, 0.49 mmol) was suspended in toluene (4 mL)
and cooled to 0 °C. {-PrOH (1 equiv) was added very slowly via
a microliter syringe with constant stirring of the reaction mixture.
Reaction was complete in 10 min after which the color became
greenish brown. The volatile components of the reaction mixture
were removed under vacuum, and the solid residue was redissolved
in hot toluene (5 mL), which was let cool slowly to room tem-
perature. Microcrystalline W,Cl,(NMe,)s(0-i-Pr)(CO)(py), was
removed after 2 days by filtration; total crystallized yield 0.23
g (58%). Anal. Calcd for W,Cl,N;Cp0H3:0,: C, 29.4; H, 4.3; N,
8.6; Cl, 8.7. Found: C, 29.6; H, 4.3; N, 8.4; C], 8.6.

IR spectral data (major bands) from Nujol mulls: 2760 (w),
1750 (vs), 1600 (m), 1480 (m), 1130 (m), 1104 (s), 980 (s), 935 (s),
920 (s), 752 (s), 690 (s) cm™.

TH NMR spectral data (obtained from benzene-d; solution at
22 °C, 6 values relative to Me,Si): 1.51 (d, J = 7.2 Hz, 3 H,
OCH(CH,),); 1.66 (d, J = 6.1 Hz, 3 H, OCH(CH3),; 2.99 (s, 6 H,
N(CHy,)y); 3.57 (s, 3 H, N(CHy),); 3.62 (s, 3 H, N(CHj,),); 3.90 (s,
3 H, N(CHjy),; 3.95 (s, 3 H, N(CHj;),; 5.63 (septet, J = 6.1 Hz, 1
H, OCH(CHjy),); 6.39, 6.59, 9.47 (m, 10 H, NC:H;).

W,Cl13(NMe;)o(0-i-Pr),(CO)(py); (III). W,Cl(NMe,),-
(CO)(py), (0.72 g, 0.9 mmol) was suspended in toluene, and i-PrOH
(2 equiv) was added via a microliter syringe. The reaction mixture
was stirred at room temperature for 1 h after which the solution
turned brown. Microcrystalline W,Cl;(NMe,),(0-i-Pr)o(CO) (py),
was obtained by slow diffusion of hexane into the toluene solution,
and the solids were separated by filtration; yield 0.42 g (51%).
Anal. Caled for W2012N4021H3603: C, 30.4; H, 4.3; N, 67; Cl, 8.5.
Found: C, 30.3; H, 4.4; N, 6.7; Cl, 8.6.

IR spectral data (major bands) from Nujol mull: 2760 (w), 1715
(vs), 1600 (m), 1480 (m), 1130 (m), 1104 (s), 980 (s), 935 (s), 920
(8), 752 (s), 690 (s) cm™. 'H NMR spectral data (from toluene-dg
solution at 55 °C, § values relative to Me,Si): 0.99 (d, J = 7.1
Hz, 3 H, OCH(CHy),); 1.12 (d, J = 7.0 Hz, 3 H, OCH(CH,),); 1.59
(d, J = 6.5 Hz, 3 H, OCH(CH,),); 1.60 (d, J = 6.4 Hz, 3 H,
OCH(CHy,),); 3.65 (s, 3 H, N(CHj),); 3.85 (s, 8 H, N(CH,),); 3.99
(s, 3 H, N(CHy),); 4.10 (s, 3 H, N(CHy),; 4.56 (septet, J = 6.5 Hz,
1 H, OCH(CH,),);!7 6.40, 6.52, 9.99 (br m, 10 H, NC;H,).

W,Cl,(NMe,);(C(O)NMe,)(CO)(py), (IV). W,CL(NMe,),
(0.52 g, 0.85 mmol) was suspended in toluene (5 mL), and pyridine

(17) The other OCHMe, methyne resonance is probably obscured by
the u-NMe; methyl resonances.

Organometallics, Vol. 5, No. 2, 1986 189

(3 equiv) was added. The mixture was contained in a Schlenk
flask provided with a 5-mm neck which was stoppered with a
septum. Carbon monoxide (2.5 equiv) was transferred via a
gas-tight syringe, and the reaction mixture was stirred at room
temperature. A golden brown precipitate of W,Cly(NMe,),-
(CO)(py), started to appear within 15 min. Upon continued
stirring, the precipitate redissolved, and after about 3 h, the
solution turned dark red. The volatile components from the
mixture were removed under vacuum, and the solid residue was
redissolved in toluene (3 mL). Dark red microcrystals of
W,Cl,(NMe,)3(C(0)NMey)(CO) (py), were obtained upon slow
diffusion of hexane into the solution and were collected by fil-
tration; total crystallized yield 0.47 g (69%). Anal. Calcd for
W,Cl,NgCooH3yOy: C, 28.9; H, 4.1; N, 10.1; Cl, 8.6. Found: C,
29.0; H, 4.0; N, 10.0; Cl, 8.7.

IR spectral data (major bands) from Nujol mulls: 2765 (w),
1725 (vs), 1600 (m), 1595 (br, m), 1481 (m), 1362 (m), 962 (m),
928 (m), 751 (m), 760 (m), 698 (m), 650 (m) cm™.

'H NMR spectral data (obtained from toluene-ds solution, &
values relative to Me,Si): 2.75 (s, 3 H, N(CH,),); 3.00 (s, 3 H,
N(CHy),); 3.23 (s, 3 H, N(CHj3),); 3.31 (s, 3 H, N(CHj)y; 3.89 (s,
3 H, N(CHjy),); 3.44 (s, 3 H, N(CH,),); 3.83 (s, 3 H, N(CHj),); 3.86
(s, 3 H, N(CH,),), 6.42, 6.62, 9.59 (m, 10 H, NCzH;).

W,Cly(NMe,);(1*C(O)NMe,)(1*CO)(py);. Similar procedures
were followed employing ®CO. Satisfactory elemental analysis
was obtained.

'H NMR spectral data {from toluene-d; solution, 6) 2.75 (d,
J = 3.2 Hz, 3 H, C(O)N(CHj,),); 3.00 (d, J = 3.5 Hz, 3 H, C(0)-
N(CHjy),); the rest of the spectral assignment is the same as in
Iv.

W,Cl,(NMe,)3(C(O)NMe,)(CO)(PMe,Ph)(py) (V). The
bis(pyridine) adduct W,Cly(NMey)s(C(O)NMey)(CO) (py), (0.45
g, 0.54 mmol) was dissolved in toluene (4 mL), and PMe,Ph (1.5
equiv) was added via a microliter syringe. The solution was
initially warmed in a warm water bath (ca. 50 °C) and stirred for
10 min, after which stirring was continued at room temperature
for 2 h. The resulting purple microcrystalline solids were isolated
by filtration, washed with toluene (5 mL), and dried under vaccum.
This compound can be recrystallized by cooling a saturated CH,Cl,
solution from room temperature to —15 °C for 4 days, resulting
in purple needles of W;Cly(NMe,)3(C(0)NMey)(CO)(PMe,Ph)(py).
Total recrystallized yield: 0.28 g (57%). Anal. Calcd for
W2012N5023H4002P: C, 31.1; H, 4.5, N, 79; Cl, 8.0. Found: C,
31.2; H, 4.4; N, 7.8; Cl, 8.1.

IR spectral data (major bands) from Nujol mulls: 2760 (w),
1725 (vs), 1685 (vs), 1600 (m), 1595 (br, s), 1488 (m), 1350 (s), 1225
(m), 1125 (m), 950 (s), 930 (s), 911 (s), 760 (m), 751 (s), 700 (s),
650 (m) cm™.

'H NMR spectral data (obtained from toluene-dg solution at
22 °C, & values relative to Me,Si) (two isomers): 1.25 (d, J = 5.1
Hz, P(CH;),Ph); 1.27 (d, J = 5.1 Hz, P(CH,),Ph); 1.48 (d, J =
6.9 Hz, P(CH;),Ph); 1.52 (d, J = 6.5 Hz, P(CH,),Ph); 2.69 (s,
N(CHy)y); 2.73 (s, N(CHj),); 2.90 (s, N(CH}),); 2.91 (s, N(CH,),);
2.98 (s, N(CHy)y); 3.02 (s, N(CHy)y); 8.03 (s, N(CHs),); 3.13 (s,
N(CHs)y); 3.15 (s, N(CHj),); 3.39 (s, N(CHj),); 3.43 (s, N(CHy)y);
3.51 (s, N(CHjy)y); 3.60 (s, N(CHy),); 8.61 (s, N(CHa),); 3.82 (s,
N(CHy),); 4.38 (s, N(CHjy),); 6.29, 6.55, 6.70, 8.67, 8.80, 9.86, 9.98
(m, NC;Hj); 6.95, 7.51 (m, PMe,Ph).
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Oxidative addition reactions of the title compound (Ru(CO),(triphos)) with halogens, anhydrous hydrogen
chloride, and several alkyl halides yield the series of complexes [RuX(CO),(triphos)]* (X = halide),
[RuH(CO),(triphos)]*, and [RuR(CO),(triphos)]* (R = Me, Et, PhCH,, allyl). Most of the compounds
appear to exhibit “normal” chemical properties but the hydride is surprisingly acidic, possibly because
the hydride ligand is forced into an unusual (for it) coordination position, trans to a phosphorus atom,
which would lie high in the trans influence series. While oxidative addition of acetyl chloride appears
to give the acetyl complex [Ru(COMe)(CO),(triphos)]*, the latter is unstable and eliminates ketene to
form the above-mentioned hydride complex. The unusual instability of the acetyl complex is perhaps also
to be attributed in part to the high trans influence and pronounced trans bond weakening properties of

tertiary phosphines.

Oxidative addition reactions of protonic acids and alkyl
halides to low-valent metal compounds to form metal
hydride and alkyl compounds (eq 1) constitute two of the

ML, + HX (RX) — MHXL, (MRXL,) (1)
R = alkyl, aryl, acyl; X = halide

principal methods of forming metal-hydrogen and met-
al-carbon bonds, and thus are reactions of general sig-
nificance and prime importance in the synthesis of orga-
notransition metal compounds.!® The reactions are also
key features of many catalytically important processes and
have been much studied mechanistically.??

Although bis(phosphine) compounds of the type M-
(CO)4(PPhy), (M = Ru, Os) were among the earliest low-
valent metal systems for which oxidative addition reactions
were investigated,* it is surprising to note that very little
has actually been reported of the oxidative additions of,
for instance, hydrogen halides and alkyl halides to ru-
thenium(0) compounds.’ Indeed, formation of compounds
of the type RuRX(CO),L, (L = tertiary phosphine) is best
accomplished by routes other than reactions of alkyl
halides with the ruthenium(0) compounds Ru(CO),L,.5
Ruthenium(0) compounds containing three monodentate
or one tridentate phosphine seem rather more reactive
toward electrophilic reagents,>”® either because of the
greater electron-donating ability of phosphorus over carbon
monoxide or, possibly, because of lability of one of the
phosphines. However, again little has been reported.

This paper deals with oxidative addition reactions of the
ruthenium(0) compound Ru(CO),[MeC(CH,PPh,);] (I)7
with halogens, protonic acids and alkyl, allyl, and acyl
halides. The reactions are of interest because the chelating

(1) Collman, J. P.; Hegedus, L. S. “Principles and Applications of
Organotransition Metal Complexes”; University Science Books: Mill
Valley, CA, 1980.

(2) Lukehart, C. M. “Fundamental Transition Metal Organometallic
Chemistry”; Brooks/Cole Publishing Co.: Monterey, 1985.

(3) Atwood, J. D. “Inorganic and Organometallic Reaction
Mechanism”; Brooks/Cole Publishing Co.: Monterey, 1985.

(4) Collman, P. P.; Roper, W. R. Adv. Organomet. Chem. 1968, 7, 53.

(5) Seddon, E. A.; Seddon, X. R. “The Chemistry of Ruthenium”;
Elsevier: Amsterdam, 1984; Chapter 11.

(6) Barnard, C. F. J.; Daniels, J. A.; Mawby, R. J. J. Chem. Soc.,
Dalton Trans. 1976, 961.

(7) Siegl, W. O.; Lapporte, S. J.; Collman, J. P. Inorg. Chem. 1973, 12,
674.

(8) Letts, J. B.; Mazanec, T. J.; Meek, D. W. Organometallics 1983,
2, 695 and references therein.
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ligand, henceforth triphos, preferentially assumes three 90°
“bite angles”™,® and very comfortably caps a triangular face
of an octahedron. Thus octahedral complexes of triphos
of necessity assume facial stereochemistries and may be
expected to provide useful points of contrast and com-
parison with complexes which assume meridional struc-
tures, for instance of the tridentate ligands PhP-
{CH,CH,CH,PR,),,® or containing three monodentate
phosphines.® All three of the remaining coordination sites
of a facial, octahedral MP, type of complex are trans to
a phosphorus atom, while only two such sites are trans to
phosphorus, in a meridional structure. Therefore, as
phosphorus donors lie high in the trans influence series,*
one can anticipate greater reactivity in a facial series of
complexes.

We describe herein an extensive series of alkyl- and
hydridoruthenium complexes, all containing triphos and
hence of facial geometry. A subsequent paper will describe
the synthesis and resolution of the chiral products of
substitution of one of the carbonyl groups. Aspects of the
work have appeared in preliminary communications.!

Experimental Section

All reactions were carried out under purified nitrogen; the
solvents used were dried using standard procedures. Infrared
spectra (Table I) were run on a Beckman IR 4240 and Brucker
IFS 85 FTIR spectrometers and *H, 3C{H}, and *P{!H} NMR
spectra (Tables II-IV, respectively) on a Bruker AM 400 NMR
spectrometer. Elemental analyses were determined by Canadian
Microanalytical Services, Vancouver, and are listed in Table I.

The compound Ru(CO),(triphos) (I) was prepared from Ru-
(CO)3(PPh;), by a published procedure.” The compounds
[RuX(CO),(triphos))PF; (X = Cl (II), Br (III)) and RuX,-
(CO)(triphos) (X = CI (IV), Br (V)) were prepared essentially as
in the literature.”

Rul,(CO)(triphos) (VI). A solution of iodine in methylene
chloride was aglded dropwise to a solution of I (2.33 g, 3.0 mmol)
in 30 mL of methylene chloride until the color faded to yellow
and began to darken again. The solution was refluxed for 18 h,

(9) (a) Mason, R.; Williams, G. A. Aust. J. Chem. 1981, 34, 471. (b)
Ghilardi, C. A.; Midollini, S.; Sacconi, L. J. Organomet. Chem. 1980, 186,
279. (c) Bianchini, C.; Mealli, C.; Meli, A.; Orlandini, A.; Sacconi, L.
Inorg. Chem. 1980, 19, 2968. (d) Di Vaira, M.; Sacconi, L. Angew. Chem.,
Int. Ed. Engl. 1982, 21, 330.

(10) Appleton, T. G.; Clark, H. C.; Manzer, L. E. Coord. Chem. Rev.
1978, 10, 335.

(11) (a) Hommeltoft, S. I.; Cameron, A. D.; Shackelton, T. A.; Fraser,
M. E.; Fortier, S.; Baird, M. C. J. Organomet. Chem. 1985, 282, C17. (b)
Hommeltoft, S. I.; Baird, M. C. J. Am. Chem. Soc. 1985, 107, 2548.
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Table I. Analytical and Infrared Data

anal. data found (caled)

compd C

H vco(CH,ClLy),

Ru(CO),(triphos) (I)’
[RuCl(CO),(triphos)]PFg (II)7
[RuBr(CO),(triphos)|PF; (I11)7

1941 (s), 1858 (s)
2089 (vs), 2049 (vs)
2085 (vs), 2045 (vs)

RuCl,(CO)(triphos) (IV)7 2024 (s)
Rul,(CO)(triphos) (VD) 51.06 (50.07) 3.94 (3.90) 2007 (s)
[Rul{CO),(triphos)PFy (VII) a a 2078 (vs), 2040 (s)
[RuH(CO),(triphos)]PF, (VIII) 55.87 (55.67) 4.53 (4.35) 2057 (vs), 2010 (s)®
[RuMe(CO),{triphos)]PF, (IX) 55.89 (56.12) 4,42 (4.49) 2054 (vs), 2007 (s)
[RUEt(CO),(triphos)PFg (X) 56.00 (56.55) 4,60 (4.64) 2049 (vs), 2001 (s)
[Ru(CH,Ph){CO),(triphos)]PFg (XI) 58.75 (59.00) 4,61 (4.55) 2054 (vs), 2008 (s)
Ru(y'-C3H,)(CO),(triphos) | PF, (XII) 54.01 (57.09)° 4.39 (4.58) 2054 (vs), 2008 (s)°
Ru(y*-C3H,)(CO) (triphos) |PF, (XIII) 57.24 (57.51) 475 (4.72) 2003 (s)
¢ Compound could not be purified. See text. ®vgy = 1951 em™ (W), vomg = 1615 cm™ (w).
Table II. 'H NMR Data (3, Internal Me,Si)
triphos

compd Me (*Jpy, Hz) CH,; group(s) Ph other

Ie 1.52 2.27 6 H, m) 6.8-7.4

it 1.90 (q, 3) 2.66 (2 H, m), 275 (2 H, d, J = 10 Hz), 2.81 (2 H, m) 6.8-8.0

e 1.90 (br, s) 2.66 (2 H, m), 278 (2 H, d, J = 10 Hz), 2.85 (2 H, m) 6.9-7.7

Ive 1.55 (q, 3) 2.37 (2 H, m), 2.46 (2 H, m), 2.53 (2 H, d, J = 9 Hz) 6.8-8.0

VIe 1.49 (q, 3) 2.38 (2 H, dd, J = 6, 15 Hz), 2.55-2.65 (4 H, m) 6.9-8.0

VIIe 1.90 (q, 3) 2.59 (2 H, m) 2.82 (2 H, brd, J = 10 Hz), 2.88 (2 H, m) 6.9-8.0

VI 1.80 (q, 3) 2.42-2.52 (4 H, m), 268 (2H,d,J = 9) 6.6-7.6 -6.70 (1 H, dt, J = 64, 15 Hz)

IXe 1.76 (q, 3) 2.5-2.7 (6 H, m) 7.0-7.6 0.30 B H, td, J = 5.3, 3.1 Hz)

Xa 1.77 (q, 3) 2.4-2.7 (6 H, m) 6.9-7.7 123 (2H,m),1.58 3H, q,7)

XIe 1.80 (q, 3) 2.5-2.65 (4 H, m), 2.8-2.9 (2 H, m) 6.9-7.6 2.89 (2 H, m, benzyl CH,)*

XII® 1.78 (q, 3) 2.58-2.70 (4 H, m), 2.76 (2 H, m) 7.0-7.7 2.15 (2 H, m), 4.76 (1 H, m),

498 (1 H, brd, J = 6.5 Hz),
6.46 (1 H, m)
X1 1.79 (q, 3) 2.39 (2 H, br d, J = 9 Hz), 2.6-2.9 (m)¢ 6.4-7.6 2.6-2.9 (m)¢

8In CD,Cl,. ®In CDCl;. ¢Note overlap between benzyl and triphos methylene resonances. Note extensive overlap between alkyl and

triphos resonances.

Table III. *C{H} NMR Data (CD,Cl,, 5, Internal Me,Si)

triphos resonances

compd C Me CH, Ph CcO other

1 38.4 (m)° 39.0 (m)° 35.5 (m) 128-140 221.8 (m)

I 38.0 (br s) 37.7 (q)? 32.7(1C, m) 127-134 191.2 (m)
30.7(2C, m)

11 37.8 (brs) 37.6 (q)° 322 (1C, m) 128-135 191.1 (m)
31.1 (2C, m)

v 38.1 (br s) 38.5 (q)? 348 (2C, m) 127-139 197.6 (m)
31.7(1C, m)

vl 37.6 (m)° 376 (m)* 31.03C,m) 127-135 191.2

VIII 38.0 (m)* 381 (m)* 320(1C,m) 127-135 196.9 (m)
31.5(2C, m)

IX 37.6 (m) 38.4 (q)° 33.1(2C, m) 129-136 198.4 (m) -13.0 (MeRuy, dt, J = 33, 6 Hz)
30.1(1C, m)

X 375 (brs) 385 (g)° 335(2C,m) 129-136 199.6 (m) 5.6 (CH;Ru, br d, J = 34 Hz)
303(1C,m) 21.8 (Me, s)

XI 37.3 (m) 38.3 (q)? 336 (2C, m) 151, 124-135 198.7 (m) 14.9 (CH.Ru, dt, J = 32, ~4 Hz)
29.5 (1 C, m)

XII 37.4 (br s) 38.2 (q)® 33.2(2C, m) 128-136 198.7 (m) 15.2 (CH.Ru, dt, J = 82, 5 Hz)
29.9 (1 C, m) 107.8 (=CH,, d, J = 4 Hz), 147.3 (=CH, br s)

XIII 37.7 (m) 38.3 (q)? 349 (1C, m) 128-137 201.5 (m) 46.6 (=CH,, m), 95.4 (CH, s)
335(2C, m)

%Resonances overlap considerably. ® Apparent coupling 9-10 Hz.

after which the yellow precipitate was collected, washed with
methylene chloride, and dried in vacuo; yield 2.1 g (71%). If,
instead of refluxing, the solvent was removed at room temperature,
there was obtained a yellow precipitate which appeared (IR, NMR)
to be [Rul(CO),(triphos)]I (VII), contaminated with a little VI.
Compound VII readily converted to VI on attempted purification
and hence was not analyzed.

[RuH(CO),(triphos)]PF; (VIII). Anhydrous HCl was
bubbled briefly through a solution of I in methylene chloride. The
orange color faded immediately, and IR and NMR spectroscopy
showed that conversion of I to VIII was complete. The cationic

hydride complex was better prepared by treating I with acetyl
chloride (see below).

[RuMe(CO),(triphos)]PF; (IX). I (3.86 g, 4.9-mmol) in 40
mL of methylene chloride was treated with 1.0 mL of methyl
iodide (16 mmol). The solution was stirred at room temperature
for 30 min, at which time the orange color had faded and the iodide
salt was precipitated with hexane. Treatment of 1.1 g (1.1 mmol)
of the latter with 0.4 g of sodium hexafluorophosphate (2.3 mmol)
in 40 mL of ethanol yielded a white precipitate of IX which was
collected, washed with ethanol and ethyl ether, and dried in vacuo
at 80 °C; yield 1.1 g (96% yield).
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Table IV. *'P{'H}NMR Data®

op=
ép(trans to CO)  (trans to X, R) Jpp, Hz

compd

1 27.5 (fluxional)

II -1.7(2P, d) 26.6 (1P,¢) 32
I -3.0(2P,d) 26.3 (1P, t) 31
v -7.2(1 P, t) 28.6 (2P, d) 40
VI -15.5 (1P, t) 25,1 (2P, d) 38
VII -4.1(2P,d) 20.5 (1P, t) 31
VIII® 18.4 (2P, d) 7.3(1P,t) 29
IX 10.6 (2P, d) 3.4(1P,¢t) 30
X 9.6 (2P, d) 0.3(1P,¢) 29
X1 8.3(2P,4d) 0.7(1P,t) 30
XII 9.4 (2P, d) 21(1P,t) 30
XIIT 15.3(1P,t) 19.2 (2P, d) 44

¢InCD,Cl,. ®InCDCL,.

