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UV photolysis of CH;Mn(COQ); isolated in CH, or Ar matrices at 20 K provides IR and UV-vis evidence
for two isomers of the coordinatively unsaturated fragment CH;Mn(CO),, with square-pyramidal structures
3b and 4b. Both isomers show a large shift between the position of their visible absorption maxima in
Ar and CH, matrices, consistent with an interaction of the matrix with the unsaturated metal center.

Introduction

There is considerable interest, both experimental and
theoretical, in the structure of coordinatively unsaturated
transition-metal carbonyl species. Matrix isolation has
been very successful in providing structural information
about such carbonyl fragments and a large amount of work
has centered around the geometry of five-coordinate d°
species.’

Early work by Perutz and Turner®® involved Cr(CO);,
generated by UV photolysis of matrix-isolated Cr(CO)s.
The structure was shown to be square-pyramidal, 1, by a
combination of 1¥CO enrichment and IR spectroscopy,? a
technique which has since been very widely applied.* This
square-pyramidal structure, 1, was quickly found to be in
agreement with simple molecular orbital predictions.?
Nevertheless, there have been arguments® over the pos-
sibility that structure 1 was imposed by the matrix and
“free” Cr(CO); would have a trigonal-bipyramidal struc-
ture. These suggestions have been finally disproved by
very recent time-resolved infrared experiments’ which
show that “naked” Cr(CO); has the same C,, structure in
the gas phase as in condensed phases.?

The question then arose whether a square-pyramidal or
pseudo-square-pyramidal structure would always be the
most stable for a five-coordinate 16-electron species con-
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taining a d® metal center. Would all M(CO),R species
adopt structures 3 and 4 or would the pseudo-trigonal
structure 5 be more stable in some cases?® Molecular
orbital calculations® for Mn(CO),X species made the in-
teresting prediction that the trigonal structure 5¢ would
be the most stable for Mn(CO),Br but for HMn(CO),,
structures 3a, 4a, and 5a would all have similar energies.
The difference between Mn(CO),Br and HMn(CO), was
attributed® to m-bonding effects of Br. Subsequent matrix
isolation experiments,'® again involving *CO enrichment,
showed that Mn(CO),Br did indeed have the predicted
pseudo-trigonal-bipyramidal structure 5¢. More recently
HMn(CO),, generated by photolysis of HMn(CO);, was
shown!! to have two isomers C, and C,,, 3a and 4a, both
clearly derived from the square-based-pyramidal M(CO);
structure 1. Both isomers had UV-visible absorptions and
could be interconverted by irradiation with visible light
of the appropriate wavelength. In the matrix, the C, iso-
mer 3a appeared to be the more stable.

This work revealed a surprising difference between
HMn(CO), and CH;Mn(CO), which had earlier been re-
ported!? to have the trigonal structure 5b, similar to that
of Mn(CO),Br. This structure implies that CH; is more
like Br than H in its effect on molecular geometry, even
though CHj is unlikely to have significant 7 interactions.

CH;Mn(CO), is one of the most easily generated car-
bonyl fragments containing an alkyl group and is poten-
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tially an excellent model system for studying M—C inter-
actions. This has prompted us to reinvestigate the
structure of CH;Mn(CO),. The original workers!? assigned
structure 5b to CH;Mn(CO), on the basis of *CO enrich-
ment. However, our own more recent experiments“ with
HMn(CO), led to the realization that *CQ-enrichment
techniques cannot always distinguish between a C,
square-pyramidal structure, such as 3, and a C,, trigo-
nal-bipyramidal structure, 5. In this case, it can be shown
that the original ¥CO data!? for CH;Mn(CO), are equally
consistent with the square-pyramidal structure!® 3b.

In this paper, we report IR results which show that
matrix-isolated CH;Mn(CO), exists in two interconvertible
isomeric forms, one of which must be the C,, isomer 4b.

Both isomers have UV-vis absorption bands, which are
substantially blue-shifted when the matrix material is
changed from Ar to CH,. In 16-electron, five-coordinate
systems, such shifts have always been associated with
square-pyramidal or pseudo-square-pyramidal frag-
ments.2>1114 We therefore assign the square-pyramidal
structure 3b to the second isomer of CH;Mn(CO),.

Experimental Section

The matrix isolation apparatus at Nottingham has been de-
scribed previously.!> IR spectra were obtained with use of a
Nicolet 7199 FT-IR interferometer (32K data points, 262K
Transform points, 0.5 cm™ resolution) and UV-vis spectra with
Perkin-Elmer Lambda 5 spectrophotometer with a Model 3600
Data Station. All UV spectra were recorded with 2-nm slit width.
CH;Mn(CO); was a gift from Dr. J. Spencer, and matrix gases
(Messer Griesheim) were used without further purification. The
photolysis source was a Philips HPK 125W Hg arc, with Balzers
interference filters where appropriate.