[RuEt(CO),(triphos)]PF, (X). Ethyl iodide (0.5 mL, 6.3
mmol) was added to 1.06 g (1.4 mmo}) of I in 20 mL of methylene
chloride, and the solution was stirred at room temperature for
5 h. The solvent was removed under reduced pressure, and the
residue was taken up in ethanol. A small amount of yellow VI
was removed by filtration, but IR spectroscopy showed that the
solution still contained some VII. To remove the latter, 0.01 g
of Me;NO was added to the solution of the mixture in methylene
chloride. An IR spectrum now showed that all of the monoiodo
complex had been converted to VI. The solvent was again re-
moved, the residue was dissolved in ethanol, some more VI was
removed by filtration (for a total of 0.55 g, 40% yield), and
metathesis with sodium hexafluorophosphate was carried out as
for IX to give 0.29 g of pure X (22% yield), dried at room tem-
perature.

[Ru(CH,Ph)(CO),(triphos)]PF; (XI). Benzyl bromide (0.5
mL, 4.2 mmol) was added to 1.32 g (1.7 mmol) of I in 20 mL of
methylene chloride. The solution was stirred for 10 min, and the
product was worked up as for IX; yield 1.19 g (74% yield).

[Ru(n!-C;H;)(CO),(triphos) JPF, (XII). Allyl bromide (0.20
mL, 2.3 mmol) was added to 1.61 g (2.1 mmol) of I in 20 mL of
methylene chloride, and the solution was stirred for 30 min. The
reaction was worked up as above to give about 1.6 g of crude XII
contaminated with a little of the bromo complex. All attempts
at purification failed, and the compound was characterized
spectroscopically and by conversion to the n-allyl derivative XTII
(see below).

[Ru(n®-C;H;)(CO)(triphos)]PF, (XIII). To a solution of
crude XII (0.7 g, 0.7 mmol) in 39 mL of methylene chloride was
added 0.10 g (1.3 mmol) of MesNO. After 5 min, an IR spectrum
showed that total conversion of XII to XIII had occurred. Re-
crystallization from acetone/ethanol yielded pure XIII (0.24 g,
35% yield).

Reaction of I with Acetyl Chloride. In a typical experiment,
2.58 g (3.3 mmol) of I was mixed with 2.5 mL of freshly distilled,
dried*? acetyl chloride in a flame-dried flask. The mixture was
refluxed while a stream of nitrogen carried gaseous products into
a liquid-nitrogen trap. After 35 min, the reaction mixture had
faded in color and had turned into a paste. It was cooled and
dissolved in 5 mL of methylene chloride, and an oil was precip-
itated by the addition of heptane. The oil was crystallized from
methylene chloride/heptane and identified spectroscopically as
the hydride obtained on the addition of anhydrous HCl to I (see
above) yield 3.0 g (quantitative). As the chloride compound was
contaminated with methylene chloride, it was converted to the
hexafluorophosphate salt for purposes of elemental analyses.

The contents of the cold trap were identified as a mixture of
ketene and acetyl chloride by several separate experiments. In
the first, the contents of the trap were dissolved in a minimum
of acetyl chloride and an IR spectrum was run as quickly as
possible. The spectrum showed bands at 2140 and 1805 cm™,
attributable to ketene!? and acetyl chloride, respectively. A drop
of ethanol resulted in the immediate disappearance only of the
band at 2140 cm™ and in the appearance of a band at 1735 cm™

(12) Vogel, A. L. “Practical Organic Chemistry”, 3rd ed.; Longmans:
London, 1964; p 367.
(13) Arendale, W. F.; Fletcher, W. H. J. Chem. Phys. 1957, 26, 793.
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Figure 1. IR study of the reaction of a 1:1 mixture of acetyl
chloride and I: (a) spectrum after 40 min, (c) spectrum after 20
h, (b) as (¢} but bands of I and the hydride subtracted.

attributed to ethyl acetate. In a second experiment the contents
of the trap were dissolved in CDCl; and a *C NMR spectrum
run at 60 °C demenstrated the presence of ketene (193.7 (s), 2.70
ppm (t, J(CH) = 177 Hz)*) and acetyl chloride. About 40 uL
of DO were then added to the NMR sample, which was held at
room temperature for 4 h. At this time, the !H NMR spectrum
revealed the presence of CH,DCOOD (1:1:1 triplet at 2.09 ppm
(J(HD) = 2.12 Hz))!%'¢ and CH;COOD (2.10 ppm (s)). The two
species were also identified by characteristic methyl resonances
in the ®*C('H) NMR spectrum as well (1:1:1 triplet at 20.24 ppm
(J(CD) = 19.9 Hz), singlet at 20.4 ppm).

In a similar experiment, a 2:1 mixture of CH3COCl and
CD4COCI was reacted, and the ruthenium deuteride complex was
recognized in the 2D NMR spectrum as a broadened doublet at
-7.05 ppm (J(DP) = 11 Hz). Careful integration of the 'H NMR
spectrum of the same mixture showed that the hydride/deuteride
ratio was about 6:1, consistent with a kinetic isotope effect of about
3.0. The ketene-acetyl chloride mixture in the cold trap was
converted to acetic acid by the addition of water, and the isotope
content of the acetic acid was determined by mass spectroscopy
to give kinetic isotope effects of 3.9 and 2.5 on two samples. Thus
the kinetic isotope effect of the ketene-forming reaction is about
3.0+ 1.

The reaction of I with acetyl chloride was also followed by FTIR
spectroscopy. A solution of 0.32 g (0.41 mmol) of 1 in 5 mL of
methylene chloride was treated with 40 uL (0.57 mmol) of acetyl
chloride. IR spectra were taken periodically as shown in Figure
1, where spectra at 40 min (a) and 20 h (¢) are illustrated. Figure
1b shows the spectrum after 20 h with the carbonyl bands of
Ru(CO),(triphos) and [RuH(CO),(triphos)]Cl subtracted.

Miscellaneous Reactions. Dissolution of I in chloroform
resulted in almost quantitative conversion to II and IV within
15 min (IR), while reaction of I with (1-bromoethyl)benzene in
methylene chloride gave predominantly I1I within 1 h rather than
the anticipated benzylic ruthenium compound. Treatment of a
benzene solution of I with 600 atm of hydrogen at room tem-
perature for 4 days, followed by removal of the solvent under
reduced pressure, yielded only unreacted I (IR).

Results and Discussion

The ruthenium(0) complex Ru(CO),(triphos) (I) was
prepared as described in the literature.” It is a bright
yellow, air-sensitive compound with two carbonyl
stretching bands but only a single 3P resonance. AsIis
expected to be trigonal bipyramidal in structure, with
mutually cis carbonyl groups and nonequivalent phos-
phorus atoms, it is probably fluxional. The 'H and *C(*H)

(14) Firl, J.; Runge, W. Z. Naturforsch., B: Anorg. Chem., Org. Chem.
1974, 29B, 393.

(15) Trivedi, J. P. J. Inst. Chem. (India) 1977, 49, 237.

(16) Caminati, W.; Scappini, F.; Corbelli, G. J. Mol. Spectrosc. 1979,
75, 327,
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NMR spectra were in accord with this conclusion; no
change in the 3P NMR spectrum was observed down to
-90 °C.

As pointed out previously,” the low frequencies of the
carbonyl stretching bands (1941, 1858 cm™) suggest that
the metal atom of I is rather electron rich. Accordingly
it is not surprising to find that I undergoes oxidative ad-
dition reactions with a variety of electrophilic reagents.
Addition of halogens is instantaneous, the initially formed
products being of the stoichiometry [RuX(CO)y(trip-
hos)]1X. A second, slower step involves displacement of
a carbonyl group by halide ion to give the neutral species
RuX,(CO)(triphos). Both types of complexes have been
reported previously.” While the suggestion has been made
that the high reactivity of I toward electrophiles is a result
of dissociation of one of the phosphorus atoms to give a
coordinatively unsaturated, 16-electron intermediate,’ this
hypothesis now seems unlikely. We have carried out the
chlorination reaction in the presence of excess chlorine,
under conditions where a free phosphine moiety would be
expected to be readily attacked by chlorine.!” As no such
reaction was observed, phosphine dissociation is quite
unlikely.

Addition of anhydrous HCI to a methylene chloride
solution of I results in instantaneous decolorization of the
solution and formation of the new hydride [RuH(CO),-
(triphos)]Cl, ultimately isolated analytically pure from the
reaction of I with acetyl chloride as the hexafluoro-
phosphate salt VIII (see below). The assignment of a weak
band at 1951 cm™ in the IR spectrum to y(RuH) was
confirmed by observation of a band at 1403 cm™ in the IR
spectrum of the corresponding deuteride (ratio 1.39). The
hydride resonance of VIII was observed {methylene chlo-
ride solution) as a double triplet centered at —6.70 ppm,
the coupling to the trans phosphorus being 64 Hz, that to
the two cis phosphorus atoms being 15 Hz. The 2D NMR
spectrum exhibited a broadened doublet at about -7.0
ppm, the coupling to the trans phosphorus atom being 11
Hz. These spectroscopic properties are typical for ru-
thenium(II) hydride complexes.'®

Although VIII exhibits no hydridic properties chemi-
cally, being stable for at least 8 h in a methylene chloride
solution saturated with anhydrous HC], it is slightly acidic.
Thus an IR study showed that it is partially deprotonated
(to reform I) on treatment with diethylamine in methylene
chloride, the reaction being reversed on partial evaporation
of the solution followed by addition of more solvent. The
hydride is also deprotonated by a suspension of potassium
carbonate in tetrahydrofuran, a reaction which is reversed
on the addition of acetic acid. Thus VIII exhibits an acid
strength approximately comparable with that of acetic
acid.

The latter conclusion is somewhat surprising for a
platinum metal hydride complex containing a tridentate
phosphine and may be a result in part of the cationic
nature of VIII. However, the hydride ligand of this com-
pound is also trans to a phosphorus atom. Thus, as
phosphorus donors normally lie high in the trans influence
series,!® the hydrogen may be bonded relatively weakly to
the ruthenium atom and dissociation as a proton may be
facilitated. While the hypothesis that a phosphorus donor
might labilize a trans hydride ligand as a proton rather
than as a hydride seems counterintuitive, we can think of
no other explanation for our observations and feel that the
idea is at least worthy of consideration. There are few data
in the literature which are relevant to the point, but we

(17) Emeleus, H. J.; Miller, J. M. J. Inorg. Nucl. Chem. 1966, 28, 662.
(18) Reference 5, pp 547, 551.
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note that the compound cis-[IrH(CO)(dppe).]** (dppe =
1,2-bis(diphenylphosphino)ethane) is a much stronger acid
than is its trans isomer.!® As the former contains a hydride
ligand trans to phosphorus while the latter contains a
hydride trans to carbon monoxide, the trend would appear
to substantiate our hypothesis concerning the importance
of the trans ligand on the acid strength of a platinum metal
hydride.

Addition of methyl iodide to I proceeds essentially
quantitatively at room temperature within 1 min. The
methylruthenium product, isolated analytically pure as the
hexafluorophosphate salt (IX), is stable to air oxidation,
to substitution reactions by halides and hydride abstrac-
tion by triphenylcarbenium ion at room temperature. It
is also inert to carbon monoxide over 15 h at 90 °C (270
atm) consistent with the apparent instability of the acetyl
analogue (see below). The spectroscopic properties of IX
were consistent with its formulation, most particularly the
ruthenium-methy! resonance in the 'H NMR spectrum at
0.3 ppm, a double triplet. Both the chemical shift and the
coupling constant to the cis phosphorus atoms (5.3 Hz) are
consistent with literature data for similar compounds.® It
is interesting to note that the coupling constant to the
trans phosphorus atom (3.1 Hz) is smaller than is the cis
coupling constant. The ruthenium-methyl resonance in
the ®C{{H} NMR spectrum was observed at —13.0 ppm, the
cis and trans couplings to phosphorus being 6 and 33 Hz,
respectively.

Addition of ethyl iodide to I to give the ethylruthenium
complex [RuEt(CO),(triphos)]I proceeds approximately
4 orders of magnitude more slowly than does the reaction
of methyl iodide and gave a mixture of products which
included the iodo complexes [Rul(CO),(triphos)]I (VII)
and Ruly(CO)(triphos) (VI). Removal of the iodo com-
plexes was effected by dissolving the crude reaction mix-
ture in ethanol and treating it with a small amount of
trimethylamine N-oxide; VII was converted smoothly to
VI, which is insoluble in ethanol. Reaction with the more
electron-rich ethyl compound was much slower,? and thus
this complex remained and could readily be precipitated
as the hexafluorophosphate salt X.

Consistent with the electron-rich nature of the ruthe-
nium atom of this compound, the methylene proton and
carbon resonances both lie to higher field than do the
methyl resonances. Although most spin—spin couplings
to phosphorus by the methylene resonances could not be
resolved, the trans J(PC) is approximately 34 Hz, very
similar to the corresponding coupling of the methyl carbon
of IX.

Benzyl bromide adds very smoothly to I, giving the
benzyl compound (isolated as the hexafluorophosphate salt
XI) in near quantitative yield. While the benzylic proton
resonance was largely obscured by triphos methylene
resonances, the corresponding carbon resonance was ob-
served at 14.9 ppm, the cis and trans couplings to phos-
phorus being 32 and 4 Hz, respectively. Also possibly
characteristic of a metal-benzyl compound is the low field
chemical shift of the ipso carbon atom (151 ppm).! An
attempt to add 1-(bromoethyl)benzene to I resulted in a
mixture of products, predominantly the bromo complexes

[RuBr(CO),(triphos)]Br (ITI) and RuBry(CO)(triphos) (V).

(19) Lilga, M. A.; Ibers, J. A. Inorg. Chem. 1984, 23, 3538.

(20) Koelle, U. J. Organomet. Chem. 1977, 133, 53.

(21) See, for example: (a) Orlova, T. Y.; Petrovskii, P. V.; Setkina, V.
N.; Kursanov, D. N. J. Organomet. Chem. 1974, 67, C23. (b) Todd, L.
dJ.; Wilkinson, J. R. J. Organomet. Chem. 1974, 80, C31. (c) Bied-Char-
reton, C.; Septe, B.; Gaudemer, A. Org. Magn. Reson. 1975, 7, 116. (d)
Chisholm, M. H.; Clark, H. C.; Manzer, L. E.; Stothers, J. B.; Ward, J.
E. J. Am. Chem. Soc. 1975, 97, 721.
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Allyl bromide adds readily to I to give the allyl complex
[Ru(n!-C3H;)(CO),(triphos)]Br contaminated with a small
amount of the bromo complex III. Purification of the
compound proved to be surprisingly difficult, and the
carbon/hydrogen analyses of the hexafluorophosphate salt
XII were low. The allyl compound was therefore charac-
terized spectroscopically and by conversion to the 53-allyl
analogue XIII, which could be obtained analytically pure
(see below). The IR spectrum of XII exhibited a weak
absorption at 1615 cm™; this disappeared on conversion
to XIII and thus may be assigned to »(C=C). The 'H
NMR spectrum of XII exhibited resonances at 2.15 (m,
2 H, a-CH,), 6.46 (m, 1 H, 3-CH), 4.76 (double triplet, J
= 9.5, 2.0 Hz, 1 H, y-CH), and 4.98 ppm (br d, J = 16.5
Hz, 1 H, y-CH), while the 3C(H) NMR spectrum exhib-
ited resonances at 15.2 (double triplet, J(trans-CP) = 32
Hz, J(cis-CP) = 15.2 Hz), 147.3 (s), and 107.8 ppm (d,
J(CP) = 4 Hz), attributed to C,, C,, and C,, respectively.
The 'H NMR spectrum is certainly consistent with the
n-formulation, while the 3C NMR data compare well with
data in the literature®? for similar compounds. We note
long-range coupling of 4 Hz between C; and one phos-
phorus atom.

Compound XIII is readily obtained on treatment of XII
with trimethylamine N-oxide and exhibits only a single
carbony! stretching band in its IR spectrum. The 7%-allyl
group can be identified by its 3C resonances at 46.6 (m)
and 95.4 (s) ppm, attributed to the CH, and CH groups,
respectively.?? Allyl resonances in the 'H NMR spectrum
are unfortunately obscured by triphos resonances.

As we have not carried out kinetics studies on the alkyl
halide oxidative addition reactions discussed above, we do
not have any direct evidence with respect to mechanism(s)
of the reactions. However, we note that the large apparent
decrease in rate of addition on going from methyl to ethyl
iodide has precedent in the literature and is consistent with
either a mechanism involving nucleophilic displacement
of iodide by the electron rich metal atom or a mechanism
involving radical intermediates.? The observation of halo
complexes among the products of most of the oxidative
addition reactions of the alkyl, benzyl, and allyl halides,
however, strongly suggests the importance a radical process
as a reaction route in at least some cases.? The almost
exclusive formation of the chloro complexes [RuCl(CO),-
(triphos) ]Cl and RuCly(CO)(triphos) on dissolution of I in
chloroform is also consistent with radical processes.

The reaction of acetyl chloride with I was slow and did
not give the expected acetyl complex [Ru(COMe)(CO),-
(triphos}]Cl (XIV) but rather the hydride complex [RuH-
(CO),(triphos)]Cl in good yield. Indeed, it was material
prepared in this way which first resulted in the isolation
of analytically pure VIII. Reaction of acetyl-d; chloride
gave the corresponding ruthenium deuteride, confirming
the source of the hydride (deuteride) ligand and suggesting
the following stoichiometry for reaction 2.

I + MeCOCI — [RuH(CO),(triphos)]Cl + CH,~C=0
(2

As outlined in detail in the Experimental Section, the
presence of ketene was demonstrated in several ways, in-

(22) (a) Ciapenelli, D. J.; Cotton, F. A.; Kruczynski, L. J. Organomet.
Chem. 1972, 42, 159. (b) Bassett, J.-M.; Green, M.; Howard, J. A. K.;
Stone, F. G. A. J. Chem. Soc., Chem. Commun. 1977, 853. (c) Oudeman,
A.; Sorensen, T. S. J. Organomet. Chem. 1978, 156, 259.

(23) Mann, B. E.; Taylor, B. F. “I3C NMR Data for Organometallic
Compounds”; Academic Press: New York, 1981; Table 2.11.

(24) Reference 3, Chapter 5.

(25) Labinger, J. A.; Osborn, J. A.; Coville, N. J. Inorg. Chem. 1980,
19, 3236 and references therein.
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cluding direct spectroscopic observation and derivatization.

Several mechanisms for the ketene elimination seem at
first glance to be feasible. Direct dehydrohalogenation of
acetyl chloride by I, a weak base, is one possibility, as
ketenes can be prepared by treatment of acid halides by
amines.” This route seems unlikely, however, as many
metal acyl compounds have been prepared by reactions
involving, for instance, metal carbonylate anions or low-
valent metal compounds with acid halides.” There appear
to be no reports of metal hydride formation from such
reactions, and thus it is difficult to understand why I
should uniquely deprotonate acetyl chloride.

Alternatively we considered the possibility that the
acetyl complex XIV does form but that it is somehow
unstable with respect to ketene elimination. Accordingly
we carried out an FTIR study in which equimolar amounts
of I and acetyl chloride were allowed to react in methylene
chloride at room temperature (see Experimental Section
for details). Initially there appeared a weak shoulder on
the high-frequency side of the 2057 cm™ band of the hy-
dride product, but the weak band did not grow in intensity
and was soon totally obscured. Subtraction of the spec-
trum of the hydride complex, however, revealed two very
weak bands at 2085 and approximately 2056 cm™. These
are at frequencies higher than the corresponding bands of
the hydride complex (2057, 2010 cm™), and, as the acetyl
group is more electronegative than is hydrogen, it is rea-
sonable to assign the weak bands to XIV. No band cor-
responding to the acetyl carbonyl stretching mode could
be assigned because such a band would be very weak and
would be in the region obscured by ketene byproducts; no
effort was made to identify the latter. Attempts to monitor
the reaction using 'H NMR spectroscopy were unsuccessful
as resonances of triphos and ketene completely obscured
the region of interest.

As XIV appears to be formed in a low, steady-state
concentration, it seemed likely that its decomposition
would be rate determining. Accordingly we carried out
competition experiments in which I was reacted with
mixtures of acetyl chloride and acetyl-dg chloride. A ki-
netic isotope effect of 3 £ 1 was found; this, although not
very precise, is certainly a primary kinetic isotope effect
and is consistent with the rate-determining step in the
ketene formation involving C-H bond breaking.?® Very
similar kinetic isotope effects have been observed for hy-
dride-forming, olefin elimination reactions from metal alkyl
compounds,? and it seems reasonable to consider a similar
elimination from X1V, i.e., eq 3. Indeed, a recent report

H----CHy
XIV — (triphos)CIOC),Ru---C0 —= products  (3)

of an acetyl compound in which the methyl group is in-
clined toward the metal atom such that there is a very
short metal-hydrogen distance® provides a possible model

(26) Ward, R. S. In “The Chemistry of Ketenes, Allenes and Related
Compounds”; Patai, S., Ed.; Wiley: New York, 1980; Part 1, p 223.

(27) (a) McCleverty, J. A.; Wilkinson, G. J. Chem. Soc. 1963, 4096. (b)
Coffield, T. H.; Kozikowski, J.; Closson, R. D. J. Org. Chem. 1957, 22, 598.
(c) Hieber, W.; Braun, G.; Beck, W. Chem. Ber. 1960, 93, 901. (d) King,
R. B. J. Am. Chem. Soc. 1963, 85, 1918. (e) Cook, C. D.; Jauhal, G. S.
Can. J. Chem. 1967, 45, 301. (f) Bennet, M. A.; Charles, R.; Mitchell, T.
R. B. J. Am. Chem. Soc. 1978, 100, 2737.

(28) Melander, L.; Saunders, W. H. “Reaction Rates of Isotopic
Molecules”; Wiley: New York, 1980; p 157.

(29) (a) Ikariya, T.; Yamamoto, A. J. Organomet. Chem. 1976, 120,
257. (b) Evans, J.; Schwartz, J.; Urquhart, P. W. J. Organomet. Chem.
1974, 81, C37. (c) Ozawa, F.; Ito, T.; Yamamoto, A. J. Am. Chem. Soc.
1980, 102, 6457.

(30) Carmona, E.; Sanchez, L..; Marin, J. M.; Poveda, M. L.; Atwood,
J. L.; Priester, R. D.; Rogers, R. D. J. Am. Chem. Soc. 1984, 106, 3214.
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for the type of interaction which would be necessary.
However, such an elimination reaction would require a
vacant site on the ruthenium atom, a perhaps unlikely
occurrence. We note that the ethyl complex X is very
stable with respect to ethylene dissociation, suggesting that
hydride migration from a 8-carbon atom to ruthenium may
not be facile.

An alternative mechanism finds possible precedent in
the oft observed elimination of carbon dioxide from me-
tallocarboxylic acids (hydroxycarbonyls),® ie., eq 4.

L,MCOOH — L,MH + CO, 4

Ketene is isoelectronic with carbon dioxide, and we have
observed the extremely facile conversion of [Ru-
(COOH)(CO)4(triphos)]* to [RuH(CO),(triphos)]*.32
While the mechanism of reactions of the type (4) are
currently a controversial topic, proton dissociation may
be involved,?! followed first by dissociation of carbon di-
oxide and then by protonation of the metal. While this
hypothesis is attractive because it does not require a vacant
site on the metal, there are no precedents for acetyl com-
pounds having the required acidity. In fact we note that
meridional tris(phosphine)acetylruthenium complexes are
quite robust,? in apparent contrast to the situation with
the triphos system. We have already noted above, how-
ever, that a coordinated hydride trans to phosphorus can
be labilized sufficiently that it becomes very acidic, and
it may be that an acetyl group in a similar situation is also
labilized in an unusual manner.

Although the elimination of ketenes from acyl complexes
has not been reported previously, there have been two
reports of the reverse reaction, the “insertions” of ketenes
into metal-hydrogen bonds,* i.e., eq 5 and 6. While the

HMn(CO); + CH;—C=0 — MeCOMn(CO); (5)
HCo(CO), + RR'C=C—0 — RR’CHCOCo(CO), (6)
R, R’ = H, Me, Et

mechanism of these reactions is not known, we have found
that similar “insertion” reactions of metal hydrides with
conjugated dienes involve hydrogen atom abstraction from
the metal by the diene to form metal and substituted allyl
radicals. Geminate recombination of the intermediate
radical pair, evidenced by observation of CIDNP effects,
results in metal-carbon bond formation,® i.e., eq 7.

HMn(CO); + CH,=CHCH=CH, —
[MeCH=CHCH,:,Mn(CO);] —
MeCH=CHCH,Mn(CO); (7)

Similar processes may be involved in the corresponding
ketene “insertion” and, invoking the principle of micro-
scopic reversibility, in the ketene elimination reaction
reported here. Research into the matter continues.
General Comments on the IR and NMR Spectra.
The IR spectra of the dicarbonyl complexes exhibit two
carbonyl stretching bands, of which the higher frequency
band (symmetric stretch) is always of slightly greater in-
tensity. The intensity ratios of most compounds are such

(31) Lilga, M. A,; Ibers, J. A. Organometallics 1985, 4, 590 and refer-
ences therein.

(32) Hommeltoft, 8. I.; Baird, M. C., unpublished results.

(33) Barnard, C. F. J.; Daniels, A. J.; Mawby, R. J. J. Chem. Soc.,
Dalton Trans. 1979, 1331.

(34) (a) Lindner, E.; Berke, H. Z. Naturforsch., A 1974, 294, 275. (b)
Ungvary, F. J. Chem. Soc., Chem. Commun. 1984, 824,

(35) Thomas, M. J.; Shackleton, T. A.; Wright, S. C.; Colpa, J. P;
Baird, M. C., submitted for publication.

Organometallics, Vol. 5, No. 2, 1986 195

that the bond angles between pairs of carbonyl groups are
approximately 75-80°.% The monocarbonyl compounds,
of course, exhibit only a single carbony! stretching mode.

The methyl protons of the triphos always appear as
slightly broadened quartets in the 'H NMR spectra, a
result of spin—spin coupling to the three phosphorus atoms.
The observed broadening is probably a result of the non-
equivalence of the phosphorus atoms, although the quartet
patterns seem to be largely independent of the nature of
the remaining ligands. Interestingly, the chemical shifts
of the methyl groups exhibit greater dependence on the
nature of the counterion than on the nature of the other
ligands. There is an upfield shift of about 0.2 ppm on
replacement of halide ion by hexafluorophosphate for
several of the complex cations, suggesting that ion pairing
in solution occurs at the “backside” of the coordinated
triphos.

The 1BC{'H} NMR resonances of the triphos carbon at-
oms were assigned largely on the basis of the spin—spin
coupling patterns to the phosphorus atoms. Both the
methyl and the quaternary carbon atoms appeared as
quartets, and distinction was made in the case of the
methyl complex [RuMe(CO),(triphos)]* by means of the
SEFT (spin—echo Fourier transform) pulse sequence.?’
The similarity of the coupling patterns of these two reso-
nances in the methyl and the other compounds formed the
basis for the assignments of Table III. The methylene
carbon resonances were very complicated, both because
of long-(25-30 Hz) and short-range (4-5 Hz) coupling to
phosphorus and because of the two possible methylene
carbon environments for each compound. The carbonyl
carbon resonances were complicated for much the same
reasons; detailed elucidation and rationalization of the
spectra, complete with determinations of the absolute signs
of the carbon-phosphorus coupling constants, will be
published elsewhere.

The 3'P{'H} NMR spectra generally exhibit a doublet
(2 P) and a triplet (1 P), consistent with the formulations.
The chemical shifts are strongly-dependent on the nature
of the ligand trans to phosphorus, with there being a
roughly inverse relationship between the phosphorus
chemical shifts and the positions of the trans ligands in
the trans influence series.!® Thus methyl and hydride
cause a trans phosphorus atom to resonate upfield relative
to a phosphorus trans to carbon monoxide, while a phos-
phorus trans to halide resonates downfield relative to a
phosphorus trans to carbon monoxide. This type of cor-
relation has been noted previously.®
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Reaction of [(CsHj),(CO)oFey(u-CO) (y-CH)]+PFG' (1) with allyltriphenyltin or allyltrimethylsilane produced
(C5H;)5(CO)oFey(u-CO)(u-CHCH,CH=CH,) (2) in 34% and 51% yields. The trisubstituted allylsilane
4-(trimethylsilyl)-2-methyl-2-butene reacted with 1 to produce [(CsH;)o(CO)Fey(u-CO)(u-CC-
(CH;),CH,CH,Si(CH3)3)1*PFy™ (3) in 54% yield. The reaction of 1 with 2-(dimethylphenylsilyl)propene
(4) gave a mixture of products which was deprotonated by trimethylamine to produce (C5H;),(CO),Fe,-

(u-CO) [u-C=CHCH(CHy)Si(CH,),CeHs) (5).

The reaction of 1 with the enol silyl ether CH,=C(C¢-

H;)(0Si(CHjy)y) (6) produced (CsH;),(CO),Feg(u-CO) (u- CHCH2C(O)CGH5) in 34% yield. 1 also reacted
with vinyl acetate to give [(C5H;)o(CO),Fey(u-CO)trans-u-9!n>-CH=CHCH,0C(0)CH,)]*PF¢ (8) in 71%
yield and small amounts of (C5Hg),(CO),Fey(u-CO){(u-CHCH,CH(OC(0)CH,),) (9).

Introduction

The bridging methylidyne complex 1 reacts with simple
alkenes by two different pathways. For ethylene and most
monosubstituted alkenes, 1 adds its C—-H bond across the
carbon-carbon double bond to form u-alkylidyne com-
plexes in a reaction we have named hydrocarbation.! For
some alkenes such as 1-methylcyclohexene, trans-stilbene,
and 1,1-diphenylethylene which are more sterically
crowded and are capable of forming stabilized carbocation
intermediates, we have observed the formation of bridging
alkenyl complexes.? The alkenyl complexes are proposed
to arise from electrophilic addition of 1 to the alkene to
produce a carbocation that then undergoes a 1,2-hydride
or alkyl migration to produce a bridging alkenyl complex.
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Here we report the reaction of methylidyne complex 1
with functionalized alkenes bearing silicon, tin, and oxygen
substituents capable of stabilizing cationic intermediates.

Results and Discussion

Reactions of 1 with an Allylstannane and Allyl-
silanes. Allyltriphenyltin is very reactive toward elec-
trophiles.® Reaction of methylidyne complex 1 with al-
lyltriphenyltin occurred rapidly at —78 °C as indicated by
a color change from red to dark red. The neutral bridging
but-3-enylidene complex 2 was isolated in 34% yield after
chromatography to remove tin compounds. The structure
of 2 was established by spectroscopy. The proton on the
bridging alkylidene carbon gives rise to a triplet (J = 8.2
Hz) at § 11.6 in the 'H NMR. 2 is the product resulting

(1) Casey, C. P.; Fagan, P. J. J. Am. Chem. Soc. 1982, 104, 4950.

(2) Casey, C. P.; Fagan, P. J.; Miles, W. H.; Marder, S. R. J. Mol.
Catal. 1983, 21, 173.

(3) (a) Pereyre, M,; Quintard, J. Pure Appl. Chem. 1981, 53, 2401. (b)
Mangravite, J. J. Organomet. Chemistry Libr. 1979, 7, 45.

0276-7333/86/2305-0196801.50,/0

from transfer of the allyl group to the methylidyne carbon.
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Allyltrimethylsilane also reacts with 1 to produce the
same bridging but-3-enylidene complex 2. This is the
preferred method for synthesis of 2 because of the higher
yield obtained (51%) and because 2 can be purified
without resorting to column chromatography.
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Ordinarily monosubstituted alkenes react with 1 to add
the C-H bond across the carbon—carbon double bond of
the alkene in a hydrocarbation reaction.!? The only
nonheteroatom-substituted alkene to react with 1 by an
electrophilic addition pathway is vinyleyclopropane.t This
is undoubtedly related to the high stability of the cyclo-
propylcarbinyl cation intermediate. Carbocations are also
greatly stabilized by 8-tin or §-silicon substituents.® The
formation of 2 is proposed to occur via electrophilic attack
of 1 on the terminal allyl carbon to give a carbocation
stabilized by the S-group IV (14)? atom. Nucleophilic
attack at tin or silicon then produces 2.

A different reaction pathway was seen in the reaction
of 1 with the trisubstituted allylsilane 4-(trimethyl-
silyl)-2-methyl-2-butene. C-H addition across the car-
bon—carbon double bond produced the cationic bridging
alkylidyne complex 3 in 54% yield. In this case, the tri-
methylsilyl group was retained in the product. The
bridging carbyne carbon of 3 gives rise to a characteris-
tically far downfield '3C resonance at 5 522.9. The closest
analogy to this reaction is the addition of 1 to tetra-
methylethylene.! In both these cases, even though a
tertiary cation or a 3-silyl-stabilized cation is a possible

(4) Casey, C. P.; Gohdes, M. A.; Meszaros, M. W., unpublished ob-
servations.

(5) (a) Chan, T. H.; Fleming, I. Synthesis 1979, 79, 761-786. (b)
Wierschke, S. G.; Chandrasekhar, J.; Jorgensen, W. L. J. Am. Chem. Soc.
1985, 107, 1496-1500.
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Reactions of a Cationic Bridging Methylidyne Complex
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intermediate, only the formal product of C-H addition was
observed. In these two cases, we cannot exclude the
possibility that a cationic intermediate is formed which
then undergoes a 1,3-hydride shift to produce the observed
products. The regiochemistry seen in the formation of 3
indicates that electrophilic attack occurs to generate an
electropositive center at a secondary carbon 8 to silicon
rather than at the tertiary carbon. Similar regioselectivity
is seen in the reaction of 4-(trimethylsilyl)-2-methyl-2-
butene with other electrophilic reagents.>

Reaction of 1 with a Vinylsilane. The reaction of
methylidyne complex 1 with 2-(dimethylphenylsilyl)-
propene (4) gave a deep red solution which was treated
with trimethylamine. A 3:1 mixture of diastereomeric
u-alkenylidene complexes 5a/5b was obtained in 56 % yield
after column chromatography. The structure of these
u-alkenylidene complexes was readily determined by 'H
and ¥C NMR. For 5a, the vinyl hydrogen appears as a
doublet at § 7.03. Four well-resolved resonances for the
nonequivalent Cp rings on the two diastereomers were
observed as were four resonances for the diastereotopic silyl
methyl groups of the two diastereomers.

The regiochemistry of the addition of 1 to vinylsilane
4 is the opposite to that normally seen for electrophilic
additions to vinylsilanes.> Normally, the silicon substituent
directs the electrophile to the carbon bound to the silicon
since this leads to a cation strongly stabilized by a 8-silicon
substituent. In the present case, the steric factors favoring
addition to the least substituted carbon of 4 are apparently
greater than the difference in energy between the normally
observed @-silicon-stabilized cation and the secondary
a-silicon substituted cation seen here.

When the cationic products of the reaction of 1 and 4
were isolated directly by evaporation of solvent and
crystallization from acetone—ether, a complex mixture of
materials was seen by 'H NMR. Interestingly, two
doublets were seen at 6 11.96 (J = 12 Hz) and 11.49 (J =
11 Hz) which indicate the likely presence of two diaste-
reomers of the bridging vinyl complex B. When the iso-
lated bridging alkenylidene complexes 5a and 5b were
treated with HBF ;Et,0, the 'H NMR spectrum was again
very complex but the signals attributed to the bridging
vinyl complex B were again observed. Our tentative in-
terpretation is that the mixture of cationic materials
consists of two diastereomers of B and u-alkylidyne com-
plex A which are in equilibrium. Deprotonation with
trimethylamine produces the u-alkenylidene complexes 5a
and 5b; when 5a and 5b are reprotonated, an equilibrium
mixture of A and B is obtained.
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Previously we have documented the equilibration of
alkylidyne and p-alkenyl complexes.2® The equilibration
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of A and B is apparently much faster than for the u-pen-
tylidyne to u-pent-l-enyl rearrangement. The silicon
substituent in A is 8 to the developing positive carbon
center in B and may accelerate the rearrangement.

There are two possible ways that the equilibrating
mixture of A and B might be formed. Hydrocarbation
might initially produce A which then equilibrates with B.
Alternatively, B might be the initially formed product of
an electrophilic addition followed by a 1,2-hydride shift.
To distinguish between the possibilities, the reaction of
1-d with 4 was carried out and the deprotonated u-alke-
nylidene product 5 was examined by 'H NMR. The ab-
sence of the resonance of é 2.5 indicates the presence of
a -CD(CHj)Si(CH;),C¢Hy unit. Similarly, the presence of
this unit leads to singlets at 6 7.0 for C=CHCD and at &
1.3 and 1.2 for the CDCH,Si group of the two diastereo-
mers of 5. This labeling experiment establishes that a net
1,2 addition of the C—H bond of 1 across the carbon—carbon
double bond initially produces A which then equilibrates
with the bridging vinyl complex B.

Reaction of 1 with an Enol Silyl Ether and Vinyl
Acetate. Enol silyl ethers are electron-rich alkenes that
are readily attacked by electrophiles. Reaction of 1 with
the trimethylsilyl enol ether of acetophenone, 6, gave the
bridging 3-oxo-3-phenylpropylidene complex 7 in 34%
yield. The proton on the bridging carbene carbon of 7
appears as a triplet at § 11.65 in the 'H NMR spectrum.
The aryl ketone gives rise to a band at 1672 cm™ in the
infrared spectrum. The formation of 7 is best explained
by electrophilic addition of 1 to the vinyl ether to give an
oxygen-stabilized carbocation intermediate. Loss of the
trimethylsilyl group to a nucleophilic species produces the
observed ketone product 7.
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Reaction of 1 with vinyl acetate gave the cationic
bridging alkenyl complex 8 in 71% yield. The protons on
the bridging alkenyl group appear as a broad doublet (J
= 10 Hz) at 6 12.3 and a multiplet at § 3.6 in the 'H NMR.
In addition small variable yields of the neutral diacetate
complex 9 were observed.

The formation of 8 can be explained by electrophilic
addition of 1 to vinyl acetate to give an oxygen stabilized
carbocation intermediate. A 1,2-hydride migration leads
to formation of the bridging vinyl complex 8. Reaction of
the intermediate with an acetate donor leads to 9. In the
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enol silyl ether reaction, the facile loss of the trimethylsilyl
group led to formation of ketone 7 in a reaction that was
faster than a 1,2-hydride shift. For vinyl acetate, the loss
of an acylium species to give an aldehyde is much too slow
to compete with a 1,2-hydride shift.

Experimental Section
General Data 'H NMR spectra were obtained on a Brucker

(6) Casey, C. P.; Marder, S. R.; Fagan, P. J. J. Am. Chem. Soc. 1983,
105, 7197.
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WP270 spectrometer. C NMR spectra of samples containing
0.07 M Cr(acac); as a shiftless relaxation reagent were obtained
on a JEOL FX200 spectrometer at 50.1 MHz or Bruker AM500
spectrometer at 126 MHz. CD3NO, was dried over P,0; and
acetone-dg was dried over molecular sieves or B;O;. IR spectra
were recorded on a Beckman 4230 infrared spectrometer calibrated
with polystyrene film. Mass spectra were obtained on an AIE-
MS-902 or Kratos MS-80 mass spectrometer. Elemental analysis
were performed by Galbraith Microanalytical Labs.

Alir-sensitive compounds were handled by using standard
Schlenk procedures and glovebox manipulations. Diethy! ether,
THF, and hexane, were distilled from purple solutions of sodium
and benzophenone. CH,Cl, was distilled from CaH, and acetone
was dried over molecular sieves or B,O,.

[(C5H;),(CO),Fey(u-CO) (u-CHCH,CH=CH,)] (2) from
Allyltriphenyltin. Methylene chloride (25 mL) was condensed
onto solid allyltriphenyltin’ (0.220 g, 0.56 mmol) and 1 (0.195 g,
0.40 mmol) at -78 °C. The reaction mixture was warmed to
ambient temperature, and solvent was evaporated under vacuum.
The residue was extracted with diethyl ether (15 mL). The ether
extract was filtered, evaporated, and dried under vacuum. Column
chromatography (alumina, 1:1 CH,Cl,/hexane) was employed to
separate excess allyltriphenyltin and gave pure orange-red
crystalline 2 (0.045 g, 34%).

[(CsH;)o(CO)oFey(u-CO)(u-CHCH,CH=CH,)] (2) from
Allyltrimethylsilane. Allyltrimethylsilane (0.092 atm, 234 mL,
0.753 mmol, Aldrich) was condensed into a stirred slurry of 1 (0.182
g, 0.38 mmol) in CH,Cl, (25 mL) at -78 °C, and the reaction
mixture was warmed to ambient temperature. Solvent was
evaporated under vacuum, and the residue was extracted with
diethyl. ether (15 mL). The ether extract was filtered and
evaporated to give orange-red crystalline 2 (0.073 g, 51%): 'H
NMR (acetone-dg, 200 MHz) 6 11.63 (t, J = 8.2 Hz, x-CH), 6.34
(ddt, J = 17.0, 9.2, 7.2 Hz, =CH), 5.11 (dq, J = 17, 1 Hz, =CHH),
5.0 (dq, J = 9.2, 1 Hz, =CHH), 3.70 (ddt, J = 8.2, 7.2, 1 Hz, CH,);
13C NMR (acetone-dg) 6 272.8 (u-CO), 215.5 (C0O), 174.5 (d, J =
136 Hz, u-C), 143.5 (d, J = 150 Hz, =CH), 112.8 (t, J = 155 Hz,
=CH,), 88.3 (d, J = 180 Hz, C;H;), 61.1 (t, J = 126 Hz, CH,);
IR (CH,Cl,) 1979 (s), 1940 (w), 1778 (m), 1640 (w) cm™!; HRMS
caled for C;H gFe,0; 379.9793, found 379.9798.

[(CsH;)2(CO),Fe,(4-CO) (u-CC(CH,),CH,CH,Si(CH;),) ] *-
PFy (3). 4-(Trimethylsilyl)-2-methyl-2-butene (0.075 mL, 0.056
g, 0.40 mmol, Petrarch) was injected into a stirred suspension of
1 (0.150 g, 0.31 mmol) in CH,Cl, (25 mL) at —78 °C. The residue
was dissolved in acetone (5 mL) and filtered. The addition of
diethyl ether (15 mL) led to precipitation of light orange-red
crystalline 3 (0.104 g, 54%): 'H NMR (acetone-dg, 270 MHz) &
5.79 (s, 10 H, C;H;) 2.23 (AA’XX’, Jys = 10, 14 Hz, Jy2 = 4 Hz,
CH,CH,Si), 1.88 (s, 6 H, CHj), 0.87 (AA’XX’, Ji# = 10, 14 Hz,
Juz = 4 Hz, CH,CH,Si), 0.06 (s, 9 H, SiCHy); 13C NMR (CD;NO,)
8 522.9 (u-C), 252.5 (u-CO), 208.3 (CO), 93.6 (d, J = 183.5 Hz,
C:Hs), 79.0 (u-CC) 40.3 (t, J = 127.3 Hz, CH,CH,Si), 29.3 (q, J
= 134.8 Hz, C(CHy)y), 12.5 (t, J = 120.7 Hz, CH,Si), 1.9 (q, J
= 120.5 Hz, Si(CH;),); IR (CH,CL,) 2021 (s), 2002 (w), 1855 (m)
cmL,

Anal. Caled for CyoHyFFe,0,PSi: C, 42.20; H, 4.67. Found:
C, 42.21; H, 4.48.