Results

Figure 1 shows IR spectra produced by UV photolysis
of CH;Mn(CO); in a CH, matrix and subsequent irradia-
tion with visible light. Before photolysis, the IR spectrum
of CH;Mn(CO); shows the overall pattern (2a; + e) ex-
pected for a square-pyramidal Mn(CO);X species with
local C,, symmetry but each mode is somewhat split by

(13) The ¥CO data can be fitted with a C, force field!® with k; =
1600.2, ky = 1665.7, ky = 1593.1, k; o = 40.0, k; 3 = 56.56, kg, = 53.75, and
ko3 = 25.94 Nm, where “2” refers to the two equivalent CO groups. The
original workers!? were unable to find a solution based on a C, force field
but in the absence of other evidence might have been expected to favor
the higher symmetry C,, solution which has two fewer force constants.
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Figure 1. IR spectra in the C-O stretching region illustrating
reversible formation of isomer B of CH;Mn(CQ),. Spectra were
recorded after photolysis of CH;Mn(CO); isolated in a CH, matrix
(CH;Mn(CO);:CH,, 1:4000) at 14 K: (a) after deposition; (b) after
12-min UV irradiation, following by 7-min irradiation with A =
403 nm; (¢) 7 min further irradiation with A = 489 nm; (d) 20 min
more photolysis with A = 403 nm. The bands are labeled as
follows: B, “C,,” isomer of CH;Mn(CO),; black, C, isomer of
CH;Mn(CO),; unlabeled, unreacted CH;Mn(CO);. (Note the
expanded absorbance scale in the high wavenumber region and
that a is plotted on a reduced absorbance scale compared to b—d).
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“matrix” effects'® (Figure 1a). On photolysis, new IR bands
are observed. Apart from a band at 2138 cm™ due to free
CO (not illustrated), five IR bands can be assigned to
»(C-0) vibrations of primary photoproducts (see Figure
1b where four of the bands are colored black and the fifth
band is marked B). On subsequent irradiation, the four
black bands remain with constant relative intensities and
therefore belong to one molecular species, while the band
B changes substantially in intensity suggesting that it may
be due to a second species (compare parts ¢ and d of Figure
1). Three of the four black bands correspond almost ex-
actly to those originally reported!? for CH,Mn(CO), (see
Table I) while the fourth band (arrowed in Figure 1)
overlaps with an absorption of the parent CHyMn(CO);
and might have easily been missed in the earlier work.!”
Thus, the black bands are reasonably assigned to CHj;-
Mn(CO),.

Is the fifth band (B in Figure 1) due to a distinct
chemical species or merely a “matrix splitting”? This
guestion can be answered by examining the UV—vis spectra
of the matrix (Figure 2). These spectra show two ab-

(16) See, e.g.: Horton-Mastin, A.; Poliakoff, M. Chem. Phys. Lett.
1984, 109, 587 and references therein.

(17) There is some evidence for the presence of this band, unresolved
from that of CH;Mn(CO); in Figure 1 of ref 12.
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Table I. Wavenumbers (cm™') of CH;Mn(CO), and
HMn(CO), Isolated in CH, Matrices at 20 K

CH;Mn(CO), HMn(CO),
a b ¢ assignt
C, Isomer 3
2086.6 2086.9 2089.9 a’
1997.3 1997.4 1996.6% a’
1989.1 e e a’
1952.1¢ 1952.0 1964.9 a’

“Cq" Isomer 4
1960.0¢ e 1966.3 e

2This work. ?Reference 12, note that the bands have been re-
assigned. ¢Reference 11. 9Mean value of matrix splitting. ¢Not
reported.
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Figure 2. UV-visible spectra recorded in the same experiment
as the IR spectra in Figure 1: (—) corresponding to 1b; ---,
corresponding to l¢; -, corresponding to 1d. (Note that these
spectra have been corrected for background scatter by computer
subtraction of the spectrum recorded before any irradiation of
the matrix. The two absorption maxima are assigned to isomers
A and B of CH;Mn(CO),.)

sorption maxima (marked A and B) which change sub-
stantially in relative intensities during the experiment.
Matrix-isolated metal carbonyls have broad unresolved
electronic absorptions which do not display detectable
matrix splittings. Thus the visible absorptions A (414 nm)
and B (505 nm) must arise from two different and distinct
species. Absorption A is clearly associated with the IR
bands of CH;Mn(CO),, while absorption B shows the same
growth and decay pattern as the IR band B (Figure 1).
What is the nature of this second species B?

B is not Mn(CO);, the IR bands of which are known.1®
A careful analysis of the IR spectra showed that B was
formed from CH;Mn(CO); by loss of CO and that CH,-
Mn(CO), and B could be interconverted by irradiation
with the appropriate wavelength visible light, which also
causes some regeneration of the parent CH;Mn(CO);. For
example, in CH, matrix

CH3Mn(CO)4

uv,7co
/ A
403 nm
489 nm’] [/403.nm

CH3zMn{CO)s_ 489 nm + cO

k B
Similar evidence for two photoproducts was obtained
in Ar matrices but the IR spectra are somewhat more split
by “matrix effects”. This scheme is very similar to that
observed!! for the two isomers of HMn(CO),, 3a and 4a,

(18) Church, S. P.; Poliakoff, M.; Timney, J. A.; Turner, J. J. J. Am.
Chem. Soc. 1981, 103, 7517.
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and the behavior of B is quite consistent with a second
isomer of CH;Mn(CO),. B has only one strong »(C-0) IR
band, which can only be assigned to a Cy, square-pyramidal
structure, 4b. Group theory predicts two v(C-0) bands
for this structure (a; + e) with the a; band expected to be
very weak. All other plausible structures are predicted to
have at least two strong »(C-0) IR bands. Further support
for our assignment is the frequency of the IR band, only
6 cm™ from the band of the C,, isomer of HMn(CO), (see
Table I).