Dimethylphenylprop-2-enylsilane (4). Chlorodimethyl-
phenylsilane (9.70 mL, 58.6 mmol, Petrarch) and the Grignard
reagent prepared from 2-bromopropene (10.3 mL, 116 mmol) and
magnesium turnings (1.89 g, 78 mmol) in THF (130 mL) were
refluxed overnight. The reaction mixture was quenched with a
saturated aqueous solution of NH,Cl] (80 mL) and the organic
layer separated. The aqueous layer was neutralized and extracted
with THF (7 mL). The combined organic layers were dried
(MgSO,) and vacuum distilled to give 4 as a clear liquid (5.65 g,
55%.): bp 35 °C (0.1 mm); 'H NMR (CDCl;, 270 MHz) § 7.65 (m,
2 H), 7.45 (m, 3 H), 5.78 (dq, J = 3.6, 1.5 Hz, =CHH), 5.45 (dq,
J = 3.6, 1.2 Hz, =CHH), 1.93 (dd, J = 1.5, 1.2 Hz, CHj), 0.48 (s,
6 H, SiCH,); 3C NMR (CDCly) 6 146.1, 138.0 (ipso CeHj, SiC=),
133.9 (d, J = 158 Hz, o- or m-C¢Hj), 128.9 (d, J = 158 Hz, p-C¢Hs),
127.7 (d, J = 155 Hz, 0- or m-CgHy), 126.5 (t, J = 152 Hz, =CH,),

(7) Seyferth, D.; Weiner, M. A. “Organic Syntheses”, Wiley: New
York, 1973; Coll. Vol. 5, p 452.
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22.5 (q, J = 126 Hz, CHjy), -3.5 (q, J = 121 Hz, SiCH,); IR (neat)
1620 (m), 1430 (s); 1255 (s), 1130 (s), 960 (m) cm™; HRMS caled
for C;;H,4Si 176.1017, found 176.1018.

(CsH;),(CO);Fey(u-CO) (u-C=CHCH(CH,)Si(CH;),C-H;)
(5). 4 (0.220 mL, 0.179 g, 1.01 mmol) was injected into a stirred
suspension of 1 (0.372 g, 0.77 mmol) in CH,Cl, (25 mL) at —78
°C, and the reaction mixture was warmed to ambient temperature.
After 45 min, trimethylamine (0.66 atm, 235 mL, 6.27 mmol) was
condensed into the reaction mixture at =78 °C. The solvent was
evaporated under vacuum at ambient temperature. The residue
was extracted with diethyl ether (15 mL). The ether extract was
filtered, evaporated, and column chromatographed (alumina, 1:1
CH,Cl,/hexane) to give deep red crystals of 5 (0.220 g, 56%) as
a 2:1 mixture of two diastereomers: 'H NMR (acetone-dg, 200
MHz) major isomer, § 7.8-7.3 (m, 5 H, C¢H;), 7.03 (d, J = 11.0
Hz, =CH), 4.86, 4.64 (10 H, C:H;), 2.51 (dq, J = 11.0, 7.2 Hz,
CHSI), 1.18 (d, J = 7.2 Hz, CHjy), 0.50, 0.49 (s, Si(CHj3),), minor
isomer, § 4.98, 4.88 (10 H, C4H,), 1.33 (d, J = 7.2 Hz, CH,), 0.33,
0.25 (s, Si(CHy)); *C NMR (CD;NOQ,) major isomer, & 274.4, 265.5
(u-C, p-CO), 213.9 (CO), 143.9 (d, J = 148 Hz, =CH), 140.8 (s,
ipso-C¢Hy), 135.7, 130.3, 129.0 (three d, J = 156 Hz, C;H;), 89.1,
88.3 (two d, J = 179 Hz, CsHj,), 32.5 (d, J = 121 Hz, CH), 17.9
(q, J = 125 Hz, CHy), -4.5 (q, J = 113 Hz, Si(CHy),), minor isomer,
4 266.3, 89.5, 18.5, -3.0; IR (CH,Cl,) 1991 (s), 1954 (w), 1785 (m),
1594 (w) em™'; HRMS caled for CysHyeFe,048i 514.0342, found
514.0349.

Similarly, reaction of a solution of 4 (40 uL, 0.25 mmol) with
1-d (90 mg, 0.186 mmol) followed by addition of NMe; (0.66 atm,
235 mL, 6.27 mmol) gave 5a-d and 5b-d (47 mg, 49%): 'H NMR
(acetone-dg, 270 MHz) major isomer, § 7.8-7.3 (m, CgHj;), 7.03 (s,
==CH), 4.86, 4.64 (C;Hj;), 1.33 (s, CHj), 0.50, 0.49 (s, Si(CH;)o),
minor isomer, ¢ 4.97, 4.88 (C;H;), 1.33 (s, CHj), 0.34, 0.27 (s,
Si(CH,),); “H{'H} NMR (acetone) 5 2.45.

[(C5H)5(CO)oFey(u-CO) (u-CHCH,COCH;)] (7). 6° (0.069
mL, 0.065 g, 0.33 mmol) was injected into a stirred suspension
of 1 (0.108 g, 0.22 mmol) in CH,Cl, (25 mL) at -78 °C. The
reaction mixture was warmed to ambient temperature, and solvent
was evaporated under vacuum. The residue was extracted with
diethyl ether (15 mL). The ether extract was filtered, evaporated,
and column chromatographed (alumina, 1:1 CH,Cl,/hexane) to
give dark red crystals of 7 (0.045 g, 34%): 'H NMR (acetone-dg,
200 MHz) 5 11.65 (t, J = 8.2 Hz, x-CH), 8.23-7.50 (m, 5 H, C;H;),
4.83 (s, 10 H, C;H,), 4.75 (d, J = 8.2 Hz, CH,); *C NMR (CD,NO,)
6 274.7 (u-CO), 214.9 (CO), 201.2 (COPh), 164.8 (d, J = 135 Hz,
u-CH), 138.9 (ipso-CgHp), 134.0 (d, J = 165 Hz, CgH;), 130.0 (d,
J = 155 Hz, CgHj), 88.9 (d, J = 179 Hz, CgH;), 65.0 (t, J = 132
Hz, CH,); IR (CH,Cl,) 1970 (s), 1932 (w), 1770 (m), 1672 (w) ecm™;
HRMS caled for M~ CO C21H18Fe203 4299949, found 429.9938.

[(CsH;)o(CO),Fey(u-CO)(u-trans -4',n>-CH=CHCH,0C-
(O)CH,)]*PFy (8) and (C;H;);(CO);Fey(u-CO)[u-CHCH,CH-
(OC(0)CH;),] (9). Vinyl acetate (0.06 atm, 235 mL, 0.54 mmol,
Aldrich) was condensed into a stirred suspension of 1 (0.198 g,
0.41 mmol) in CH,Cl, (70 mL) at -78 °C. The reaction mixture
was concentrated to 10 mL by evaporation of solvent at =10 °C
under vacuum. Addition of 20 mL of diethyl ether at ~10 °C gave
a dark brown precipitate and a red solution. 8 (0.165 g, 71%)
was isolated as a dark brown solid by filtration. The ether solution
was evaporated, and the residue was column chromatographed
(alumina, 1:1 CH,Cl,/hexane) to give 9 (0.010 g, 5%) as an or-
ange-red oil.

8: 'H NMR (acetone-dg) 6 12.3 (d, J = 10 Hz, u-CH), 5.73 (s,
CsHj), 4.7 (m, CHy), 3.6 {m, =—=CHR), 2.13 (s, CHj); 3C NMR
(CD3NO,) 6 237.4 (u-CO), 211.8 (CO), 176.6 (COy), 171.9 (u-CH==),
91.3 (C;Hj), 87.2 (=CHR), 69.7 (CH,), 20.7 (CHy); IR (KBr) 2020
(s), 1854 (m), 1746 (w) cm™.

Anal. Caled for CigH,;F¢Fe,O:P: C, 37.93; H, 3.01. Found:
C, 38.07; H, 3.17.

(8) Kriger, C. R.; Rochow, E. G. J. Organomet. Chem. 1963, 1, 476.

(9) In this paper the periodic group notation is in accord with recent
actions by IUPAC and ACS nomenclature committees. A and B notation
is eliminated because of wide confusion. Groups IA and IIA become
groups 1 and 2. The d-transition elements comprise groups 3 through 12,
and the p-block elements comprise groups 13 through 18. (Note that the
former Roman number designation is preserved in the last digit of the
new numbering: e.g., III — 3 and 13.)
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9: 'H NMR (acetone-dg) 6 11.40 (t, J = 8.3 Hz, u-CH), 7.16
(t, J = 5.4 Hz, CH(OAc),), 4.87 (s, C;Hy), 3.47 (dd, J = 8.3, 5.4
Hz, CH,), 2.13 (s, CHy); **C NMR (acetone-dg, 126 MHz, -40 °C)
8 272.1 (u-CO), 213.9 (CO), 169.4 (CO,), 161.3 (u-CHR), 92.2
(CH(OA0),), 88.2 (C;Hy), 57.6 (CHS), 20.8 (CHy); IR (CH,Cl,) 1981

(s), 1944 (w), 1779 (m), 1761 (m) cm™'; HRMS calcd for CoHyg-
0O,Fe, 483.9901, found 483.9901.
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The reaction of the diiron uw-pentenyl complex [(C5H;)o(CO),Fey(i-CO)(u-nt,9%-(E)-CH=
CHCH,CH,CHy)1*PF¢ (5) with CH,CN produces the monoiron pentenyl compound (C;H;){CO),Fe-
((E)-CH=CHCH,CH,CHj,) (10) in 67% yield. Similarly, the u-vinyl complex [(CsH;),(CO),Fe;(u-CO)-
(u-n',n?-CH=CH,)]*PF¢" (8b) reacts with CH;CN to produce (C;H;){(CO),FeCH=CH, (9) in 58% yield
and (C;H;)(CO)Fe(CH;CN),*PF,~ (11) in 54% yield. The kinetics of the reactions of 5 and of 8b with
CH,CN are first order in both diiron complex and CH;CN. The 100-fold larger second-order rate constant
for unsubstituted u-vinyl complex 8b relative to u-pentenyl complex 5 can best be explained by rate-de-
termining attack of CH;CN on the u-alkenyl complexes. u-Alkenyl diiron complexes 5 and 8b were also
converted to monoiron alkenyl compounds 10 (56% yield) and 9 (61% yield) by treatment with Nal and
CO in acetone. Complete cleavage of the u-alkenyl group from iron was achieved by treatment with Lil,
CO, and HBF; with these conditions, 1-pentene was obtained from 5 in 72% yield and CH,—CHCH-
(Ce¢H,-p-CH,), (20) was obtained in 48% yield from [(CsH;)o(CO)oFey(u-CONu-n'n?-(E)-CH=CHCH-

(CsH,fp‘CHg) 2) ] +PFS_ ( 18) .

Introduction

The reactions of the diiron methylidyne complex
[(CsHj5)o(CO)oFey(u-CO) (u-CH)1*PFg (1) with certain
alkenes such as 1-methylcyclohexene and trans-stilbene
vield new u-alkenyl complexes 2 and 3, respectively. These
reactions proceed via initial electrophilic attack of 1 on the
carbon-carbon double bond followed by carbocation re-
arrangement.?

H
Lo O “71
CSHS\Fg—-\Fe’CSHS CsHs\F \Fg’csHs
R > oo e\/e\co

N
0) l(Cl) \C\
N 0
CsEH;: 2
‘ CeHs
HCICgMs)
" HlCeHsl,
CeHg Corls N
N BTN R
oTNae TN
Fe—Fe o ¢ Co
& 3

Most monosubstituted alkenes however react via a hy-
drocarbation® pathway in which the C-H bond of 1 is
added across the carbon—carbon double bond of the alkene.
For example, 1 reacts with 1-butene to yield the pentyli-
dyne complex [(CsH;)5(CO) Fe,y(u-CO)(u-C(CH,);CH,) -
PF; (4).* Upon heating at 88 °C in the solid state, al-

(1) Casey, C. P.; Fagan, P. J.; Miles, W. H. J. Am. Chem. Soc. 1982,
104, 1134,

(2) Casey, C. P.; Fagan, P. F.; Miles, W. H.; Marder, S. R. J. Mol.
Catal. 1988, 21, 193.

(3) Casey, C. P.; Fagan, P. J. J. Am. Che. Soc. 1982, 104, 4950.
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kylidyne complexes such as 4 cleanly rearrange to u-alkenyl
complexes such as [(C5Hj;)o(CO) Fey(u-CO)(p-n',n*(E)-
CH=CHCH,CH,CH,)]*PF; (5).> Several 1,2-dialkyl-
substituted alkenes such as cyclohexene react with 1 via
hydrocarbation® to give alkylidyne complexes 6 which then
equilibrate with the related w-alkenyl complexes 7.
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The reaction of 1 with most alkenes can lead to u-alkenyl
complexes either directly or indirectly via isomerization.
Therefore, it became important to examine the chemistry
of u-alkenyl complexes with the aim of releasing the or-
ganic moiety in a synthetically useful manner. Many new
dinuclear complexes with bridging organic groups have
been synthesized by reaction of metal carbene,’ carbyne,?

(4) Casey, C. P.; Fagan, P. J.; Meszaros, M. W.; Bly, R. K,; Marder,
S. R.; Austin, E. A, J. Am. Chem. Soc., manuscript in preparation.

(5) Casey, C. P,; Marder, S. R.; Adams, B. R. J. Am. Chem. Soc.,
submitted for publication.

(6) Casey, C. P.; Meszaros, M. W.; Marder, S. R.; Fagan, P. J. J. Am.
Chem. Soc. 1984, 106, 3680.
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9: 'H NMR (acetone-dg) 6 11.40 (t, J = 8.3 Hz, u-CH), 7.16
(t, J = 5.4 Hz, CH(OAc),), 4.87 (s, C;Hy), 3.47 (dd, J = 8.3, 5.4
Hz, CH,), 2.13 (s, CHy); **C NMR (acetone-dg, 126 MHz, -40 °C)
8 272.1 (u-CO), 213.9 (CO), 169.4 (CO,), 161.3 (u-CHR), 92.2
(CH(OA0),), 88.2 (C;Hy), 57.6 (CHS), 20.8 (CHy); IR (CH,Cl,) 1981

(s), 1944 (w), 1779 (m), 1761 (m) cm™'; HRMS calcd for CoHyg-
0O,Fe, 483.9901, found 483.9901.
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The reaction of the diiron uw-pentenyl complex [(C5H;)o(CO),Fey(i-CO)(u-nt,9%-(E)-CH=
CHCH,CH,CHy)1*PF¢ (5) with CH,CN produces the monoiron pentenyl compound (C;H;){CO),Fe-
((E)-CH=CHCH,CH,CHj,) (10) in 67% yield. Similarly, the u-vinyl complex [(CsH;),(CO),Fe;(u-CO)-
(u-n',n?-CH=CH,)]*PF¢" (8b) reacts with CH;CN to produce (C;H;){(CO),FeCH=CH, (9) in 58% yield
and (C;H;)(CO)Fe(CH;CN),*PF,~ (11) in 54% yield. The kinetics of the reactions of 5 and of 8b with
CH,CN are first order in both diiron complex and CH;CN. The 100-fold larger second-order rate constant
for unsubstituted u-vinyl complex 8b relative to u-pentenyl complex 5 can best be explained by rate-de-
termining attack of CH;CN on the u-alkenyl complexes. u-Alkenyl diiron complexes 5 and 8b were also
converted to monoiron alkenyl compounds 10 (56% yield) and 9 (61% yield) by treatment with Nal and
CO in acetone. Complete cleavage of the u-alkenyl group from iron was achieved by treatment with Lil,
CO, and HBF; with these conditions, 1-pentene was obtained from 5 in 72% yield and CH,—CHCH-
(Ce¢H,-p-CH,), (20) was obtained in 48% yield from [(CsH;)o(CO)oFey(u-CONu-n'n?-(E)-CH=CHCH-

(CsH,fp‘CHg) 2) ] +PFS_ ( 18) .

Introduction

The reactions of the diiron methylidyne complex
[(CsHj5)o(CO)oFey(u-CO) (u-CH)1*PFg (1) with certain
alkenes such as 1-methylcyclohexene and trans-stilbene
vield new u-alkenyl complexes 2 and 3, respectively. These
reactions proceed via initial electrophilic attack of 1 on the
carbon-carbon double bond followed by carbocation re-
arrangement.?
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Most monosubstituted alkenes however react via a hy-
drocarbation® pathway in which the C-H bond of 1 is
added across the carbon—carbon double bond of the alkene.
For example, 1 reacts with 1-butene to yield the pentyli-
dyne complex [(CsH;)5(CO) Fe,y(u-CO)(u-C(CH,);CH,) -
PF; (4).* Upon heating at 88 °C in the solid state, al-

(1) Casey, C. P.; Fagan, P. J.; Miles, W. H. J. Am. Chem. Soc. 1982,
104, 1134,

(2) Casey, C. P.; Fagan, P. F.; Miles, W. H.; Marder, S. R. J. Mol.
Catal. 1988, 21, 193.

(3) Casey, C. P.; Fagan, P. J. J. Am. Che. Soc. 1982, 104, 4950.
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kylidyne complexes such as 4 cleanly rearrange to u-alkenyl
complexes such as [(C5Hj;)o(CO) Fey(u-CO)(p-n',n*(E)-
CH=CHCH,CH,CH,)]*PF; (5).> Several 1,2-dialkyl-
substituted alkenes such as cyclohexene react with 1 via
hydrocarbation® to give alkylidyne complexes 6 which then
equilibrate with the related w-alkenyl complexes 7.
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The reaction of 1 with most alkenes can lead to u-alkenyl
complexes either directly or indirectly via isomerization.
Therefore, it became important to examine the chemistry
of u-alkenyl complexes with the aim of releasing the or-
ganic moiety in a synthetically useful manner. Many new
dinuclear complexes with bridging organic groups have
been synthesized by reaction of metal carbene,’ carbyne,?

(4) Casey, C. P.; Fagan, P. J.; Meszaros, M. W.; Bly, R. K,; Marder,
S. R.; Austin, E. A, J. Am. Chem. Soc., manuscript in preparation.

(5) Casey, C. P,; Marder, S. R.; Adams, B. R. J. Am. Chem. Soc.,
submitted for publication.

(6) Casey, C. P.; Meszaros, M. W.; Marder, S. R.; Fagan, P. J. J. Am.
Chem. Soc. 1984, 106, 3680.
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vinylidene,® and vinyl*® complexes with coordinatively
unsaturated organometallic compounds. However, little
attention has been devoted to systematically fragmenting
dinuclear bridging hydrocarbyl complexes into mononu-
clear complexes under mild conditions.

Since coordinated alkenes can be displaced from mo-
nonuclear iron-alkene complexes by various nucleophiles
under mild conditions, we considered using a similar ap-
proach on the dinuclear u-alkenyl system. Pettit’s group
reported that the vinyl complex [(C;H;),(CO).Fey(u-
CO)(u-n',n*-CH=CH,)]*BF," (8a), reacts with CD,CN to
give a solution with TH NMR resonances at § 7.13 (dd, J
=12.0, 7.0 Hz), 5.80 (dd, J = 7.0, 2.0 Hz), 5.53 (dd, J =
12.0, 2.0 Hz) assigned to vinylic protons and resonances
at 6 4.88 and 4.83 assigned to cyclopentadienyl protons.
They suggested that CD;CN displaced the coordinated
vinyl moiety to give structure I1.'! However, the reported

(=] H 5 CCDJ
= b 7TH N
Cort I i aCels CN CeHsme V' /o _aCHs
s 5>Fé—-\Fef S _EDyCN | Cesasl | fies
AR WA
N Y
0 0
8

a [
IR spectrum of the solution obtained by dissolving 8a in
CH,;CN has bands at 2040, 2002, and 1960 ¢cm™; a low-
energy bridging CO band expected for II was conspicuously
absent. This suggests that the product of the reaction of
8a with CH3;CN might not be II. Instead, CD;CN may
have caused the u-alkenyl complex 8 to fragment to a
mononuclear (C;H;)Fe(CO),CH=CH, complex, 9,2 and
some solvated iron complex. Here we report the results
of our investigation of the reactions of diiron u-alkenyl
complexes with CH;CN and other nucleophilic ligands.

Results

Conversion of Diiron u-Alkenyl Complexes to Iron
Alkenyl Complexes with CH;CN. The u-pentenyl
complex 5 was stirred in CH;CN under N, at 35 °C for 2.5
days. Then most of the CH;CN was evaporated under
vacuum. Extraction of the residue with hexane and
chromatography of the hexane solution gave the monoiron
pentenyl complex (C5H;)(CO)Fe((E)-CH=
CHCH,CH,CH,) (10) in 67% yield.
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The structure of 10 was established spectroscopically.
In the 'H NMR (CgDg) spectrum, the vinylic protons of
10 give rise to resonances at § 6.40 (d, J = 15.1 Hz) and
5.82 (dt, J = 15.1, 6.7 Hz); the cyclopentadienyl protons

(7) Awang, M. R,; Jeffery, J. C.; Stone, F. G. A. J. Chem. Soc., Dalton
Trans. 1983, 2091.

(8) Ashworth, T. V.; Chetcuti, M. J.; Farugia, L. j.; Howard, J. A. K.;
Jeffery, J. T.; Mills, R.; Pain, G. N.; Stone, F. G. A,; Woodward, P. In
“Reactivity of Metal-Metal Bonds”; Chisholm, M. H., editor; American
Chemical Society: Washington, D.C., 1981; ACS Symp. Ser., No. 155, pp
299-313 and references therein.

(9) Antoneva, A. B.; Kolobova, N. E.; Petrovsky, P. V.; Lokshin, B. V.;
Obezyuk, N. 8. J. Organomet. Chem. 1977, 137, 55 and references therein.

(10) Nesmeyanov, A. N.; Rybinskaya, M. L; Rybin, L. V.; Kaganovich,
V. S.; Petrovskii, P. V. J. Organomet. Chem. 1971, 31, 257.

(11) Kao, S. C.; Lu, P. P. Y; Pettit, R. Organometallics 1982, 1, 911.

(12) King, R. B.; Bisnette, M. B. J. Organomet. Chem. 1964, 2, 15.
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appear at 6 4.06. The shifts of the vinyl protons in 10 are
substantially different from the shifts of the vinyl protons
in the dinuclear complex 5, in which the vinyl group is
complexed to an iron atom. In u-pentenyl complex 5, the
vinyl protons appear at 6 12.10 (d, J = 10.3 Hz) and 3.62
(m) in (CD4),CO. The infrared spectrum of 10 has bands
at 2007 (s) and 1960 (s) cm™ in hexane and is similar to
the spectra of other iron alkenyl complexes.!?18

Attempts to shorten reaction times for the conversion
of 5 to 10 by heating the CH;CN solution to 50 °C yielded
substantial amounts of (C;H;),Fe. Because of the thermal
instability and air sensitivity of 10, we have never obtained
a highly pure (295%) sample.