What is the structure of isomer A of CH;Mn(CO),? We
have observed four IR-active v(C-0) bands for this isomer.
The band pattern is similar to that of HMn(CO), which
has structure 3a. However, four IR bands would be equally
consistent with the pseudo-square-pyramid 3b (3a’ + a”)
or the pseudo-trigonal-bipyramid 5b (2a; + b; + b,).
Similarly, the 3CO data'?!® could be fitted to either
structure. We can, however, distinguish between the two
structures on the basis of UV-vis spectra.

Perutz and Turner discovered® that matrix-isolated
Cr(CO); was not “naked” but interacted with the matrix
material via the empty coordination site to give a pseu-
do-six-coordinate species, 2. The strength of this inter-
action depended on the matrix material. The interaction,
which was less with Ar than with CH, or Xe, manifested
itself in a substantial shift in the wavelength of the visible
absorption of Cr(CO); between one matrix and another,
€.2., Amax = 533 (Ar) and 494 nm (CH,). Similar interac-
tions of Cr{CO); have since been observed in cryogenic'®
and room-temperature solutions®,?! and even in the gas
phase.?

The interaction, which has been discussed in detail
previously,? involves a ¢ interaction involving the empty
a; LUMO of Cr(CO);, which is largely d,: in character.
This orbital is raised in energy both by direct interaction
with the matrix and also by the change in axial/equatorial
bond angle § shown somewhat exaggeratedly in 9, a change
which simultaneously raises the energy of the LUMO and
lowers the energy of the HOMO.%

b e
X

A similar interaction would be expected for any 16-
electron square-pyramidal or pseudo-square-pyramidal
fragment, e.g., 3 or 4, and has been observed for several
systems, e.g., Cr(C0),CS!* and HMn(CO),."! By contrast,
a trigonal or pseudotrigonal fragment, e.g., 5, does not have
a suitable LUMO for interaction with the matrix. Thus
we can distinguish between structures 3b and 5b for
CH;Mn(CO),. Structure 3b should show a substantial
blue-shift in A, from Ar to CH, matrices, while structure
5b should not.

The spectra are shown in Figure 3. Between CH, and
Ar matrices there were substantial shifts in the UV /visible
absorption maxima of both photoproducts. These matrix
shifts [CH,Mn(CO), (A), 414 (CH,) to 457 nm (Ar), 2250
cm}; CH;Mn(CO), (B), 505 (CH,) to 565 nm (Ar), 2100
cm™1] are similar to those of Cr(CO)3 (~1600 cm™) and
HMn(CO) ! (3a; 2500 cm™), both of which are known to
interact with the matrix. The shift in the band of B, which

(19) Simpson, M. B.; Poliakoff, M.; Turner, J. J.; Maier, W. B. II;
McLaughlin, J. G. J. Chem. Soc., Chem. Commun. 1983, 1355.

(20) Kelly, J. M.; Long, C.; Bonneau, R. J. Phys. Chem. 1983, 87, 3344,

(21) Welch, J. A,; Peters, K. S.; Vaida, V. J. Phys. Chem. 1982, 86,
1941.

(22) Breckenridge, W. H.; Sinai, N. J. Phys. Chem. 1981, 85, 1351.

(23) Burdett, J. K.; Grzybowski, J. M.; Perutz, R. N.; Poliakoff, M.;
Turner, J. J.; Turner, R. F. Inorg. Chem. 1978, 17, 147.



408 Organometallics 1986, 5, 408-411

Absorbance

Abscerbance

1 J
402 300 600 702

Figure 3. UV-visible spectra illustrating the substantial shift
in absorption maxima of the two isomers of CH;Mn(CO), between
CH, and Ar matrices: (a) C, isomer A and (b) C,, isomer B.
Spectra were obtained by computer subtraction of spectra similar
to those in Figure 2. Note that the spectra for Ar and CH,
matrices were obtained in different experiments.

we have already identified as the C,, isomer of CH;Mn-
{CO),, confirms our assignment. The shift in the absorp-
tion of the other isomer A is exactly as predicted for
structure 3b and allows us to eliminate the trigonal
structure 5b.

Thus, the isomers of CH;Mn(CO), have structures 3b
and 4b, both based on a square pyramid. Their photo-
chemical interconversion can readily be explained by the

inverse Berry pseudorotation, C,, — C,, — C,, already
invoked in the isomerization of Cr(C0),CS!* and HMn-
(COy,.12

Conclusions

Thus, contrary to earlier reports, CH;Mn(CO), has two
isomers, 3b and 4b, similar in structure to those of
HMn(CO),!! and unlike the reported structure!® of Mn-
(CO),Br. Thus, CHj is finally shown to be more akin to
H than Br in its effects on molecular geometry. An in-
teresting theoretical question still remains to be answered,
namely, why the C, isomers 3a and 3b should be the
predominant products in our photolysis experiments?
Again, the interaction between the unsaturated metal
center and the matrix underlines the enormous reactivity
of these fragments. In hydrocarbon solution at room
temperature, “CH;Mn(CO),” will almost certainly be a
pseudooctahedral species with a weakly coordinated sol-
vent molecule occupying the vacant coordination site.

Now that the isomers of CH;Mn(CO), have been char-
acterized, they form promising model systems for studying
M-C interactions. For example, following the pioneering
work of McKean,? it should now be possible to use IR
bands in the »(C-H) region to examine differences in
Mn-CHj; bonding between the two isomers and CH,Mn-
(CO)s.
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Protonation of the anionic cluster [0s3(CO);(u~-CH,)(u-1)]” with HBF Et,0 yields Os3(CO);o(CHg) (u-I)
(5), one of the few examples of an alkyl-substituted cluster. Methyl cluster 5 reacts with CO to give
predominantly the n!-acetyl cluster Os;(CO),;(n*-C{O}CH3){(u-I) (7) along with small amounts of the bridging
acetyl cluster Os;3(CO);o(u-O=CCH,)(u-I) (6). The bridging acetyl cluster 6 can also be synthesized in high
yield from the reaction of Os3(CO);,{(u-CH,) with HI. When the n'-acetyl cluster 7 is heated under vacuum,
it loses CO and gives a mixture of the u-acetyl cluster 6 and the original methyl cluster 5.

Insertion of CO into metal—-alkyl bonds in mononuclear
complexes is a textbook reaction with numerous examples
and many important synthetic applications.' In contrast,
insertion of CO into metal-alkyl bonds in well-charac-

(1) Wojcicki, A. Adv. Organomet. Chem. 1978, 11, 87.

(2) Calderazzo, F. Angew. Chem., Int. Ed. Engl. 1977, 16, 299.

(3) Collman, J. P.; Hegedus, L. S. “Principles and Applications of
Organotransition Metal Chemistry™; University Science Books: Oxford,
1980.
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terized alkyl-substituted clusters has not been docu-
mented. However, CO insertion into transient metal-alkyl
bonds has been proposed for several cluster reactions. For
example, Kaesz et al.* observed formation of the u-pro-
pionyl complexes Ruy(CO);,(u-O=CEt)(u-X) (2; X = Cl,
Br, I) from the reaction of (u-H)Ru3(CO),o(u-X) (X = Cl,

(4) Kampe, C. E.; Boag, N. M.; Kaesz, H. D. J. Am. Chem. Soc. 1983,
105, 2896.
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Figure 3. UV-visible spectra illustrating the substantial shift
in absorption maxima of the two isomers of CH;Mn(CO), between
CH, and Ar matrices: (a) C, isomer A and (b) C,, isomer B.
Spectra were obtained by computer subtraction of spectra similar
to those in Figure 2. Note that the spectra for Ar and CH,
matrices were obtained in different experiments.
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terized alkyl-substituted clusters has not been docu-
mented. However, CO insertion into transient metal-alkyl
bonds has been proposed for several cluster reactions. For
example, Kaesz et al.* observed formation of the u-pro-
pionyl complexes Ruy(CO);,(u-O=CEt)(u-X) (2; X = Cl,
Br, I) from the reaction of (u-H)Ru3(CO),o(u-X) (X = Cl,
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Br, I) with ethylene and CO. These presumably arise via
ethylene insertion into the metal-hydride bond to give the
alkyl intermediate 1 which then quickly inserts CO to yield
the isolated w-acyl product 2 (eq 1). Similarly, the reac-

Ru(CO), Ru(COls

X
TN N +CO
(c0)3Rg;—/Ru(c0)3 e |CORI—Ru(CON| 105
CHaCHs3
1

Ru(CO)s
/X\
(CO)3Ru /Ru (Coiz (N

€=0
CH3CH3
2

tions of Nay[Fe,(CO)g(u-PPhy)y]® and Li[Fey(CO)q(u-
PPh,)(PPh,H)]® with alkylating agents to give acyl-con-
taining products were proposed to proceed through in-
termediate alkyl complexes although these were not de-
tected.

We recently described the synthesis of a series of anionic
p-halide, u-methylene clusters by the reaction of Os,-
(CO);(u-CH,) (3) with [PPN]X salts (eq 2).7#¢ Other

oos((:o)4 0s(CO)4
¢
(CO)05——0s(CO}5 + PPNIX g5~ PPN (COI05--=0s(CO)s|  (2)
CHz CH2
3 X=1(4),8r,Cl

work with binuclear complexes has established that the
pu-methylene ligand can often be protonated to give
methyl-substituted derivatives.® Herein we demonstrate
that this procedure can be extended to cluster compounds.
Protonation of [PPN][Os3(CO),4(u-CH,) (u-1)] gives the
methyl cluster Os;(CO)o(CHj)(u-I) (5) in good yield.
Cluster 5 is one of the very few examples of isolable al-
kyl-substituted clusters. It is also analogous to Kaesz’s*
intermediate 1. Like Kaesz’s presumed intermediate, our
cluster 5 further reacts with added CO to give first a
terminal acetyl derivative which in turn loses CO to give
a bridging acety! complex analogous to Kaesz’s compound
2. Details of these studies are described herein.

Results and Discussion

Synthesis of 0s;(CO),((CH,)(u-I) via Protonation
of [PPN][085(CO)y(u-CH,)(u-I)]. All of the complex
anions [0s;(C0O),o(u-CH,) (u-X)1~ (X = Cl, Br, I, NCOQ)"2¢
undergo protonation to yield the corresponding Oss-
(CO)1o(CH3){(u-X) clusters, but the reaction has been
studied in detail only for the X = I derivative. Here the
product is Os3(CO);o(CH,)(u-I) (5), which can be isolated
as a slightly air-sensitive maroon-colored solid (eq 3). This
reaction is most conveniently carried out by adding an
excess of HBF +Et,0 to a CH,Cl, solution of [PPN][Os,-

(5) Collman, J. P.; Rothrock, R. K,; Finke, R. G.; Moore, E. J.; Rose-
Munch, F. Inorg. Chem. 1982, 21, 146.