When the p-vinyl complex [(CsH;)o(CO)oFeq(u-CO) (u-
ntm%-CH=CH,)]*PF; (8b) was stirred in CH,CN, com-
plete conversion to 9 was observed in 1.5 h as indicated
by infrared spectroscopy. After workup, 9 was isolated in
58% yield. The major ether insoluble product from the
reaction was (Cs;H;)(CO)Fe(CH;CN),"PF,~ (11)!* which
was isolated in 54% crude yield (contaminated with a small
amount of (CzHj),Fe).
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When a mixture of 6 and 7, obtained from the reaction
of 1 with cyclohexene, was reacted with CD;CN in an
NMR tube, conversion to the alkenylidene complex

(CsH;),(CO)yF e,y (u-CO) (u-C=CCH,CH,CH,CH,CH,) (12)
was observed by 'H NMR. Small amounts of several un-
identified products were present as evidenced by reso-
nances in the cyclopentadienyl region. There were no
singlets in the 6 5.8-8.0 region where the vinyl proton of

(CsH;)(CO),FeCH==CCH,CH,CH,CH,CH, (13) would
have been expected to appear (5% detection limit).

Kinetics of the Conversion of u-Alkenyl Complexes
to Iron Alkenyl Complexes. Qualitatively, the reaction
of the unsubstituted u-vinyl complex 8b with CH,CN was
much faster than the reaction of the monosubstituted
u-pentenyl complex § with CH,;CN.

If the reaction proceeded via unimolecular dissociation
of the complexed alkene followed by rapid trapping of the
vacant coordination site with CH;CN, the substituted
u-alkenyl complex 5 would have been expected to react
faster than 8, since substituted alkenes are normally less
tightly bound to metals than unsubstituted alkenes. On
the other hand, if CH,CN displaces the complexed alkenyl
ligand in the slow step, the more crowded u-pentenyl
complex 5 should react slower than the unsubstituted vinyl
complex 8b. Even though associative processes are un-
common for 18-electron complexes, we suspected that an
unusual associative mechanism was operative in this case.

To determine whether the conversion of u-alkenyl com-
plexes to iron—alkenyl complexes was proceeding by an
associative or dissociative pathway, their rates of conver-
sion were measured as a function of CH;CN concentration.

The visible spectrum of unsubstituted u-vinyl complex
8b exhibits an absorption maximum at 557 nm (¢ 2554
cm™ M1, see Experimental Section) in CH;CN, whereas
the product reaction mixture has almost no absorbance in
this region. When the reaction of 8b with CH;CN was

(13) Miles, W. H. Ph, D, Dissertation, University of Wisconsin-Mad-
ison, 1984,
(14) Catheline, D.; Austrue, D. J. Orgnomet. Chem. 1984, 272, 417,
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Table I. Disappearance of 8b in CHyCN/CH;NO;, Monitored
at 557 nm at 26.0 £ 0.5 °C

conen® of CH,CN, M 10* kgpeg,>® 871

105 by ML g7t

1.74 0.67 + 0.02 3.86
4.79 1.40 £ 0.01 2.92
9.57 2.70 £ 0.01 2.82
19.15 5.44 £ 0.02 2.84

¢The remainder of the solvent was CH;NO,. ®Slope from In [4,
~ A,]/[Ag - A.} vs. time plot of data. = average deviation. 9k, =
Egbea/ [CH3CN].

Table I1. Disappearance of 5 in CD;CN/CD;NO, Monitored
by 'H NMR Spectroscopy at 24.6 = 0.2 °C

conen® of CH;CN, M 108 Rgpea,? 871 107 k24 M1 g1

9.57 2.76 £ 0.08 2.88
19.15 5.05 £ 0.10 2.64

¢The remainder of the solvent was CD;NQ,. *Slope from -In
[mol % of 5] vs. time plot of data. °+ average deviation. ¢k, =
kobsd/[CHSCN]-

monitored by visible spectroscopy, the disappearance of
the absorption at 557 nm was pseudo first order to greater
than 4 half-lives. The disappearance of 8b as a function
of time was monitored at 560 nm for several CH;CN
concentrations in CH;NO,. CH3;NO, was chosen as the
cosolvent because its dielectric constant (38.6) is very
similar to the dielectric consant of CH;CN (36.2).

Results of various runs with CH3CN concentrations
ranging from 1.74 to 19.15 M in CH;NO, are summarized
in Table I. As the CH;CN concentration was increased,
the value of kg increased but little variation of the sec-
ond-order rate constant &y (Bypeg = #o[CH;CN]) was ob-
served. This establishes that the rate of reaction is first
order in both CH;CN and u-vinyl complex 8b.

The u-pentenyl complex 5 also has an absorption max-
imum in the visible region at 564 nm (¢ 813 cm™ M),
However, the reaction of 5 with CH;CN could not easily
be monitored by following the disappearance of this band
with time, since the reaction of 5 with CH;CN is very slow
and secondary reactions possibly arising from small
amounts of air leaking into the system gave variable re-
sults. To circumvent these problems, the progress of the
reaction was monitored by 'H NMR spectroscopy in sealed
tubes using CD3;CN and 1:1 CDyCN/CD;NO,. In both
cases the reactions were monitored to over 1 half-life.
Results from these runs are summarized in Table II. A
pseudo-first-order disappearance of u-pentenyl complex
5 was observed. As before, the pseudo-first-order rate
constant was directly proportional to the CD;CN concen-
tration. In agreement with our initial qualitative obser-
vation that 8b is more reactive than 5 with CH;CN, the
second-order rate constant for the reaction of 8b with
CH,CN is approximately 100 times larger than the sec-
ond-order rate constant for the reaction of 5 with CH;CN.

Conversion of Diiron u-Alkenyl Complexes to Iron
Alkenyl Complexes with Nal and CO. The reaction of
u-pentenyl complex 5 with CH;CN is a very slow reaction
requiring 2-3 days for completion and, when carried out
at higher temperature, substantial decomposition occurred.
The mixture of 6 and 7 reacts with CD;CN to form the
alkenylidene complex 12!% due to loss of the highly acidic
methine proton from 6. As a result of these limitations,
improved procedures for the conversion of u-alkeny! com-
plexes to mononuclear alkenyl complexes were sought.

(15) Marder, S. R. Ph.D. Dissertation, University of Wisconsin—-Mad-
ison, 1985.

(16) Nesmeyanov, A. N,; Leshcheva, 1. F.; Polovanyuk, I. V.; Ustynyuk,
Y. A.; Makarova, L. G. J. Organomet. Chem. 1972, 37, 159,
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Since alkenes are easily displaced from [(C;H;)-
(CO),Fe(alkene)]* with I-,'® the reaction of u-alkenyl
complexes with I" under an atmosphere of CO was exam-
ined with the hope of isolating mononuclear alkenyl com-
plexes and C;H;(CO),Fel (14). In the reaction of 5 with
CO in methylene chloride, no reaction was observed by IR
during 24 h at 80 °C. However, 5 reacts cleanly with CO
and Nal in acetone at ambient temperature to give 10 in
56% yield and 14 in 62% yield. Under the same condi-
tions, the u-vinyl complex 8b gives 9 (61%) and 14 (67%).
The major advantage of the CO and I cleavage over
CH4CN cleavage is that the reaction is faster; it is complete
within 2.5 h even with the sterically conjested u-pentenyl
complex 5.

CSHS\FF\;CSHS Nal, CO ,_1© Iy
— —_— . .-Fe +
e\/e\c 0 NN ot 4
o o 0 ¢ ¢
b s o w1 o

The Nal and CO reaction conditions provide a slightly
basic medium and deprotonation of alkenyl complexes or
of alkylidyne complexes in equilibrium with alkenyl com-
plexes can interfere with formation of monoiron alkenyl
complexes. When the equilibrating mixture of p-alkylidyne

complex [(C5H5)2(CO)2F62(#'CO)(#'CCHCHQCHgCHZC'
H,)]*PF; (15) and u-alkenyl complex [(C;H;)o(CO),Fe,-

(u-CO){(g-n*,n>-CH=CCH,CH,CH,CH,)]PF, (16) (ob-
tained from reaction of 1 with cyclopentene) was reacted
with CO and Nal in acetone, the major product identified
by 'H NMR was the u-alkenylidene complex (C;H;),-
(CO)oFey(p-CO) (u-C=CCH,CH,CH,CH,) (17).1* Although
some 14 was formed, none of the desired monoiron alkenyl
complex was observed. Similarly, when [(CsHj;),-
(CO),Fey(u-CO) (u-n' m-(E)-CH=CHCH(C,H - p-CH;),]*-
PF;'7 (18) (obtained from reaction of 1 with CHy~C-
(C¢H-p-CHj3),) was subjected to the same cleavage con-
ditions, deprotonation occurred to give (CsHjz)o(CO).Fe,-
(u-CO)[u-CHCH=C(C;H,-p-CHj;),] in 59% yield.

To circumvent the deprotonation problem, the reactions
were run in the presence of acid, excess I", and CO. In
addition, we anticipated that the mononuclear alkenyl
complexes might react with acid in situ to form alkenes.

Reaction of u-pentenyl complex 5 with Lil, CO, and
HBF+Et,0 gave 1-pentene in 72% yield (by GC) and 14
in 48% yield. Similarly, the u-alkenyl complex 18 reacts
to form CH,=—CHCH(C;H-p-CH,), (20) in 48% yield after
chromatography. However, when the mixture of 6 and 7
was treated with Lil, CO, and acid in CD4CN, a peak in
the 'H NMR at 6 5.05 (assigned to 14) appeared, but no
resonances attributable to methylenecyclohexane were
seen. In a control experiment, methylenecyclohexane was
destroyed by either HBF+Et,O or by HI in CH;CN.

Discussion

Kinetic studies indicate that both 5 and 8b react with
CH,CN by an associative mechanism. The initial reaction
with CH;CN must be slow relative to a subsequent frag-
mentation reaction since no intermediates in the conver-
sion of u-alkenyl complexes to mononuclear alkenyl com-
plexes were observed by 'H NMR or IR spectroscopy. The
approximately 100-fold faster rate for the reaction of the
unsubstituted u-vinyl complex 8b relative to that of the

(17) Casey, C. P.; Meszaros, M. W.; Fagan, P. J.; Bly, R. K.; Colborn,
R. E. J. Am. Chem. Soc., manuscript in preparation.
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Scheme 1
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substituted u-pentenyl complex 5 is best understood as a
steric effect which slows attack of CH;CN on the more
substituted complex 5.

We propose that these reactions proceed by rate-de-
termining attack of CH;CN which displaces the coordi-
nated alkenyl group and generates an intermediate, II (this
is the same structure that Pettit suggested for the final
product of the reaction). This intermediate then undergoes
either spontaneous or CH,CN induced cleavage to give the
mononuclear alkenyl complex and (C;H;)Fe(CO)-
(CH;CN),* (11).

Monoiron alkenyl complexes can also be prepared by
reaction of diiron u-alkenyl complexes with I" and CO.
While this method is more rapid (for example, the con-
version of 5 to 10 requires 3 days for completion with
CH4CN, but only 2.5 h with CO and I"), deprotonation was
a problem for some diiron u-alkenyl complexes such as 18.

When the diiron y-alkenyl complexes were treated with
I, CO, and H*, fragmentation did not stop at the monoiron
alkenyl stage. Instead, complete cleavage of the u-alkenyl
group to a free alkene was observed. The mechanism
proposed is shown in Scheme I. Reaction with CO and
I" is proposed to generate the monoiron alkenyl complex
10 and 1 equiv of 14. Electrophilic attack of H* on the
B-carbon of 10 could produce the iron alkylidene complex
III. A subsequent 1,2-hydride shift would give the iron
alkene complex IV. Finally, I" displaces the free alkene
and generates a second equivalent of 14.

These acidic cleavage conditions not only overcome the
deprotonation problem encountered when CO and I™ alone
were used but also provide a clean one-step conversion of
the bridging alkeny! ligand to an alkene. Whereas 18 is
deprotonated by I and CO to give the diiron alkylidene
complex 19, treatment with H*, CO, and I" leads to an
alkene, presumably via acid cleavage of an intermediate
monoiron alkenyl compound. However, this reaction is still
not general. For example, attempted cleavage of the
mixture of 6 and 7 to methylenecyclohexane failed since
methylenecyclohexane is not stable under these highly
acidic reaction conditions.

AN+

Experimental Section

General Data. 'H NMR spectra were recorded on a Bruker
WH 270, WP 270, or WP 200 spectrometer. 3C NMR spectra
were recorded on a JEOL FX 200 spectrometer operating at 50.1
MHz. CD,Cl,; was dried over P,0O;; acetone-dg was dried over
molecular sieves or B,03; CD;NO, was dried over CaHy; CD;,CN
was dried over P,O; or CaH,; benzene-dg was distilled from purple
solutions of sodium and benzophenone. NMR samples were
prepared and sealed on a vacuum line and centrifuged prior to
analysis. IR spectra were recorded on a Beckman 4230 infrared
spectrometer calibrated with polystyrene film. Visible spectra
were recorded on a Cary Model 118 UV-visible spectrometer.
Kinetics monitored by visible spectroscopy were run on a Gilford
Model 222 spectrometer equipped with a Haake constant tem-
perature bath. Mass spectra were obtained on an AEI-MS-902
or a KRATOS-MS-80 mass spectrometer. Air-sensitive com-
pounds were handled by using standard vacuum line procedures,
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Schlenk procedures and glovebox manipulations. CH3;CN was
distilled from P,05 or CaHy; CHgNO, was distilled from CaH,;
hexane was distilled from purple solutions of sodium, benzo-
phenone, and tetraglyme; CH,Cl, was distilled from P,O;; acetone
was distilled from B;0s. Nal and Lil were pulverized and then
heated under vacuum prior to use. Gas chromatographic analyses
were performed on a Varian Aerograph 2400.

mmol) was stirred in CH;CN (20 mL) for 48 h at 35 °C. Most
of the CHyCN was evaporated under vacuum. The remaining solid
was extracted with hexane which was passed through a short plug
of activity III alumina. Evaporation of solvent under vacuum
afforded 10 as a yellow oil (36.4 mg, 67%): 'H NMR (270 MHz,
CgDe) 6 6.40 (d, J = 15.1 Hz, 1 H), 5.82 (dt, J = 15.1, 7 Hz, 1 H),
4.06 (s, 5 H), 2.32 (q, J = 7 Hz, 2 H), 1.47 (pentet, J = 7 Hz, 2
H), 0.98 (t, J = 7 Hz, 3 H); *C{*H} NMR (50.1 MHz, C¢Ds) 5 216.8
(CO), 145.7, 124.0 (CH=CH), 85.4 (C;H;), 41.7 (CHCH,), 23.8
(CH,CH,), 13.8 (CHy); IR (hexane) 2007 (s), 1960 (s) cm™!; mass
spectrum caled for C;,H;  FeO, m/e 246.0339, found m/e 246.0344.

Reaction of 5 with CO and I". 5 (90 mg, 0.18 mmol), Nal
(31 mg, 0.20 mmol), and CO (0.56 atm) were stirred in acetone
for 1 h at 0 °C and 1.5 h at ambient temperature to give after
chromatography 10 (25 mg, 56%) and 14'¢ (34 mg, 68%).

Reaction of 8b with CH,CN. 8b'! (0.980 g, 1.97 mmol) was
stirred in 20 mL of CH,CN at 35 °C for 2 h. The solution was
concentrated to 5 mL under vacuum. The solution was extracted
with hexane (5 X 15 mL) and the combined hexane layers were
passed through an alumina plug (1 X 8 cm). After solvent was
evaporated on a rotary evaporator at ambient temperature, 9
remained as a yellow oil (0.233 g, 58%): 'H NMR (200 MHz,
CD,Cly) 6 7.13 (dd, J = 17, 9 Hz, 1 H), 5.86 (dd, J = 9,1 Hz, 1
H), 5.39 (dd, J = 17, 1 Hz, 1 H), 4.84 (s, 5 H). *C{'H} NMR (50.1
MHz, CD,Cl): §216.5 (CO), 140.7, 130.5 (CH==CH,), 86.1 (C;H;);
IR (CH4CN) 2011 (s), 1957 (s) cm™.

The hexane-insoluble fraction from above was dried under high
vacuum for 2 h and was recrystallized by dissolution in CH;CN
(15 mL), filtration, and precipitation with (C,H;),0 (20 mL)
vielding 11 (0.400 g, 54%): 'H NMR (200 MHz, acetone-dg) 8 5.01
(s, 5 H), 2.47 (s, 6 H); *C{*H} NMR (50.1 MHz, (CD5),CO, 10 °C,
0.07 M Cr(acac)s) 6 214.6 (CO), 133.8 (CN), 79.5 (C5H;)8 2.0 (cHy);
IR (CH,Cl,) 2000 ¢m™.

Reaction of 8b with CO and I". A solution of 8b (200 mg,
0.40 mmol) and Nal (66 mg, 0.44 mmol) in 8 mL of acetone under
0.74 atm of CO was stirred at —78 °C for 10 min and at ambient
temperature for 1 h. Solvent was evaporated, and the residue
was dissolved in Et,0 and chromatographed (alumina with
hexane) to give 9 (50 mg, 61%) as a yellow oil contaminated with
a small amount of ferrocene. Elution with hexane/ether gave
purple-black 14 (82 mg, 67%).

Reaction of 6 and 7 with CD;CN. A 1.4:1 mixture of 6/7°
(~5 mg) was dissolved in CD3CN (0.3 mL) and monitored by 'H
NMR spectroscopy. After 5 min a spectrum was taken, which
showed 6 and 7 as indicated by the cyclopentadienyl resonances
at 6 5.36 and 5.31. Alkylidene complex 12 was also present as
indicated by a resonance at § 4.93 for the cyclopentadienyl rings.
The ratio of 6:7:12 was 1.4:1.0:0.9. After 20 min the ratio was
1.4:1.0:1.5; after 25 h the ratio was 1.3:1.0:3.6. After 27 h several
impurities were present (~25%); however, the major organo-
metallic species present was 12.

Kinetics by Visible Spectroscopy. In a preliminary ex-
periment, 8b!! (6.0 mg, 0.012 mmol) was dissolved in CH,;CN (10.0
mL) and a visible spectrum was recorded within 2 min. The
absorption maximum at 557 nm had A = 0.67. Since there were
roughly 2 min of reaction time (~15% reaction) prior to ac-
quisition of the spectrum, the minimum value for ¢ is 554 cm™
ML

For kinetic runs, ~1.0 mM solutions of 8b in CH;CN/CH;NO,
were syringed into argon-purged cuvettes through a septum cap.
Under a flush of argon, the septum cap was replaced with a Teflon
plug.

Kinetics by !H NMR Spectroscopy. u-Pentenyl complex
5% (~2 mg) was dissolved in CD3CN or a 1:1 mixture of
CD;CN/CD;NO, in an NMR tube. The tubes were sealed under
vacuum and maintained at 24.6 °C by using a constant tem-
perature bath. The reaction was periodically monitored by 'H
NMR spectroscopy, using the integrated intensities of the vinyl,
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cyclopentadienyl, and methyl protons as a measure of the extent
of reaction. For both the 19.15 M CH;CN and 9.56 M CH,CN
concentrations, the reactions were monitored to over 1 half-life.

Reaction of 5 with Lil, HBFE;O0, and CO. 5 (12 mg, 0.022
mmol), Lil (12) mg, 0.085 mmol), HBF+Et,0 (4.2 uL, 5.4 mg, 0.033
mmol), and CD,Cl, (0.5 mL) were sealed in an NMR tube under
1 atm of CO. The slow reaction at 35 °C was monitored by 'H
NMR for 10 days. The volatile components were vacuum
transferred into a flask containing the internal GC standard
n-hexane (2.8 uL,, 0.8 mg). The yield of 1-pentene was determined
to be 72% by analytical gas chromatography (10% SE-30, 25 °C).
Et,0 extraction of the black residue in the NMR tube gave 14
(6.3 mg, 48%).

Reaction of 18 with LiI, HBF Et,0, and CO. 18 (436 mg,
0.63 mmol), Lil (210 mg, 1.57 mmol), HBF-Et,0 (0.156 mL, 202

mg, 1.25 mmol), and CH;CN (12.5 mL) were heated at 50 °C under
1 atm of CO for 8 h. Solvent was evaporated under vacuum, and
the residue was extracted with hexane. Preparative TLC (silica
gel/hexane) gave 20 (62 mg, 48%) as a colorless oil: 'H NMR
(200 MHz, acetone-dg) 6 7.10 (s, 8 H), 6.33 (ddd, J = 7.3, 10.1,
17.2 Hz, 1 H), 5.15 (dm, J = 10.1 Hz, 1 H), 4.97 (dm, J = 17.2
Hz, 1 H), 4.68 (d, J = 7.3 Hz, 1 H), 2.26 (s, 6 H); *C{'H} NMR
(50.1 MHz, CD4CN) 6 21.1 (CHy), 51.1 (methine CH), 116.1 (=
CHy), 129.2, 130.0 (ortho, meta), 136.8, 142.0, 142.2 (ipsb, para,
CH=); mass spectrum calced for C;;H;qs m/e 222.1404, found m/e
222.1409.
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The unsymmetrically substituted chelating 1,1-diphosphine Ph,PCH,P(CH;), reacts with the cluster
(u3-CH4C)Co3(CO), to give the chiral cluster (u3-CH3C)Co3(CO),(Ph,PCH,P(CHj;),) as a racemic mixture.
A method of resolving this cluster is studied. Substitution of a carbonyl by an asymmetric monophosphine
yields the cluster (u3-CH3C)Co3(CO)(Ph,PCH,P(CH,),)L*. The two expected diastereoisomers are
characterized by NMR and HPLC, and no epimerization process is detected. Under CO pressure the
monophosphine is selectively replaced to give back (u5-CH;C)Co,3(CO);(Ph,PCH,P(CH,),) but racemization
of the cluster frame occurs under these conditions. The use of this cluster as a catalyst for styrene

hydroformylation is discussed.

Introduction

Clusters are known to be efficient catalyst precursors
for different types of reactions: hydrogenation, hydro-
formylation, cyclopropanation.! However, the precise
nature of reactive species is still unknown. In some in-
stances complete recovery of the starting cluster compound
has been reported.? However, definitive experimentation
that demonstrates that cluster fragmentation and refor-
mation do not account for formation of the active catalyst
has yet to appear. That is until now, no definitive proof
has been presented that demonstrates that the cluster itself
is a catalytic intermediate.

Criteria for identifying transition metal cluster catalyzed
reactions have been reviewed,?® however, the simplest way
of resolving the problem was pointed out some years ago:*
observation of asymmetric induction in a reaction catalyzed
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by a chiral cluster, the chirality of which comes from the
cluster frame (excluding a chiral ligand), would demon-
strate that the active species is of necessity a cluster.
To our knowledge, only a few examples, all of them
heteronuclear, of optically active chiral clusters have been
published.*® Photoinitiated hydrosilylation in the pres-
ence of a racemic cluster has been described by Pittman.”
Using a resolved cluster as the catalyst, he was unable to
observe any asymmetric induction. Moreover, at the end
of the reaction the cluster recovered was completely ra-
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concentrations, the reactions were monitored to over 1 half-life.
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1 atm of CO. The slow reaction at 35 °C was monitored by 'H
NMR for 10 days. The volatile components were vacuum
transferred into a flask containing the internal GC standard
n-hexane (2.8 uL,, 0.8 mg). The yield of 1-pentene was determined
to be 72% by analytical gas chromatography (10% SE-30, 25 °C).
Et,0 extraction of the black residue in the NMR tube gave 14
(6.3 mg, 48%).

Reaction of 18 with LiI, HBF Et,0, and CO. 18 (436 mg,
0.63 mmol), Lil (210 mg, 1.57 mmol), HBF-Et,0 (0.156 mL, 202

mg, 1.25 mmol), and CH;CN (12.5 mL) were heated at 50 °C under
1 atm of CO for 8 h. Solvent was evaporated under vacuum, and
the residue was extracted with hexane. Preparative TLC (silica
gel/hexane) gave 20 (62 mg, 48%) as a colorless oil: 'H NMR
(200 MHz, acetone-dg) 6 7.10 (s, 8 H), 6.33 (ddd, J = 7.3, 10.1,
17.2 Hz, 1 H), 5.15 (dm, J = 10.1 Hz, 1 H), 4.97 (dm, J = 17.2
Hz, 1 H), 4.68 (d, J = 7.3 Hz, 1 H), 2.26 (s, 6 H); *C{'H} NMR
(50.1 MHz, CD4CN) 6 21.1 (CHy), 51.1 (methine CH), 116.1 (=
CHy), 129.2, 130.0 (ortho, meta), 136.8, 142.0, 142.2 (ipsb, para,
CH=); mass spectrum calced for C;;H;qs m/e 222.1404, found m/e
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Introduction

Clusters are known to be efficient catalyst precursors
for different types of reactions: hydrogenation, hydro-
formylation, cyclopropanation.! However, the precise
nature of reactive species is still unknown. In some in-
stances complete recovery of the starting cluster compound
has been reported.? However, definitive experimentation
that demonstrates that cluster fragmentation and refor-
mation do not account for formation of the active catalyst
has yet to appear. That is until now, no definitive proof
has been presented that demonstrates that the cluster itself
is a catalytic intermediate.

Criteria for identifying transition metal cluster catalyzed
reactions have been reviewed,?® however, the simplest way
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cemized. Thus, this work failed to prove catalysis by intact
clusters.

Our goal in the work reported here was to synthesize an
homometallic chiral cluster that could be easily resolved
and act as a catalyst. It seemed to us that the hest ap-
proach was to generate an homometallic chiral cluster in
which all the metal centers could act as catalysts rather
than a mixed chiral cluster such as those described by
Vahrenkamp.*® We have already performed the synthesis
and X-ray structure determination of the (u3-CH;C)Co;-
(CO),(dppm) cluster shown in Chart 1,2 which contains the
bidentate bridging ligand bis(diphenylphosphino)methane
(dppm). This cluster acts as a catalyst for olefin hydro-
formylation, as does (u3-PhC)Cos(CO),.°

Substitution of an unsymmetrically substituted 1,1-di-
phosphine for dppm should lead to a chiral cluster. The
use of a bidentate phosphine ligand for the synthesis of
a chiral cluster is important from several points of view.
A bidentate phosphine ligand will stabilize the cluster and
serve as a better ligand by comparison with the imino or
thicamido or formamido ligands used by Patin!® and
Deeming!! in the synthesis of chiral clusters. It is well-
known that phosphines have desirable effects on the ac-
tivity and selectivity of catalysts.

In addition, further substitution with a chiral agent such
as a monophosphine could be used to resolve the cluster.
The monophosphine should be more labile than the bi-
dentate phosphine and removed by CO. Such a resolution
is not readily possible in the case of the cluster (us
C1L,C)Co4(CO)-(P(OCzH,-p-CH3);P(OCH;),Ph) reported by
Bruce during the course of our work.!?

We present here the synthesis of a racemic mixture of
the cluster (u;-CH3C)Coy(CO),(Ph,PCH,P(CH;),) and the
related clusters (u;-CH3C)Cos(CO)4((Ph,PCH,P(CH,),) L*
obtained by substitution of a carbonyl ligand with a chiral
phosphine L*. The isomerism and the stability of these
compounds are discussed, and their catalytic activity for
styrene hydroformylation is studied. The separation of
the diastereomer clusters followed by selective decoordi-
nation of the chiral phosphine are performed leading to
a racemized cluster.

Experimental Section

All reactions were carried out under nitrogen atmosphere and
solvents deoxygenated before use. THF was distilled from ben-
zophenone—sodium. (R)-(+)-PAMP (methylphenyl-o-anisyl-
phosphine) and (R)-(+)-CAMP (methylcyclohexyl-o-anisyl-
phosphine) were prepared according to the Knowles procedure.!®
(S)-(+)-(2-Methylbutyldiphenylphosphine) was purchased from
Strem Chemicals.

Synthesis of the Diphosphine (CH;),PCH,PPh,. To a
suspension of Ph,PCH,Li (5.13 mmol) in pentane, prepared by
the method of Peterson,!4 was added 5 mL of THF. The resulting
solution then was added slowly at room temperature to a mixture
of 530 mg (5.49 mmol) of Me,PCl in 8 mL of THF. Decoloration
of the anion was observed. After 2 h the mixture was treated with

(8) Balavoine, G.; Collin, J.; Bonnet, J. J.; Lavigne, G. J. Organomet.
Chem. 1985, 280, 429.

(9) Ryan, R. C.; Pittman, C. U., Jr.; Connor, J. P. 0. J. Am. Chem. Soc.
1977, 99, 1986.

(10) (a) Patin, H.; Mignani, G.; Mahgé, C.; Le Marouille, J. Y.; Benoit,
A.; Grandjean, D.; Levesque, G. J. Organomet. Chem. 1981, 208, C39. (b}
Benoit, A.; Darchen, A.; Le Marouille, J. Y.; Mahé, C.; Patin, H. Or-
ganometallics 1983, 2, 555.

(11) Arce, A. J.; Deeming, A. J. J. Chem. Soc., Chem. Commun. 1980,
1102.

(12) Bruce, M. 1,; Matisons, J. G.; Nicholson, B. K.; Williams, M. L.
J. Organomet. Chem. 1982, 236, C57.

(13) (a) Knowles, W. S.; Sabacky, M. J.; Vineyard, B. D. Adv. Chem.
Ser. 1974, No. 132, 274. (b) Knowles, W. S. U.S. Patent, 4005127, 1977;
Chem. Abstr. 1977, 86, 190463.

(14) Peterson, D. J. J. Organomet. Chem. 1967, 8, 199.

Collin et al.

water and extracted with dichloromethane and the extracts were
dried over magnesium sulfate. The product obtained after con-
centration of the extracts was chromatographed on silica and
eluted by a mixture of ether/pentane (1:9). A 439-mg (33% vyield)
sample of diphosphine were obtained (NMR data were identical
with those already published).!®

Synthesis of Clusters. 1 [(u3-CH,C)(Co3(CO);-
(Ph,PCH,P(CH;),)]. To a solution of 1 g (2.19 mmol) of (u;-
(CH4C)Cos(CO)y (prepared by a published method'6) in 15 mL
of benzene was added slowly 0.57 g (2.19 mmol) of Ph,PCH,P-
(CHy); in 10 mL of benzene. Gaseous evolution was observed,
and the mixture turned darker. After 2 h the solution was con-
centrated and chromatographed on a silica column. The product
was eluted first with pentane/dichloromethane (70:30) as a purple
band and separated from a second brown band. After recrys-
tallization from pentane/ether (2:1) the product was obtained as
purple crystals (1.06 g, yield 73%; mp 164 °C). Anal. Calcd: C,
43.66; H, 3.21; Co, 26.78; P, 9.38. Found: C, 43.91; H, 3.30; Co,
25.78; P, 9.25. The mass spectrum was recorded by using a
chemical ionization technique on a Ribermag R 10-10 spectrometer
(M + 1, m/e 661). 3C NMR spectrum (recorded on a Cameca
250-MHz spectrometer at —40 °C; ppm): apical C, 288; CO, 204.9,
204.8, 204.7, 204.6, 204.5, 204.4, 204.2; CH;-C, 45.2; CH,, 44.2 (Jp¢
= 21.4 Hz.

2a [(p3-CH4C)Co3(CO)¢(Ph,PCH,P(CH,),)PPh,(CH,)]. A
solution of 100 mg (0.15 mmol) of cluster 1 and 30 mg (0.15 mmol)
of PPhy(CHj) in benzene (10 mL) was heated at 60 °C for 16 h.
After concentration, the solution was chromatographed on a silica
column. A black band was eluted with pentane/dichloromethane
(80:20). The crude product was recrystallized from ether/pentane
(1:2) to give 50 mg (40% yield) of black crystals (mp 115 °C).

2b [(u3-CH3C)Co3(CO)(Ph,PCH,(CH;),(CH,;PPh(o-
anisyl))]. A solution of 214 mg (0.32 mmol) of (ug-CH4C)Cos-
(CO);(Ph,PCH,P(CHjy),) and 80 mg (0.35 mmol) of (R)-(+)-
phenylanisylmethylphosphine [(R)-(+)-PAMP] in benzene (10
mL) was heated at 60 °C for 2 h. After concentration, the solution
was chromatographed on a silica column. Two bands were sep-
arated with a mixture of pentane/dichloromethane (60:40). The
first was red and contained the starting material 1, the second,
black, contained cluster 2b. The crude product was recrystallized
from ether/pentane (1:2) at 0 °C to give 172 mg of black crystals
(yield 62%; mp 168 °C). Anal. Caled: C, 51.53; H, 4.21; Co, 20.50;
P, 10.77. Found: C, 51.29; H, 4.09; Co, 21.09; P, 10.94.

2¢ [(u3-CH3C)Co3(CO)g(Ph,PCH,P(CH;),)(CH;P(0-
anisyl)cyclohexyl)]. A solution of 218 mg (0.33 mmol) of cluster
1 and 78 mg (0.33 mmol) of (R)-(+)-cyclohexylanisylmethyl-
phosphine [(R)-(+)-CAMP] in benzene (20 mL) was heated at
60 °C for 3 h. After concentration the solution was chromato-
graphed on a silica column. Elution with pentane/dichloro-
methane (1:1) gave a single black band. The crude product was
crystallized from pentane at —20 °C to give 157 mg of black crystals
(55% yield; mp 155 °C dec). Anal. Caled: C, 51.17; H, 4.87; P,
10.70. Found: C, 51.25; H, 5.02; P, 10.74.

2d [(#3-CH,C)Co3(CO)4(Ph,PCH,P(CH,),) (CH,CH(C,Hy)-
CH,PPh,)]. A solution of 140 mg (0.21 mmol) of cluster 1 and
59 mg (0.23 mol) of (S)-(+)-2-methylbutyldiphenylphosphine in
benzene (8 mL) was heated at 60 °C for 4 h. After concentration,
the solution was chromatographed on a silica column. With ether
as solvent, a black band eluted first, followed by a purple band.
The black product was crystallized from pentane/ether (2:1) at
0 °C to give 107 mg of black crystals (57% yield: mp 126 °C).
Anal. Caled: C, 54.06; H, 4.76; P, 10.46. Found: C, 54.28; H,
5.02; P, 10.37.

HPLC. A Zorbax ODS (inverse-phase column (25 X 5 mm)
was used for the HPLC chromatographic studies. Quantities
injected for each analysis were approximately 10 uL of solution
containing 1 mg of cluster for 1 mL of dichloromethane. The
products were eluted with mixtures of methanol and water con-
taining different amounts of water (10% for cluster 2d, 15% for
2b and 2¢, 20% for 1 and 2a). The pump was a Du Pont 8800
type, and the flow rate used was 1.3-1.6 mL/min. One peak was

(15) Harsch, H. M.; Schmidbaur, H. Z. Naturforsch. B: Anorg. Chem.,
Org. Chem. 1977, 32B, 762.

(16) Seyferth, D.; Hallgren, J. E.; Hung, P. L. K. J. Organomet. Chem.
1973, 50, 265.
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observed for cluster 1, and two peaks were observed for cluster =
2. The best separation was obtained for compound 2e¢. e
For the preparative separation of cluster 2¢, the same type of = Tt =
column (Zorbax ODS, inverse phase, 25 X 9.6 mm) was used with z T o @’é‘ ~
the same eluant and injections of 50 uL of a solution containing @ BT =
20 mg of cluster in 2 mL of methanol. Retention times of the N Ao "‘“g gy .
two diastereoisomers were 45 min for A’ and 47 min for A”, and § § = § - < 9
the two fractions were collected manually. For each injection the - 3,
two fractions were diluted with about 12 mL of solvent and S 8
evaporated to dryness under vacuum just after elution to limit Q’g,\ —_ )
decomposition of the cluster (which is very rapid in these dilutions - 27 g £ I~
and cannot be avoided). After purification of each diastereoisomer = el = «
on a silica column, 9.8 mg of A’ and 5.8 mg of A” were obtained. o grwe n:'
Transformation of Cluster 2b into Cluster 1. A solution ) ¢ - - g
of 82 mg (0.095 mmol) of 2b in benzene was added to a 250-mL <. o &
magnetically stirred autoclave under argon. The autoclave was = —_— - &
pressurized with 20 bars of carbon monoxide. Overnight, at room & &z & 3 =
temperature, the solution turned red. This solution was con- 7 8 8 o Eg
centrated and chromatographed on an alumina column. With o o o T g
a mixture of pentane/ether (1:1) the PAMP was eluted first, 3 c
followed by a purple band containing 57 mg (91% yield) of cluster = = ’m: 23
1. 5 © 0 e
Hydroformylation. All the hydroformylations were carried R © - N,:‘.‘Q =8
out in a 250-mL stainless-steel autoclave. Reactions were run with ®o. 2 23< Jg i
solutions of 0.06 mmol of catalyst, 20 mL of toluene, and 1.82 g é § 2 E*E*é =5
(17.5 mmol) of styrene. This corresponds to a 292:1 styrene/ E c O o OO E o
cluster ratio. The solution containing the cluster and styrene in = g §
toluene was pressurized at room temperature at 80 bars with a o 4 o X & - N
mixture of hydrogen/carbon monoxide (1:1) and then heated with - | T SEmS X AT A £ o
an oil bath. £ gElg T 2 2 2 F =
The yields of 3-phenylpropanal and 2-phenylpropanal were ~ ?«3’1 - | g S 8 & 28
based upon the initial quantity of styrene. They were determined e °TIL 8 8 8 & & & 3 2
by analytical GL.C on a 3-m OV 225 column using an internal % ©
standard. = g ~ -~ T cg
O Z~AnlS 2 o =
Results and Discussion s ;« g E = 3 é - & & A am-i
Synthesis of the 1,1-Diphosphine Ph,PCH,P(CH,),. 2 IBI1SS12 £ 82 = - A3
Two different synthetic routes to the diphosphine A ) N O T T T 25
Ph,PCH,P(CH,), were explored: reaction of the lithiated 2, R~ e
anion of trimethylphosphine with diphenylchloro- 2 AEE —_ - o=
phosphine!® and reduction by sodium of the disulfide ) ~E §= -~ AELELET ;’3
(CHy);(S)PCH,P(S)Ph, obtained by a published method.” 3 5lase E EJESES- 8
Both methods gave poor yields in our hands. Additionally, i FTliod 8 REmanSs A§
we found that reaction of the lithiated anion of methyl- - RS T B BN S O
diphenylphosphine (obtained by the Peterson method)* ~ _ s E
with dimethyllchlorophosphine gave the 1,1-diphosphine %‘ w2 = = % 5
- . — Rl
in 33% yield.! r = E - - 299 ot 22
. oom temp alt— - 32} o ” o N o
Ph,PCH,Li + (CHj;),PC1 THF PH,PCH,P(CH,), s PR T
: & & = = 2%
Synthesis of Clusters 1 and 2. The very air-sensitive §' soT @ @ s ® o
diphosphine (CH;),PCH,PPh, reacts at room temperature 2 ﬁ f; = ° 2
in benzene under argon with the cluster (u;-CH3C)Cos- 1\'§
(CO), to give cluster 1. = = =
(CH3)2PCH2PPh2 + (CH30)CO3(CO)9 3 |© 0 8 [« S = Te) _g £
room temp el = ©OOOWw 0 =8
(CH;C)Co4(CO),(Ph,PCH,P(CH;),) + 2CO Cﬁ ?1| ,C.? e $I q % & & 3,
—_— o~ — p— ' Ul
Spectroscopic data (Table I) and analysis are in agree- ‘L;i’ = f"i@i@i@ i@ A’:‘» ‘;,‘
ment with the structure in which the ligand bridges two 2 Bg388s ew g
cobalt atoms. In the NMR spectrum nonequivalence of 8 KRTRT3 2e go
the protons of the methylene group'® as in (u;-CH;C)- 'S
Co3(CO);(dppm) supports the hypothesis that the two g © 5
phosphorus atoms coordinate to two different metal cen- B g o)
ters. The IR spectrum, which shows no bridging carbonyls, ) =g
- K.
(17) Wheatland, D. A,; Clapp, C. H.; Waldron, R. W. Inorg. Chem. @ 3 IS N
1972, 11, 2340, o ' . S a A i GE
(18) The synthesis of a similar diphosphine, using the same methods, A~ S = O S
was reported in the course of manuscript preparation: Wolf, T. E.; & < < o O =
Klemann, L. P. Organometallics 1982, 1, 1667. A~ A~ D = It g
(19) If the two protons of the methylene group were equivalent, a . N IS
doublet of doublet should be observed; in the spectrum twelve peaks are o < < o g
separated (maximum sixteen). - cg ) & g 8
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Chart I1
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and the analogy with the compound (u3-CH3C)Co3(CO),-
(dppm), whose structure we have described elsewhere,?
provide strong support for the structure in Chart II, where
the two phosphorus atoms are in pseudoequatorial posi-
tions.

This cluster is chiral although it is obtained as a racemic
mixture. We have never observed spontaneous resolution
in any manipulation resulting in crystallization. The
nonequivalence of the two methyl groups of the ligand in
the NMR spectrum reveals the nonreversible coordination
of the phosphine. That is to say, there should be no rac-
emization of cluster 1 in solution at room temperature on
the NMR time scale. v

When compound 1 is heated in benzene with a mono-
phosphine, a third carbonyl group is replaced by the
phosphine and clusters 2a—~d are obtained. The IR and
NMR data are reported in Table L.

+ L BT

(CH,C)Cog(CO),((CHy),PCH,PPhy)
1 llg

(CHgC)CO3(CO)6(Ph2PCH2P(CHa)Q)L
2a, L = Ph.P(CH,)
2b, L = PAMP
2¢, L. = CAMP
2d, L= CH3CH(CzH5)CH2PPh2

60 °C

Isomerism of Cluster 2. Monosubstitution of a car-
bonyl group of the cluster 1 can lead to three isomers A,
B, and C according to the site of the reaction (Chart III).

With PCH;Ph, a single product is obtained. Presuma-
bly, for electronic and steric reasons, the formation of
isomer A is favored. In the NMR spectrum of cluster 2a
the methyl group of the monophosphine is coupled with
only one phosphorus atom, another reason to prefer
structure A. In compounds 2b—d, which contain a chiral
phosphine, there are two centers of chirality. If the
monophosphine could coordinate to any of the three cobalt
atoms, three pairs of diastereoisomers (one for each of the
three structures A, B, and C) would result. The two dia-
stereoisomers A, and A, corresponding to structure A are
shown in Chart IV.

In the clusters 2b—d the 'H NMR signals of the methyl
group located on the apical carbon are doublets. This
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Figure 1. 'H NMR spectrum of (u3-CCH,;)Cos(CO)s(PoMePh-
(anisyl)) (Me,PRCH,PPh,): (a) without phosphorus decoupling;
(b) with P, decoupling; (c) with Pg decoupling.

cadoyy

difference between compounds 1 and 2a is evidence for the
occurrence of two cluster diastereoisomers.

Similarly, the signals due to the methyl substituents of
the o-anisyl group in clusters 2b,c are doublets. From
phosphorus decoupling in the NMR spectrum of cluster
2b (Figure 1) we can attribute the origin of the doublet
to two diastereoisomers and not to coupling with one
phosphorus of the monophosphine or of the diphosphine.

On HPLC of either pure 2b, 2¢, or 2d two peaks are
eluted, which we consider to be definitive evidence for the
existence of two diastereoisomeric forms for each cluster.

Stability of Cluster 2. Keeping in mind the aim of
resolving cluster 1, for separation to be possible, cluster
2 must not epimerize in solution. We know already that
clusters 2a-d do not epimerize through the HPLC sepa-
ration because two peaks are observed. When cluster 2b
was heated at 60 °C for 2 h in benzene in an NMR tube,
no coalescence of signals was observed. So neither deg-

Chart III
CH, CH, CH,
| l (I:
,-’C S /
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CH CH,
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Chart IV
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radation of the compound nor interconversion of the two
diastereoisomers (on the NMR time scale) was detected.
Under these conditions the cluster remains intact.