(6) Yu, Y. F; Gallucci, J.; Wojcicki, A. J. Am. Chem. Soc. 1983, 105,
4826.

(7) (a) Morrison, E. D.; Geoffroy, G. L.; Rheingold, A. L. J. Am. Chem.
Soc. 1985, 107, 254. (b) Morrison, E. D.; Geoffroy, G. L. J. Am. Chem.
Soc. 1985, 107, 3541. {c) Morrison, E. D.; Geoffroy, G. L.; Rheingold, A.
L.; Fultz, W. C. Organometallics 1985, 4, 1413.

(8) (a) Herrmann, W. A; Plank, J.; Guggolz, E.; Ziegler, M. L. Angew.
Chem., Int. Ed. Engl. 1980, 19, 651. (b) Herrmann, W. A.; Plank, J.;
Ziegler, M. L.; Balbach, B. J. Am. Chem. Soc. 1980, 102, 5906. (¢) Daw-
kins, G. M.; Green, M,; Orpen, A. G.; Stone, F. G. A. J. Chem. Soc., Chem.
Commun. 1982, 41. (d) Hursthouse, M. B,; Jones, R. A.; Abdul Malik,
K. M,; Wilkinson, G. J. Am. Chem. Soc. 1979, 101, 4128.
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I +HBFy+ E150 1
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(PPN1*|(C01308----0s(CO)3|  Trigeip, 22 ¢ (COI30s—0s(COI3 (3)
CH
4 CHs
5(64%)

(CO)1p(u-CH,)(u-1)]. Complex 5 is stable indefinitely as
a dry solid when stored under an N, atmosphere at -20
°C, but in solution under N, it slowly decomposes over a
period of several days to give Os;(CO),,(¢-O=CCHj,) (u-1)
(6), in 32% yield along with a complex mixture of un-
identified products. Complex 5 also slowly decomposes
upon chromatography. The best yields of this material
were obtained when it was immediately extracted from the
product mixture with n-pentane and then rapidly chro-
matographed. Acidification with CF;SO,H also gave 5 but
in somewhat lower yield.

The spectroscopic data for 5 are consistent with the
formulation given in eq 3. Its mass spectrum shows a
parent ion at m/z 992 and fragment ions corresponding
to successive loss of 10 CO’s. Only terminal v bands are
observed in the IR spectrum of 5, and the 'H NMR
spectrum at 22 °C shows a singlet at 6 1.34 assigned to the
methyl ligand. This signal does not broaden relative to
internal CHCl,; down to =80 °C. Although this resonance
is downfield from the usual § 0.5 — 6 —4.0 chemical shift
range characteristic of alkyl ligands (e.g., Os3(CO),o(u-
H)(CH,), § -8.68;* 0s(CO),(CH,),, 5 -0.15%), the 3*C NMR
resonance of the alkyl carbon at § -39.7 is within the ~59.2
to 3.4 range characteristic of methyl complexes of Fe, Ru,
and 0s.1%!1  Furthermore, this resonance appears as a
quartet (Joy = 136.7 Hz) with coupling to three equivalent
hydrogens, confirming its assignment to a CH, group. The
13C NMR spectrum of 5 further shows ten distinct reso-
nances in the carbonyl region (6 169-190) implying that
all 10 carbonyl ligands are inequivalent, consistent with
the structure drawn in eq 3 but not consistent with a more
symmetrical structure, for example, with a u-CHj, ligand.

The 'H NMR spectra of the partially deuterated de-
rivatives Os3(CO),o(CH,D) (u-I) and Os3(CO)1o( CHD,) (u-1)
showed 'H NMR resonances at 6 1.28 and 1.22, respec-
tively, slightly upfield of the é 1.34 resonance of 5. Shapley
and co-workers have shown that similar upfield shifts of
partially deuterated derivatives of Osy(CO);o(CH3)(u-H)
are the result of interaction of one of the carbon-hydrogen
bonds of the methyl group with an adjacent osmium atom
in the cluster,'? and such an Os++C-+H interaction could
be invoked for 5. However, we do not believe this to be
the case since the shift per deuterium substitution in
complex 5 is 0.06 ppm, considerably attenuated from the
0.34 ppm shifts observed with the incorporation of each
deuterium into the methyl ligand of Shapley’s Os.-
(CO)1(CH,)(u-H).1? Also, the chemical shift difference per
deuterium substitution in 5 does not increase significantly
upon lowering the temperature from 22 to ~80 °C which
it should if a bridging C--H--Os interaction were present.!?
Shapley’s complex Os;(CO);,(CHg)(u-H) has 46 valence
electrons which is two less than the number required to
give a closed triangular cluster.”® This formal two-electron
deficiency is compensated by interaction of one of the
carbon-hydrogen bonds of the methyl group with an os-

(9) (a) Calvert, R. B.; Shapley, J. R. J. Am. Chem. Soc. 1977, 99, 5225.
(b) Carter, W. J.; Kelland, J. W.; Okrasinski, S. J.; Warner, K. E.; Norton,
J. R. Inorg. Chem. 1982, 21, 3955.