This result is somewhat different from those published
by Jaouen and coworkers.?? They studied the molecule
(ﬂ.3'(cH3)QCHOQCO)CO3(CO)7(Ph2PCH2CH2ASPh2) and
found a dynamic phenomenon: the diastereotopy of the
two methyl groups is observed only at low temperature.
However, in this case racemization could occur by dec-
oordination and recoordination of the As ligand, which is
not as tightly bound as a phosphine. Alternatively, the
six-membered chelate ring could adopt a chiral confor-
mation, at low temperature. For the molecules we have
studied, we can assess from the NMR and HPLC data that
the clusters coordinated by three phosphorus atoms do not
epimerize. This is not surprising because the presence of
the monophosphine should stabilize the cluster and make
an epimerization process more difficult, occurring by co-
ordination and decoordination of the diphosphine. Also,
as we noted previously, in the clusters 2 as in the cluster
1, the diphosphine is always tightly bound to two cobalt
atoms, as shown by the nonequivalence of the methyl
groups and of the protons of the methylene group of the
phosphine. Another process of racemization could be to
break the Co,—Co; and Co,~C apical bonds (Co, is the
cobalt atom ligated by three carbonyls, and Co, and Co,
are the two cobalt atoms ligated by the diphosphine) and
to rotate the Co,—C apical bond with respect to the Co,~Cog
bond. This mechanism postulated by Jacuen® should not
operate in this case, due to the steric hindrance and the
rigidity of the five-membered ring.#

Separation of the Diastereoisomers of Cluster 2c.
All attempts to separate the two diastereoisomers by
column chromatography on silica or alumina or by crys-
tallization have failed as did a kinetic resolution of cluster
1 (with (R)-(+)-PAMP or with (R)-(+)-CAMP). For the
three clusters 2b, 2¢, and 2d, the two diastereoisomers can
be separated by analytical reverse-phase HPLC. The best
separation is obtained for cluster 2¢. The products cor-
responding to the two peaks (A’ and A” according to the
order of elution) are separated and isolated by the use of
a semipreparative reverse-phase HPLC column (9.6 mm
diameter, 25 cm long), with injections of about 0.5-1 mg
of cluster. The separation is quite effective: each product
A’ and A” injected independently on the HPLC column
in the same conditions shows a purity of 95%. The dilu-
tion of the solutions recovered at the end of the HPLC
(MeOH/H,0, 85:15) are very high (about 107, and under
these conditions decomposition of the cluster is rapid even
if the solutions are concentrated just after the elution. So
the two products A’ and A” must be purified on silica

(20) Jaouen, G.; Marinetti, A.; Saillard, J. Y.; Sayer, B. G.; McGlin-
chey, M. J. Organometallics 1982, 1, 225,
(21) Hanson, B. E.; Mancini, J. 8. Organometallics 1983, 2, 126.
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Table II. Optical Rotatory Dispersion of Diastereoisomers
of Cluster 2¢: (o), (MeOH, deg)

A, nm
589 578 546 436
—-460 (40) —430 (40) -220 (30)  +200 (30)

isomer A’ (¢ 0.98
mg/mL)

isomer A” (c 0.58 —790 (90) -860 (90) -960 (100) -1570 (140)
mg/mL)

Scheme I. Racemization of Cluster 1 in the
Transformation 2¢ > 1

2¢ (two diasterecisomers A' + A")

separation by preparative HPLC

A A
\CO (40 bors) iCO (18 bars)
1 1+ 2¢

(two diasterecisomers A' + A")

CAMP separation on silica column
Y
2¢ 1
(two diasterecisomers A" + A")
'CAMP
2¢

L (two diasterecisomers A' + A")
columns. NMR spectra of the two products A’ and A”
(Table I) are different, and the signals correspond to those
obtained for cluster 2c.

Optical rotations were measured in methanol for A’ and
A” (Table II). HPLC appears to be an efficient technique
for the separation of the diastereoisomers of cluster 2e.

Transformation of Cluster 2 into Cluster 1 (cf.
Scheme I). We have investigated the selective decoor-
dination of the chiral monophosphine (R)-(+)-CAMP or
(R)-(+)-PAMP from clusters 2b and 2c. After a night at
room temperature under a 20-bar pressure of carbon
monoxide, 2b and 2¢ give back cluster 1 in quantitative
yield. The diphosphine is not labilized. After the sepa-

(CHac)Cog(CO)e(thPCHzP(CHE,) Lx 2
b, L* = PAMP
2c, L* = CAMP
(CH;C)Co5(CO);(Ph,PCH,P(CH,),) + L*
1

ration of the diastereoisomers A’ and A” of cluster 2¢ we
tried to decoordinate under these conditions the (R)-
(+)-CAMP on each isomer and to measure the enantiom-
eric purity of each enantiomer of cluster 1 obtained. These
clusters are dark purple, and their optical rotations are
difficult to measure with precision, so each cluster is re-
acted once again with (R)-(+)-CAMP. The ratio of the two
diastereoisomers obtained in each case determined by
HPLC analysis must be the same as the ratio of the en-
antiomers of cluster 1 and give the value of the enan-
tiomeric purity.

Cluster 1 obtained from product A’ shows no optical
rotation, and after recoordination with (R)-(+)-CAMP the
mixture of diastereoisomers A’ and A” in 50:50 ratio is
recovered. Racemization of the cluster frame has occurred
during the process of substitution of the monophosphine
by carbon monoxide (A’ — 1) and/or during the recoor-
dination of the monophosphine (1 — 2¢). Product A”
reacts with carbon monoxide under a lower pressure (18
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Table III. Hydroformylation of Styrene®

%
T, °C PhC-
(auto- total (CH3)H- reactn
no. cluster clave) yield, % CHO time
1 MeCCos(CO)y 97 38 0.6 64 h
2 1 72 0
3 1 104 9 0.44 16 h at
72°C +
24 h at
104 °C
4 1 105 23 0.52 67 h
5 1 143 13 0.28 16 h
6 2a 89 10.5 0.51 16 h

¢Reaction conditions: 40 mg of catalyst for 18 mmol of olefin;
solvent toluene; Py,.co = 80 bars. ®No decomposition of cluster 1.
¢Cluster 1 is recovered at the end of the reaction.

bars) and a mixture of clusters 1 and 2¢ (A’ and A”) is
recovered at the end of the reaction. Reaction of (R)-
(+)-CAMP with cluster 1 shows racemization of the cluster
starting from A’ as it occurred from A’ (Scheme I).

There are two possibilities to explain the racemization
of the cluster frame during the ligand exchange depicted
in Scheme I: a process by ligand exchange, which needs
the vacancy of two sites of coordination at the same time;
a process by cleavage of cluster bonds as described above
according to the Jaouen proposal. A decoordination of only
one of the two phosphorus atoms of the diphosphine ligand
would decrease the rigidity of the frame and permit the
racemization of the cluster which is not observed under
other conditions.

Our results do not allow us to distinguish between these
two mechanisms, and it is impossible to tell in which step
of Scheme I (treatment of the diastereoisomer A’ or A”
with CO or the conversion of the resulting 1 back to 2¢)
racemization occurs, or whether 1 itself racemizes at a rate
not detectable on the NMR time scale.

Hydroformylation. The results of the hydro-
formylation of styrene by (u3-CH3C)Cos(CO), and by
clusters 1 and 2b are given in Table III. (u;-CH,C)Co;-
(CO), and cluster 1 catalyze the hydroformylation reaction
under similar conditions. With the diphosphine ligand,
decomposition of the cluster is slower. Cluster 2b catalyzes
hydroformylation of styrene at a lower temperature than
cluster 1. Simultaneously (R)-(+)-PAMP is decoordinated
and at the end of the reaction cluster 1 is obtained. In all
experiments a significant amount of the branched aldehyde
is obtained.??

Collin et al.

Unfortunately, this activity cannot be used for detecting
any optical induction induced by the cluster frame. Even
the use of isomer A’ or A” without decoordination of the
{R)-(+)-CAMP in a hydroformylation reaction would be
hopeless as partial racemization of A” under 18 bars of CO
and at room temperature has been observed.

Conclusion

We have synthesized the chiral cluster 1, (us-CH;C)-
Co3(CO)7(Ph,PCH,P(CH,),), as a racemic mixture and
studied a method of resolving the cluster using a phosphine
as the chiral resolving agent. Substitution of a carbonyl
ligand of cluster 1 by chiral monophosphines provides new
diastereoisomeric clusters which have been characterized.
The absence of epimerization allows their separation. This
is performed on a preparative scale. Although reaction
under CO pressure gives a selective decoordination of
monophosphine and leaves the diphosphine ligand on the
cluster, these conditions cause racemization. We cannot
succeed in the complete resolution of cluster 1. We have
access to the two enantiomers of the chiral frame of an
homometallic chiral cluster, but we cannot be rid of the
auxilliary chiral ligand. Nevertheless, it is the first exam-
ple, to our knowledge, of such a separation. In the future
it should be possible to compare the catalytic activity of
the two diastereoisomers A’ and A” for reactions (excluding
carbonylation) as the stability of the frame in absence of
CO has been established.
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Kinetic Investigation of the Cleavage of n-Butyryl- or
Isobutyrylcobalt Tetracarbonyl with Hydridocobalt Tetracarbonyl
or Dihydrogen
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The acylcobalt tetracarbonyls n-C3H,C(0)Co(CO), (1) and i-C;H,C(0)Co{CO), (2) react with H, or
HCo(CO), to yield n-butyraldehyde and isobutyraldehyde, respectively. The reactions, which are part
of the catalytic cycle in the industrially important hydroformylation of propene, go over the corresponding
acylcobalt tricarbonyls as intermediates formed by CO loss. Radical pathways of aldehyde formation may
be excluded. Although the rate constants of the reactions with HCo(CO), are at 25 °C 24-34 times larger
than those with H,, under the conditions of catalytic hydroformylation (>100 °C and >100 bar H, + CO)
the reaction with H, is mainly responsible for aldehyde formation because of its stronger temperature

dependence and the large concentration of H,.

Introduction

The cleavage of acylcobalt carbonyls by HCo(CO), or
by H, is regarded as the ultimate step of aldehyde for-
mation in hydroformylation:!

RC(0)Co(CO), + HCo(CO), — RCHO + Coy(CO)g (1)
RC(0)Co(CO), + H, — RCHO + HCo(CO), (2)

Conflicting reports have appeared in recent years re-
garding the relative importance of reactions 1 and 2 under
catalytic conditions (>100 °C, >100 bar H, + CO). On the
basis of high-pressure IR studies Alemdaroglu et al.
claimed reaction 1 to be the principal route of aldehyde
formation,2 whereas Mirbach provided evidence for the
predominant role of reaction 2.3

There is also some dispute over the mechanism of these
reactions. In the case of R = EtO we have shown that the
rate of ethyl formate formation is first order in EtOC-
(0)Co(CO),, first order in H, or HCo(CO),, and negative
first order in CO. Most probably the bimolecular reaction
between coordinatively unsaturated EtOC(0)Co(CO); and
the reducing agent is involved in the rate-determining
step. Similar kinetics were found for the cleavage of
EtOC(0)CH,Co(CO), with H, or with HCo(CO),.*> For
R = n-C;H;; in reaction 1, however, it has been reported
that contrary to earlier findings® the rate of aldehyde
formation was not affected by CO and the reaction may
be radical in character.”

Recently one of use developed a new way for the prep-
aration of pure n-butyrylcobalt tetracarbonyl (1) and iso-
butyrylcobalt tetracarbonyl (2) by the fast and quantitative
reaction of HCo(CO), at -79 °C with ethylketene and
dimethylketene, respectively.?® Both complexes are be-

(1) Pino, P.; Piacenti, F.; Bianchi, M. “Organic Syntheses via Metal
Carbonyls”; Wender, 1., Pino, P., eds.; Wiley: New York, 1977; Vol. 2, pp
43-135.

(2) Alemdaroglu, N. H.; Penninger, J. L. M,; Oltay, E. Monatsh. Chem.
1976, 107, 1153.

(3) Mirbach, M. F. J. Organomet. Chem. 1984, 265, 205.

(4) Ungvary, F.; Marké, L. Organometallics 1983, 2, 1608.

(5) Hoff, C. D.; Ungvary, F.; King, R. B.; Marké, L. J. Am. Chem. Soc.
1985, 107, 666.

(6) (a) Breslow, D. S.; Heck, R. F. Chem. Ind. (London) 1960, 467. (b)
Heck, R. F.; Breslow, D. S. J. Am. Chem. Soc. 1961, 83, 4023.

(7) Azran, J.; Orchin, M. Organometallics 1984, 3, 197.

(8) Ungvary, F. J. Chem. Soc., Chem. Commun. 1984, 824,

(9) (a) Cook, M. W.; Hanson, D. N.; Alder, B. J. J. Chem. Phys. 1957,
26, 748. (b) Lachowicz, S. K.; Newitt, D. M.; Weale, K. E. Trans. Faraday
Soc. 1955, 51, 1198.

(10) (a) Gjaldbaek, J. C. Acta Chem. Scand. 1952, 6, 623. (b) Ungvary,
F. J. Organomet. Chem. 1972, 36, 363.
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lieved to be intermediates in the commercially important
propene hydroformylation. Using these model substances,
we now studied the kinetics of their reductive cleavage by
H, and HCo(CQ), in order to obtain information about the
relative importance of reactions 1 and 2 and about their
mechanism.

Results

n-Butyraldehyde and isobutyraldehyde were formed in
quantitative reactions from n-butyrylcobalt tetracarbonyl
(1) and isobutyrylcobalt tetracarbonyl (2), respectively,
using either HCo(CO), or H, under 0.5-3-bar total pressure .
of CO or CO + H, mixtures at 20-45 °C in n-heptane
solution according to the stoichiometries of eq 3-6.

n-PrC(0)Co(CO), + HCo(CO), —
1
n-PrCHO + Co,(CO); (3)

i-PrC(0)Co(CO), + HCo(CO), —»
)
i-PrCHO + Co,(CO)s (4)

2n-PrC(0)Co(CO), + H, —> 2n-PrCHO + Coy(CO)s

(5)
2i-PrC(0)Co(CO), + H, —> 2i-PrCHO + Co,(CO)s
6

The initial rates of these reactions could be measured
by infrared spectroscopy following the decrease of acyl
complex concentration and by the increase of product
concentration. From the results of the kinetic measure-
ments at 25 °C (Figure 1 and Table I), reaction rates first
order in 1 or 2, approximately first order in HCo(CO), or
H,, and approximately negative first order in CO were
calculated. Both reductions showed a strong temperature
dependence (Figure 2) and became faster by using DCo-
(CO), and D, instead of HCo(CO), and H,, respectively
(Table II).

At low concentrations of H, (py, ~ 1 bar) no HCo(CO),
could be detected as an intermediate in reactions 5 and
6 by IR. At higher concentrations of H, (py, = 50-80 bar),
however, considerable amounts of HCo(CQ), accompanied
the aldehyde product. Under the same conditions no
HCo(CO), could be detected in a blank experiment starting
from Co0y(CO)g alone (Table IIT). These experiments show
that aldehyde formation with H, occurs in two steps over

© 1986 American Chemical Society
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Figure 1. Influence of concentrations of initial rates of n-
butyrylcobalt tetracarbonyl (1; r3) and isobutyrylcobalt tetra-
carbonyl (2; r,) consumption (eq 3 and 4) at 25 °C in n-heptane
solution. a: O, experiments at constant [1] = 0.0122 M and [CO]
= 0.0108 M; X, experiments at constant [HCo(CO),] = 0.0122 M
and [CO] = 0.0108 M; +, experiments at constant [1] = [HCo-
(CO),] =0.0122 M. b: O, experiments at constant [2] = 0.0122
M and {COJ] = 0.0108 M; X, experiments at constant [HCo(CO),]
= 0.0122 M and [CO] = 0.0108 M; +, experiments at constant
[2] = [HCo(CO),] = 0.0122 M.
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Figure 2. Kinetic data of reactions 3-6 in n-heptane at different
temperatures plotted as [RC(0)Co(CO),]/r vs. [CO]/[H~X]: a,
R= n'CaH7, X= CO(CO)4; b, R= n-C3H7, X = H, C, R= i-03H7,
X = Co(CO)4 d, R = i-C3H,, X = H.

reaction 2 followed by reaction 1, and at sufficiently high
H, concentrations reaction 2 may become faster than re-
action 1. The observed rates r; and rg are therefore at low
H, concentrations twice as high as those of the primary
reactions represented by eq 5a and 6a, respectively.

n-PrC(0)Co(CO), + H, — n-PrCHO + HCo(CO),
(5a)

i-PrC(0)Co(CO), + H, — i-PrCHO + HCo(CO), (6a)

The data in Table III show that CO exerts its negative
influence on the rates of reactions 5 and 6 not only around
atmospheric pressure but also at high pressures as well.

By adding Ph;P to solutions of 1 and 2 in n-heptane,
1 mol of CO was released and the Ph;P derivatives of the
acyls were formed (eq 7 and 8).

1 + PhyP —> n-PrC(0)Co(CO)s(PPhy) + CO  (7)
2 + PhyP —> i-PrC(0)Co(CO)s(PPhy) + CO  (8)

The rate of CO evolution in reactions 7 and 8 at 5-25
°C was first order in 1 and 2 and was dependent of both

Kovdcs et al.
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Figure 3. Kinetic data of reactions 7 and 8 in n-heptane at
different temperatures plotted as [RC(0)Co(CO),}/r vs. {CO]/
[Ph3P]' a, R= n-C3H7; b, R= i'CgH'I.

Scheme I
PhaP

o RgCo(CO)3lPPh3) + €O

k Hi
R(':ICO(CO)L —f‘—‘ CO «+ R(,;CO(CO):; —M» R(‘;H + COZ(CO)S
0 -1 0 ks 0
3ord
k3,/RCCo(CO)3+ CO
H 0
k2 RCH + HColCO),
A Hi

0

R = CH3(CHy); in 1 and 3
R=(CHyCH in2and 4

PhyP and CO concentration in a complex way (Table IV
and Figure 3).! Kinetic data in Table IV show that Ph;P
had a slightly positive and CO had a slightly negative effect
on the rates of reactions 7 and 8.

The observed negative effect of CO on the rates of re-
actions 3-8 can be rationalized by assuming the formation
of an acylcobalt tricarbonyl in small concentrations fol-
lowed by its reaction with either PhyP, HCo(CO),, or H,
in competition with CO (Scheme I)

The kinetic measurements yielded linear plots of
[acyl]/rs4 vs. [CO]/[HCo(CO)4], [acyl]/rs¢ vs. [COl/[Hy]
(Figure 2), and [acyl]/ry g vs. [CO]/[PhyP] (Figure 3) ac-
cording to the expected rate laws for Scheme I using
steady-state approximation for the acylcobalt tricarbonyl
intermediate (eq 9-11). The rate constants k_;/k;k,,

[RC(0)Co(CO),4} /r75 = k4[CO] /k1ky[PhsP] + 1/k,
9)

[RC(0)Co(CO)y] /134 =
k_1[COJ/k ks [HCo(CO),] + 1/k; (10)

[RC(0)Co(CO),] /156" = k1[CO)/Riky[H,] + 1/k; (11)
k. /kikg, k_1/k.ky, and 1/k, for Scheme I could be therefore

(11) Constant first-order rates, independent of phosphine concentra-
tion, have been found for the substitution of CO by Ph,P for a great
number of acylcobalt tetracarbonyls in diethyl ether solution. The rate
constants of these reactions were regarded as a measure of the rate of CO
dissociation from the acylcobalt tetracarbonyl.!?

(12) Heck, R. F. J. Am. Chem. Soc. 1963, 85, 651.
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Table I
a. Kinetic Data for Reactions of 1 and 2 with HCo(CO), (Eq 3 and 4) at 25 °C in n-Heptane Solutions
10%[1], M 10%2], M 10%[3], M 10%[CO},* M 10875,> Meg™! 108r,,b Meg!

0.74 1.22 1.08 1.91

1.76 1.22 1.08 4.53

3.10 1.22 1.08 7.95

5.12 1.22 1.08 12.84

1.22 1.07 1.08 2,75

1.22 2.21 1.08 5,62

1.22 3.46 1.08 8.70

1.22 4.26 1.08 10.65

1.22 5.48 1.08 13.47

1.22 1.22 0.40 8.40

1.22 1.22 0.47 7.04

1.22 1.22 0.63 5.35

1.22 1.22 1.07 3.14

1.22 1.22 2.25 1.49
0.43 1.22 1.08 1.47
1.34 1.22 1.08 5.06
2.86 1.22 1.08 9.83
3.72 1.22 1.08 12.59
4.86 1.22 1.08 14.35
5.89 1.22 1.08 20.08
1.22 0.61 1.08 2.08
1.22 1.64 1.08 5.53
1.22 3.15 1.08 10.35
1.22 4.56 1.08 15.05
1.22 5.44 1.08 17.90
1.22 6.75 1.08 21.40
1.22 1.22 0.24 18.41
1.22 1.22 0.28 15.43
1.22 1.22 0.42 10.41
1.22 1.22 0.53 8.37
1.22 1.22 1.07 4.61
1.22 1.22 2.00 2.56

b. Kinetic Data for Reactions of 1 and 2 with H, (Eq 5 and 6) at 25 °C in n-Heptane Solutions
1071], M 10%[2], M 103[H,],* M 10°[CO],* M 107r5,> Meg™ 107rg,2 Mg

1.37 2.14 5.29 0.80

1.18 2.60 4,10 1.08

0.57 3.28 2.38 1.13

1.35 3.28 2.38 2.68

2.14 3.28 2.38 4.23

1.21 3.70 1.30 4.93
1.29 2.15 5.32 1.30
1.19 2.61 4,12 1.88
241 2.15 5.32 2.43
2.35 2.61 4,12 3.71
3.84 2,15 5.32 3.87
1.31 3.25 2.36 4.50
3.50 2.59 4,12 5.53
4.05 2.59 4.08 6.40
4.96 3.25 4.08 7.83
1.27 1.29 0.45 8.99
1.27 3.76 1.29 9.00

4 Calculated from pgo and the solubility of CO in n-heptane.’ ®Initial rates measured by IR. ¢Calculated from P, and the solubility of

H, in n-heptane.?

Table II. Kinetic Isotope Effects on the Initial Rates of the Reactions 3-6 at 25 °C in n-Heptane Solutions

103[H,],
1041}, M 10%[2], M 10%}HCo(CO),], M M 10°{CO1’ M 107ry, Ms™! 107y, Mis™! 107r5, Mgt 107rg, Mes™?
1.21 1.07 10.8 27.2
1.00 0.68° 10.7 17.9
1.34 1.11 10.7 48.0
0.98 1.14° 10.7 50.1
1.21 3.70 1.30 4.9
1.89 3.92¢ 1.07 10.4
1.27 3.76 1.29 9.0
1.44 3.92¢ 1.07 14.4

¢ Calculated from py, (or pp,) and the solubility of H, (or D,) in n-heptane.? ®Calculated from pgg and the solubility of CO in n-heptane.!

¢DCo(CO),. ¢Ds,.

derived from the kinetic data as the slopes and the in-
tercepts of Figures 2 and 3 and are collected in Tables V
and VI. It should be noted here, that the numbers com-
piled in Tables V and VI were calculated by regression

analysis of the measured values and not evaluated from
Figures 2 and 3.

The acy! complexes 1 and 2 are stable in hydrocarbon
solution at room temperature under an atmospheric
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Table III. Effect of CO and H, on the Conversion of 1 or 2 into HCo(CO),, Co;(CO)4, and the Corresponding n-Butyraldehyde
or Isobutyraldehyde under Pressure at 45 °C (Initial Concentrations [1] = [2] = 0.015 M)

Dcos bar P, bar time, min convn of 1, % convn of 2, % [HCo(CO)4]/[Coy(CO)g}
1 80 10 0.00°
1 80 10 68 0.94
1 80 10 >85 0.62
10 50 10 38
10 50 15 83 1.63
10 50 20 76
10 50 35 87
14 50 25 39 1.92
20 50 15 36
20 50 25 25 1.78
60 50 15 12
60 50 30 25 0.77
66 50 25 8
120 50 15 6
100 50 30 14
120 50 25 4

¢ Experiment started with [Co,(CO)g] = 0.015 M, without 1 or 2.

Table IV. Initial Rates of CO Substitution in 1 and 2 by PhyP at Various Conditions in n-Heptane Solution

temp, °C 10911, M 103[2], M 10%{Ph,P], M 10%[CO}* M 108r,, Mes! 1085, Mes™?
5 4.53 3.33 9.17 8.7
5 4.53 1.20 9.18 8.3
5 4.53 0.67 9.18 7.8
5 4.53 0.45 9.18 7.4
5 4.53 0.67 4.54 8.4
5 4.53 0.67 18.4 6.9
5 4.53 3.33 9.17 19.4
5 4.53 1.20 9.27 18.4
5 4.53 0.67 9.27 18.0
5 4.53 0.50 9.27 17.6
5 4.53 0.30 9.27 16.6
5 4.53 0.67 4.66 18.6
5 4.53 0.67 18.7 16.8
15 4.53 0.30 9.89 14.3
15 2.47 0.35 9.93 25.5
15 4.53 0.40 9.75 27.0
15 4.53 0.50 9.85 27.8
15 0.90 0.67 9.85 5.6
15 1.81 0.67 9.86 11.5
15 4.53 0.67 9.89 28.3
15 9.04 0.67 9.86 57.6
15 4.53 1.20 9.88 29.8
15 4.52 5.00 9.88 31.2
15 2.46 0.25 9.92 27.3
15 5.00 0.30 9.94 56.8
15 2.46 0.39 9.92 29.6
15 5.00 0.50 9.94 58.7
15 1.00 0.67 9.93 12.4
15 5.00 0.67 9.82 25.8
15 10.0 0.67 9.84 129
15 2.46 0.59 9.92 31.5
15 2.00 0.67 9.82 25.8
15 2.48 1.25 9.92 33.7
¢ Caleulated from pcg and the solubility of CO in n-heptane.*’.
pressure of CO. Decomposition leading to Coy(CO)g, CO, Discussion

propene, traces of propane, and the corresponding bu-
tyraldehydes'® occurs only above 50 °C!® at a rate con-
venient to measure by IR and gas evolution (Table VII).
Under 80 bar CO no change of the acyl concentration or
structure could be detected by IR in 1 h at 80 °C. In
hydrocarbon solutions we never observed the isomerization
of unreacted acyls during any of our experiments.'®

The Mechanism of Cleavage. The inhibiting effect
of CO on the reactions of 1 and 2 with HCo(CO),, H,, or
Ph,P suggests a tricarbonyl complex as intermediate
formed by CO dissociation from the corresponding acyl-
cobalt tetracarbonyl. This intermediate may react either
with CO reforming the tetracarbonyl complex or with other
reagents such as Ph;P, HCo(CO),, and H, leading to the

(13) Slow disproportionation of the products from the reaction of
butyryl halides and NaCo(CO), in ether at room temperature into
propene and a mixture of n-butyraldehyde and isobutyraldehyde have
been reported.’*

(14) Rupilius, W.; Orchin, M. J. Org. Chem. 1972, 37, 936.

(15) Pyrolysis of in situ formed propionylcobalt tetracarbonyl at 170
°C yielding 50% ethene, propionaldehyde, and a little ethane has been
reported.

(16) Extensive isomerization of 1 and 2 during their formation from
the corresponding acyl halide and KCo(CO), at 25 °C in ether has been
reported.!” The conclusion was based on the formation of isomeric car-
boxylic acid n-propyl esters after decomposing the acyl complexes with
I, + n-propyl alcohol.

(17) (a) Takegami, Y.; Yokokawa, C.; Watanabe, Y.; Okuda, Y. Bull.
Chem. Soc. Jpn. 1964, 37, 181. (b) Takegami, Y.; Yokokawa, C.; Wa-
tanabe, Y.; Masada, H.; Okuda, Y. Bull. Chem. Soc. Jpn. 1965, 38, 787.
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Table V. Rate Constants® for Reactions 3-8 at Various Temperatures

temp, °C compd h_y/Riky, 8 1/ky, 8 k_1/kiks, 8 1/ky, s koy/Riky, s 1/ky, s

5 1 54 %1 506 £ 2

10 1 25+ 2 261 = 3

15 1 100+1 143 £ 2

20 1 11 £ 0.2 77 £ 0.3 7673 £ 8 82+5

25 1 5+03 43 £ 05 4332 = 16 51 £ 2 139186 + 48 68 = 32

25 1 4637° 133044¢

30 1 2464 = 9 318 73316 + 36 29 + 26

35 1 1440 = 11 19+£9 36396 + 12 20+ 8

40 1 8759 126 17420 £ 8 10+5

45 1 8712 £ 2 61
5 2 13+ 2 233 £ 4

10 2 11£04 126 £ 1

15 2 5%x1 69 £3

20 2 3£05 371 5625 £ 5 47+ 5

25 2 3297 £ 4 27+ 4 80286 £ 2 28+ 1

25 2 2018° 71920¢

30 2 1913 £ 6 17£6 42416 £ 8 18+ 6

35 2 1208 = 3 10+4 18852 £ 2 11£2

40 2 10848 £ 8 7+3

45 2 5382 = 2 5%1

¢Deviations represent 95% confidence level. ®From experiments using DCo(CO),. ¢From experiments using D,.

Table VI. Temperature Dependence of the Rate Constants and the Calculated Thermodynamic Parameters®

compd temp range, °C AH? g5 oc, kealmol™? AS*y50¢, €U
1 5-45 log k; = (13.22 £ 0.08) - (4427 £ 23)/T 196 £ 0.1 0.1+04
2 5-45 log &, = (13.20 £ 0.21) - (4330 £ 60)/T 19.2 £ 0.3 001
1 5-25 log kiky/k; = (12.37  2.11) - (3901 + 608)/T 17.2 £ 2.8 -3.8 % 9.7
2 5-20 log kyky k., = (12.02 £ 2.24) - (3669 % 640)/T 16.2 + 2.9 5.4 % 10.3
1 20-40 log Eiky/k_, = (10.92 % 0.25) - (4337 £ 78)/T 19.2 0.4 -10.5 £ 1.2
2 20-35 log kika/k, = (6.94 % 3.79) - (3121 % 356)/T 18.7 £ 1.6 -53.8 & 42
1 25-45 log kiky/ky = (14.10 % 1.34) - (5740 % 417)/T 9257+ 1.9 4162
2 25-45 log kiky/k_, = (13.78 % 1.56) - (5570 = 480)/T 26.4 £ 2.2 2.7 + 11.2

¢ Deviations represent 95% confidence level; k; (s71); kiky/k_y (87Y); kiks/k_y (87); kiky/k_y (s71); T = temperature in Kelvin.

Table VII. Initial Rate of Decomposition (r) of 1 and 2
under CO at 750 mmHg Total Pressure in n-Octane
Solution ({1] = 0.0137 M; [2] = 0.0147 M)

1087, Mes™!
temp, °C 1 2
60 0.82 1.1
70 5.3 7.3
80 31 48
80 0.0¢ 0.0°

4Under 80 bar CO.

products according to Scheme 1. The reasonable agree-
ment of the rate constant &, in these reactions (Table V)
derived from the kinetic measurements assuming steady-
state concentrations for 3 or 4 supports this assumption.
The equilibria leading to 3 and 4 are certainly far on the
side of the tetracarbonyls because the IR spectra of 1 or
2 did not show the presence of tricarbonyls in detectable
concentrations in the absence of PhyP, HCo(CO),, Hy, and
CO even at 45 °C.

The formation of propene and butyraldehydes as main
products by thermal decomposition of 1 or 2 above 50 °C
does also not support in the case of 1 and 2 the suggestion!®
and the results published for n-hexanoylcobalt tetra-
carbonyl” according to which aldehyde formation should
be preceded by homolytic dissociation of the Co—acyl bond.
The acyl radicals would in the absence of an appropriate
reagent decarbonylate to the corresponding alkyl radicals
which in turn would lead to a 1:1 mixture of alkene and
alkane by disproportionation together with radical com-
bination products. At 80 °C the decomposition of 1 and
2, however, yielded nearly 50% aldehyde, 49% propene,

(18) Halpern, J. Pure Appl. Chem. 1979, 51, 2171.

and only 1% propane. This is in accord with the results
of the high-temperature (170 °C) decomposition of pro-
pionylcobalt tetracarbonyl® and the disproportionation
of acylcobalt tetracarbonyls under N, at room tempera-
ture.!* Apparently the spontaneous thermal reaction of
acylcobalt tetracarbonyls is the reverse of their formation
from alkenes, HCo(CO),, and CO (eq 12) and the formation
of aldehyde and Co,(CO)g during this decomposition is due
to the secondary reaction between the acyl complexes and
HCo(CO), (eq 13).

RCH,CH,C(0)Co(CO), —
RCH=—CH, + HCo(CO), + CO (12)

RCH,CH,;C(0)Co(CO), + HCo(CO), —
RCH,CH,CHO + Co,(CO)g (13)

The inhibiting effect of CO on the reaction of 1 or 2 with
H; could be observed up till 120 bar (Table III), suggesting
that the mechanism of cleavage does not change even
under the conditions of high-pressure catalytic hydro-
formylation. As to our opinion a radical mechanism of
aldehyde formation may be therefore ruled out as an al-
ternative for the hydroformylation of aliphatic olefins with
unsubstituted cobalt carbonyls as catalysts.

Such a mechanism remains a distinctive possibility,
however, for the Shell process which uses phosphine-sub-
stituted cobalt carbonyls as catalysts.!® It has been shown
that phosphine substitution favors the radical pathway in
the case of acylmanganese carbonyl complexes because of
disfavoring CO loss and enhancing steric destabilization.?
A similar effect may be reasonably expected for analogous
cobalt complexes.

(19) Slaugh, L. H.; Mullineaux, R. D. J. Organomet. Chem. 1968, 13,
469.
(20) Nappa, M. J.; Santi, R.; Halpern, J. Organometallics 1985, 4, 34.
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Table VIII. Comparison of Rate Constants for 25 °C

1 2
Ry, s 0.0233 0.0468
kyky/koy, 571 0.19 0.51
109k kg /Ry, 57 23.3 29.5
27.4 49.50
10% ik, /by, 571 0.69 1.21
0.75 1.39
ky/ky 8.2 11
ka/k 0.010 0.0063
ky/koy 0.00030 0.00026
ky/kg® 0.85 0.60
ky/kg 0.92 0.87
kofk, 34 24

*With DCo(C0Q),. *With D,.

Dihydrogen vs. HCo(CO), as a Reductant. As can
be seen from the k3/k, values in Table VIII, HCo(CO), is
at 25 °C 34 or 24 times more reactive than H, against 1
or 2, respectively. The higher reactivity of HCo(CO),
seems to be general for alkyl- or acylcobalt carbonyls under
such conditions: the same ratio was found to be 12 in the
case ot; EtOC(0)Co(CO),* and 130 with EtOC(O)CH,Co-
(CO),.

In drawing conclusions from these data with regard to
the relative role of H, or HCo(CO), under conditions of
catalytic hydroformylation two important differences have
to be considered. First, under the high pressures used in
the catalytic process the concentration of H, in the reaction
mixture will be about 2 orders of magnitude higher than
that of HCo(CO),.® Second, due to the significantly larger
enthalpies of activation for the reactions with H, (see Table
V1), at the temperatures necessary for the catalytic process
(>100 °C) the relative reactivity of H, will be much nearer
to that of HCo(CO), or even surpass it. Thus, for example,
extrapolating the k3/k4 values to 80 °C, we obtain 6.2 for
complex 1 and 1.2 for complex 2.

It can be stated therefore that mainly H, will be re-
sponsible for aldehyde formation from acylcobalt carbonyls
under the industrial conditions of hydroformylation and
the reaction with HCo(CO), will only play a minor role.
This conclusion is in agreement with the most recent
measurements performed under catalytic conditions® and
confirms the original proposal of Heck® put forward 25
years ago.

The inverse isotope effects obtained with D, and DCo-
(CO), (Table VIII) are presumably of thermodynamic
origin. We suggest that in both cases adducts are formed
as primary products from the acylcobalt tricarbonyls 3 or
4 and the reductants in equilibrium reactions and that
these adducts are more stable with the deuterium-con-
taining species than with the hydrogen-containing ana-
logues. Accordingly we propose the fine mechanisms (14)
and (15) for steps 3 and 4 of Scheme I. Reversible ad-

RCOICO(COl; + H, == RCIOICoM,(CO); %= RCHO + HCo(CO),

(14}

RCOICO(COl; + HColCO), == RC(OICo(CO); 2~
H

Co(CO),4
RCHO + Co,(CO)g (15)

dition of H, or D, to coordinatively unsaturated transi-
tion-metal complexes is well documented;?!* H- (or D-)

(21) (a) Schunn, R. A. In “Transition Metal Hydrides”; Muetterties,
E. L., Ed.; Marcel Dekker: New York, 1971; Vol. 1, p 210. (b) Frenz, B.
A.; Ibers, J. A. Ibid., p 60.

Kovdcs et al.

bridged structures are also well-known?'® and have been
already invoked also as intermediates in similar reactions.?

Experimental Section

General Techniques. Infrared spectra were recorded on a
Carl Zeiss Jena IR 75 spectrophotometer using a thermostated
KBr cuvette. Analysis of the volatile compounds was performed
on an analytical Hewlett-Packard Model 5830A gas chromatograph
or on a Chromatron GCHF 18.3-1 gas chromatograph. All ma-
nipulations involving air-sensitive organometallic compounds were
carried out by using anaerobic techniques.?

Materials. Hydrocarbon solvents were dried on sodium wire
and were distilled under a CO atmosphere. Stock solutions of
HCo(CO), (0.6 M) were prepared in n-heptane from Co,(CO)g,
DMF, and concentrated HCL2* DCo(CO), was prepared from
HCo(CO), solutions by hydrogen and deuterium exchange with
a 50-fold molar excess of D,0.2 Isotopic purity was >95% as
calculated from mass spectrometric measurements of its decom-
position products. The concentration of HCo(CO), and DCo(CO),
solutions were determined by 0.1 N alkaline titration at 0 °C under
CO. n-Butyrylcobalt tetracarbonyl (1) and isobutyrylcobalt
tetracarbonyl (2) were prepared by the published method® from
HCo(CO), and ethylketene or dimethylketene, respectively. Stock
solutions of the acylcobalt tetracarbonyls (0.2 M) in n-heptane
were used in the kinetic experiments.

Kinetic runs using HCo(CO), were performed under CO in
a thermostated (£0.05 °C) reaction vessel connected to a 5-L
buffer flask in order to maintain the pressure constant (0.2-3 bar).
The actual total pressure was determined in millimeters of Hg
by using an open mercury manometer measuring the pressure
difference between the atmosphere and the reaction vessel. The
reaction was started by injecting 0.6 M solutions of HCo(CO),
in n-heptane into vigorously stirred solutions of the acyl complexes
in n-heptane. The change of IR spectra was followed from samples
withdrawn by a gas-tight syringe and filled through a three-way
Hamilton valve and Teflon tubing into the 0.11- or 0.25-mm KBr
cuvette. [Absorbancies (n-heptane): 2116 (ey{HCo(CO),) 330
+ 10),% 2105 (ey(1) 1420),7 2104 (epr(2) 1490),7 1857 (ep(Coo(CO)g)
1735),%% 1735 (em(CH3CH,CH,CHO) 208), 1742 (ey-
{(CH5),CHCHO) 228), 1717 {eyi(1) 418),%7 1737 (e(2) 500),% 1699
em™ (en(2) 370 cm? mmol™).%")

Reduction of 1 and 2 with H,. In the kinetic runs H, + CO
mixtures were used and the reactions were started by injecting
0.2 M solutions of the acyl complex in n-heptane into vigorously
stirred n-heptane under a constant pressure between 0.2 and 3
bar. The composition of the gas mixture was checked by gas
chromatography (3 m, Porapack @, 25 °C, 5 mL/min of Ar, TCD).
The change of IR spectra was followed as described above.

Reduction of 1 and 2 with H, under 80-Bar Pressure. The
5-mL samples of 0.015 M solutions of 1 or 2 in n-heptane were
placed at room temperature under CO in a 20-mL stainless-steel
rocking autoclave and pressurized to 80 bar with H,. After 10-min
agitation at 45 °C the autoclave was cooled to +5 °C and IR
spectra were taken immediately after the pressure was released
by using a cold (+5 °C) CaF; IR cell. The spectrum showed 68%
conversion of 1 into n-butyraldehyde and HCo(CO), + Co,(CO)q
in a 1:1.06 molar ratio. In the case of 2, 95% conversion into
isobutyraldehyde and a 1:1.93 ratio of HCo(CO), to Coy(CO)q was
found. In blank experiments using a 0.015 M solution of Coy(CO)sg
in n-heptane no detectable amount of HCo(CO), could be found
by IR analysis, after 10-min agitation at 45 °C under 80 bar H,.
The same technique was used in experiments performed under
Py, = 50 bar and pco = 10-120 bar pressures.

Decomposition of 1 and 2 under atmospheric pressure of CO
was followed by using the gasometric apparatus and IR technique

(22) Jones, W. D.; Bergman, R. G. J. Am. Chem. Soc. 1979, 101, 5447.

(23) (a) Thomas, G. Chem.-Ztg., Chem. Appar. 1961, 85, 567. (b)
Shriver, D. F. “The Manipulation of Air-Sensitive Compounds”; R. E.
Krieger Publishing Co.: Malabar, FL 1982.

(24) Kirch, L.; Orchin, M. J. Am. Chem. Soc. 1958, 80, 4428.

(25) Roos, L. Ph.D. Dissertation, University of Cincinnati, Cincinnati,
OH, 1965; p 81.

(26) Tannenbaum, R. Dissertation ETH Zurich No. 6970, 1980, p 36.

(27) Ungvary, F. J. Organomet. Chem., to be submitted for publica-
tion.

(28) Reference 26, p 31.
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described before. The rate of gas evolution corresponded to the
rate of acyl decomposition between 50 and 80 °C. During the
decomposition of 1 or 2, isomerization of the acyl compounds did
not occur. The composition of the reaction mixture was checked
by IR with the »(CO) bands of terminal CO ligands as a control
of concentration and the acyl »(CO) bands as a control of structure.

The organic products of decomposition were investigated in
experiments performed at 80 °C and 1-h reaction time in sealed
20-mL ampules with 2-mL samples of 0.02 M solutions of 1 and
2 in n-octane containing n-pentane as internal reference for
quantitative GC analysis (3 m, n-octane/Porasil C, 50 °C, 15
mL/min of Ar, FID). The decompositions yielded 45-48%
propene, 1% propane, and 37% n-butyraldehyde (if starting from
1) or 45% isobutyraldehyde (if starting from 2).

Stability of 1 and 2 at 80 °C under CO Pressure. The 5-mL
samples of 0.014 M solutions of 1 or 2 in n-heptane were placed
at room temperature under CO in a 20-mL stainless-steel rocking

autoclave and pressurized to 80 bar with CO. After 1-h agitation
at 80 °C, the IR spectra of the reaction mixtures at room tem-
perature showed within 1% accuracy unchanged concentrations
of the acyl complexes as measured at 2105 cm™. No traces of
isomerized acylcobalt tetracarbonyl could be recognized in the
characteristic organic »(CO) range of 1 and 2.

Reaction of PhyP with 1 and 2 was performed in the gaso-
metric apparatus described above and started by injecting the
acyl stock solutions into solutions containing known amounts of
PhyP. In all kinetic experiments initial rates were calculated from
graphical plots below 15% conversion.

Registry No. 1, 38722-67-7; 2, 38784-32-6; HCo(CO),,
16842-03-8; Hz, 1333-74-0; CO, 630-08-0; n-PrCHO, 123-72-8;
i-PrCHO, 78-84-2; Co2(CO)s, 10210-68-1; n-PrC(0)Co(CO)5(PPhy),
34151-25-2; i-PrC(0)Co(CO);(PPhy), 99495-72-4; PPh;, 603-35-0;
propene, 115-07-1.
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The rhodium(I) macrocycles RhI(BPDOBF,) (1a) and Rh(PPDOBF,) (1b) are strong nucleophiles toward
alkyl halides and may also be alkylated by their rhodium(III) alkyl halide adducts R'-Rh™(BPDOBF,)-X
and R’-Rh"(PPDOBF,)-X (2a and 2b), respectively. In the latter process, 1a,b act as both nucleophile
and leaving group. We have studied the kinetics of alkyl exchange between, e.g., 1a and 2b by 'H NMR
and the rate constants are (5.8 = 0.5) X 107 M! 57! for methyl exchange (R’ = Me, X = I) and (6.4 £ 1.0)
X 102 M1 57! for benzyl exchange (R’ = PhCH,, X = Cl). Other alkyl groups do not participate in this
reaction. These data are consistent with rhodium(I) attack at carbon; the process may be viewed as a
carbon-bridged two-electron transfer. Halide-bridged electron transfer is implied in the much faster exchange
(k > 0.5 M s7!) between la,b and their rhodium(III) dichloride derivatives 3a and 3b.

Introduction

Low-valent transition-metal complexes exhibit nucleo-
philic behavior in many of their oxidative-addition reac-
tions with alkyl halides, leading to the formation of met-
al~carbon bonds via an Sy2-like process.! The ability of
metal centers to function as leaving groups is less widely
recognized, despite scattered reports.2 These include
several examples of essentially degenerate nucleophilic
reactions in which the same type of metal center serves
as both nucleophile and leaving group®®<¢ (eq 1). The

MP o« R-MJ2=—=R-M]"? + M} 1)

latter reactions result in the transfer of an alkyl group from
one metal center to another and may be viewed as car-
bon-bridged inner-sphere two-electron-transfer processes.?

(1) Collman, J. P.; Brauman, J. I; Madonik, A. M. Organometallics,
following paper in this issue.

(2) (a) Johnson, R. W.; Pearson, R. G. J. Chem. Soc., Chem. Commun.
1970, 986-987. (b) Dodd, D.; Johnson, M. D. J. Chem. Soc., Chem.
Commun. 1971, 1371-1372. (c) Mestroni, G.; Cocevar, C.; Costa, G. Gazz.
Chim, Ital. 1973, 103, 278-285. (d) Schrauzer, G. N.; Stadlbauer, E. A.
Bioinorg. Chem. 1974, 3, 353-366. Stadlbauer, E. A.; Holland, R. J.;
Lamm, F. P.; Schrauzer, G. N