(10) Calvert, R. B.; Shapley, J. R. J. Am. Chem. Soc. 1978, 100, 6544.

(11) Mann, B. E,; Taylor, B. F. “13C NMR Data for Organometallic
Compounds”; Academic Press: New York, 1981; pp 42-43.

(12) Calvert, R. B.; Shapley, J. R. J. Am. Chem. Soc. 1978, 100, 7726.

(13) Lauher, J. W. J. Am. Chem. Soc. 1978, 100, 5305.
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mium atom via a two-electron, three-center bond.!? In
contrast, our complex 5 is coordinatively saturated since
the four-electron donor p-I ligand in 5 has replaced the 2e
donor u-H ligand in Shapley’s Os3(CO),o(CHg) (u-H).12
Thus, there is no need for a C.-H--Os interaction in 5.

Reaction of Os;(CO),,(CH;)(p-I) with CO. Complex
5 reacts with CO over a period of several hours to give the
acyl complexes 6 and 7 derived from insertion of CO into
the metal-alkyl bond (eq 4). Several other unidentified

0s(CO), 0s(CO),

AN . N

CA co
(CO)3Q5-——OS(CO)3 228 (CO)395 —0s({C0)q +

| |
CHs c
: /'
0 CHsz
7(47%)
0S(COly
I
(COI08  0s(COly (4)
N

6(~5%)

compounds were also formed, but they were not isolated
in sufficient quantities to characterize. The major product
from the reaction is the terminal acetyl complex 7 which
is only slightly soluble in CH,Cl, or hydrocarbon solvents
and slowly precipitates as the reaction proceeds. The
terminal acetyl complex 7 readily loses CO upon heating
(45 °C, 2 h) under vacuum to yield mainly the u-acetyl
complex 6 (~70%) along with some of the deinsertion
product 5 (~30%). The u-acetyl complex 6 also forms in
high yield (90%) upon addition of HI to Os;(CO);,(u-CH,)
(see Experimental Section). Complex 6 was previously
obtained in low yield by Kaesz and co-workers as a minor
byproduct in a complex reaction scheme.!*

These two acyl complexes have been spectroscopically
characterized. Both show parent ions in their mass spectra
and acetyl v vibrations in their IR spectra. For 7, this
vibration is at 1620 cm™ within the 1545-1620 em™ range
typical of n'-acyl complexes,>'® In contrast, the u-acetyl
complex 6 shows an acetyl vcg band at 1499 cm™ within
the 1450-1530 cm™! region typically found for u-acyl com-
plexes, 4516

It should be noted that the methyl complex 5 is analo-
gous to Kaesz’s* unobserved intermediate ethyl complex
1 (eq 1). The insertion of CO into this species to give the
u-propionyl complex 2 has been modeled in the results
reported here by the 5 — 6 — 7 sequence of transforma-
tions. Note also that Shapley and co-workers'” have shown
that the reaction of Os3(CO),,(CHy)(p-H) with CO proceeds
slowly and does not lead to CO insertion. Instead, re-
ductive coupling of the methyl and hydride ligands occurs
to give CH,. The rapid reaction of 5 with CO to give
acetyl-containing products is thus quite different, and it
represents another example of a halide-promoted insertion

(14) Jensen, C. M.; Knobler, C. B.; Kaesz, H. D. J. Am. Chem. Soc.
1984, 106, 5926.

(15) (a) Butler, L. S.; Basolo, F.; Pearson, R. G. Inorg. Chem. 1967, 6,
2074. (b) Green, M. L. H.; Mitchard, L. C.; Swanwick, M. G. J. Chem.
Soc. A 1971, 794, (c) Collman, J. P.; Siegl, W. A. J. Am. Chem. Soc. 1972,
94, 2516. (d) Mayr, A; Lin, Y. C.; Boag, N. M.; Kaesz, H. D. Inorg. Chem.
1982, 21, 1704.

(16) (a) Jensen, C. M,; Chen, Y. J.; Kaesz, H. D. J. Am. Chem. Soc.
1984, 106, 4046. (b) Azam, K. A.; Deeming, A. J.; Rothwell, I. P. J. Chem.
Soc., Dalton Trans. 1981, 91. (¢) Cook, N.; Smart, L.; Woodward, P. J.
Chem. Soc., Dalton Trans. 1977, 1744.

(17) Calvert, R. B. Ph.D. Thesis, University of Illinois, 1978. Shapley,
J. R., personal communication.
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reaction, analogous to the recently reported halide pro-
motion of CO insertion into u-CH, complexes to give u-
ketene derivatives.’®b

Experimental Section

The complexes Os3(CO);;(u-CH,y) (3)® and [PPN][Os,y-
(CO)1p(u-CHy)(e-1)] (4),7 were prepared according to literature
procedures. Carbon monoxide (CP grade, Matheson), HBF +Et,0,
[(CH,)30][BF,] (Aldrich Chemical Corp.), and HI (0.8 M in CHCI,,
Alfa Chemical Corp.) were purchased and used as received.
Solvents were dried and degassed by standard methods. All
manipulations, unless otherwise specified, were conducted under
prepurified N, by using standard Schlenk techniques. Instruments
used in this work have been previously described.”'® The complex
0s3(CO)1g(e-H) (u-1)*® was used as an internal standard in the mass
spectral analyses of the partially deuterated Os3(CO),o(CH3) (i-I)
derivatives. Elemental analyses were performed by Schwartzkopf
Microanalytical Laboratory, Woodside, NY.

Synthesis of Os3;(CO);,(CH3)(p-I) (5). The salt [PPN]-
[0s3(CO)1o(u-CHy) (u-I)] (0.310 g, 0.203 mmol) was dissolved in
3.0 mL of dry CH,Cl, in a 25-mL round-bottom flask in a glovebag
under an N, atmosphere. HBF¢Et,0 (~0.15 mL, ~1.24 mmol)
was added dropwise to the stirred solution, and this gave an orange
to red color change. The CH,Cl, solvent was immediately removed
by rotary evaporation in air, and the resultant red residue was
quickly extracted with several ~5-mL portions of n-pentane. The
pentane soluble material was quickly chromatographed on SiO,
using 25% CH,Cly/n-pentane as eluant. Evaporation of solvent
from the first red band gave Osg(CO);((CHy)(u-I) (5) as a ma-
roon-colored microcrystalline solid in 64% yield (0.129 g, 0.130
mmol). This band was followed by a yellow band which was not
identified. 5: IR (vcg cyclohexane) 2112 m, 2062s, 2045s, 2031
vs, 2000 s, 1985 m cm™!; MS (EI, *°0s) m/z 992 (M*) plus
fragments corresponding to loss of 10 CO’s and CHg; 'H NMR
{CDCly) 6 1.34 (s); 'C NMR (CDCl,) 5 -39.7 (q, Jcy = 136.7 Hz),
189.4 (s, CO), 187.1 (s, CO), 186.1 (s, CO), 184.5 (s, CO), 181.3
(s, CO), 178.8 (s, CO), 176.6 (s, CO), 175.9 (s, CO), 170.0 (s, CO),
169.4 (s, CO). Anal. Caled for C;;H310,,0s5: C, 13.30; H, 0.31.
Found: C, 13.05; H, 0.60.

!H NMR Characterization of Osy(CO),,(CHD,)(u-I) and
05;3(CO),0(CH,D)(p-I). The salt [PPN][Os5(CO)1(4-CDy) (-]
(0.287 g, 0.188 mmol), prepared by reaction of [PPN]I with
085(C0)y41(u-CDy),!* was placed in a 50-mL Schlenk flask and
dissolved in ~8 mL of dry CH,Cl, under an N, atmosphere. The
solution was acidified with 0.65 mL of a 0.316 M solution of
CF;S0;H in CH,Cl,. Workup of the product as described above
for Os3(CO)o(CHy)(u-I) gave a mixture of Os3(CO);o(CHD,) (u-1)
and 0s3(CO)1,(CH,D) (i-I) (0.060 g, 0.060 mmol) in 32% yield:
‘H NMR (CDCly) 6 1.22 (s, 0.7 H, Os3(C0O);4,(CHD,)(u-I)), 1.28
(s, 1 H, 083(C0),o(CH,D)(u-I)). No resonance was observed at
6 1.34 for Os3(C0O),5(CHg)(u-I). Computer simulation of the EI
mass spectrum of the sample in the m/z 988-1000 region showed
the parent ion envelope to be composed of contributions from
individual clusters with molecular weights based on %0s of 994
(66%, 5-ds), 993 (10%, 5-d;, (5-dy) - H), and 992 (24%, 5, (5-d,)
- D, (3-d,) - H).

Reaction of Os3(CO);((CH;)(u-I) with CO. The complex
0s3(C0O)14(CHy) (u-I) (0.0537 g, 0.0541 mmol) was placed in a 40-mL
Schlenk flagk, and ~5 mL of CH,Cl, was distilled onto the sample
from BaO in vacuo. One atmosphere of CO was admitted to the
evacuated sample, and a red to orange color change occurred over
a 2-h period. After the solution was stirred overnight, the color
had changed to light yellow. The CH,Cl, solvent was removed
by vacuum distillation, and the resultant yellow powder was
extracted with several ~3-mL portions of n-pentane and then
washed with CH,Cl, to give Os3(CO),;(n!-C{OICH;) (u-1) (7; 0.0264
g, 0.0252 mmol) as a light vellow powder in 47% yield. This
compound is only slightly soluble in CH,Cl, or hydrocarbon
solvents. IR (vco, CH,Cly) 2141 w, 2109 m, 2054 s, 2035 m, 2026
m, 1997 w, 1620 w cm™!; MS (EI, °0s) m/z 1048 (M*) plus

(18) Steinmetz, G. R.; Morrison, E. D.; Geoffroy, G. L. J. Am. Chem.
Soc. 1984, 106, 2559.

(19) Johnson, B. F. G.; Lewis, J.; Pippard, D. A. J. Chem. Soc., Dalton
Trans. 1981, 407.
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fragment ions corresponding to the loss of 11 CO’s; 'H NMR
(CDCly) 6 2.55 (s). Anal. Caled for C;3H;104,0s5: C, 14.88; H,
0.29. Found: C, 15.04; H, 0.38.

The combined n-pentane extracts from the above preparation
of 7 were chromatographed on a SiO, TLC plate with n-pentane
as eluant. Nine yellow bands eluted of which only the seventh
was identified. Removal of this band from the plate led to isolation
of Os4(C0)1(u-0—CCH,)(1-I) (6) as a light yellow microcrystalline
solid in ~5% yield. 6: IR (vgo, cyclohexane) 2105 w, 2072 s, 2056
m, 2022 s, 2008 s, 1995 m, 1987 w, 1979 w, 1499 w em™!; MS (EI,
1%0s) m/z 1020 (M*) plus fragment ions corresponding to the
loss of 10 CO’s; 'H NMR (CDCly) 6 2.58 (s). Anal. Caled for
CoH310,,0s5:  C, 14.11; H, 0.30. Found: C, 14.42; H, 0.59.

Conversion of 7 into 6 and 5. The complex Os3(CO);(n!-C-
{OJCH,) (u-1) (7) (0.020 g, 0.019 mmol) was dissolved in THF-dg
and the 200-MHz NMR spectrum recorded. The NMR tube was
then freeze—pump-thawed three times and sealed in vacuo. After
the solution was heated in a 45 °C oil bath for 2 h, the NMR
spectrum was again recorded and showed disappearance of the
resonance at § 2.55 (s) attributed to 7 and growth of two resonances
in a 3:1 intensity ratio at 5 2.58 (s) due to the u-acetyl complex
6 and ¢ 1.28 (s) assigned to 5.

Thermal Decomposition of Os;(CO);o(CH;)(u-I). The
complex 0s3(C0O),o(CHj) (1-1) (0.060 g, 0.061 mmol) was dissolved
in 0.75 mL of a 1:2 CDCl;/CD,Cl, solution and placed in a 5-mm
NMR tube under N,. The sample was degassed by three
freeze—pump-thaw cycles and sealed under vacuum and the 'H
NMR spectrum recorded. The color changed from deep red to
orange overnight. The 'H NMR spectrum recorded after 1 week
showed that all of 5 had decomposed and that Os;(CO)o(u-O=
CCH,)(u-1) (6) was present in 53% yield based upon NMR in-
tegration relative to internal CDHCl,. Chromatography (TLC)

on Si0, with 10% CH,Cl,/hexane gave 6 (0.020 g, 0.019 mmol)
as the fourth bright yellow band in 32% yield. Peach-colored,
orange, and tan bands preceding 6 and orange, red, yellow-orange,
violet, green, violet, green, violet, and brown bands following 6
were not identified.

Reaction of Osy(CO);(u-CH,) with HI. The complex
0s;3(C0);(u-CHy) (0.0516 g, 0.0578 mmol) was dissolved in 6.0
mL of CH,Cl, and placed in a 40-mL Schlenk flask to which was
added via syringe 0.17 mL of a 0.8 M solution of HI in CHCly
(0.136 mmol). The solution changed color from dark red to orange
while it was stirred for 14 h. The CH,Cl, solvent was then removed
by rotary evaporation, and the oily orange residue was chroma-
tographed on SiO, using 5% CH,Cl,/n-pentane as eluant. This
gave an orange band which was poorly separated from a faint red
band of Os;(CO),;(u-CH,) which preceded it. The IR spectrum
of the second band showed it to contain a mixture of ~90%
085(C0)1y(p-0=CCHy)(u-I) (6) and ~10% Os3(CO);;(u-CH,) (3).
Unreacted 3 was converted to [PPN][Os3(CO)5(x-CH,) (u-C1)]
by treating the solution with excess [PPN]Cl in CH,Cl,,” and the
0s5(C0),(u-0=CCHj;)(p-I) product (0.028 g, 0.027 mmol) was
obtained from this mixture in 47% yield by extracting with several
~5-mL portions of n-pentane.
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In the gas-phase chemistry of M* (M = Fe, Co, Ni) with alkanes, the metal ion can insert into a number
of the C—C bonds to give intermediates of the type R-M*-R’. Insertion into some C-C bonds is preferred
over others. We note a correlation between the preference for insertion into a particular skeletal bond
and the ionization potentials (IP’s) of the alkyl radicals formed when the C-C bond is cleaved. The correlation
suggests a relationship between IP(C,H,,.,) and D°(M*-C_H,,.,), with IP decreasing and bond energy
increasing as n increases. The relationship between IP and bond energies of alkyl radicals to other cations
such as Hg* is noted and supports this suggestion. Thus, the correlation may suggest that the preferred
intermediates involve those in which the (M*-R) bonds which are formed are the strongest.

Introduction

In the numerous reports of the gas-phase chemistry of
transition-metal ions with organic molecules which have
appeared in the past several years,! the metal insertion/
B-hydrogen shift/competitive ligand loss reaction se-
quence? has been utilized to explain the formation of the

(1) Publications representative of the groups currently active in this
area include: (a) Freas, R. B.; Ridge, D. P. J. Am. Chem. Soc. 1980, 102,
7129. (b) Armentrout, P. B.; Beauchamp, J. L. J. Am. Chem. Soc. 1981,
103, 6624. (c) Jacobson, D. B.; Freiser, B. S. J. Am. Chem. Soc. 1983, 105,
7484. (d) Grady, W. L.; Bursey, M. M. Int. J. Mass Spectrom. Ion.
Processes 1983/1984, 55, 111. (e) Huang, S. K,; Allison, J. Organo-
metallics 1983, 2, 883.

(2) Allison, J.; Ridge, D. P. J. Am. Chem. Soc. 1976, 98, 7445.
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majority of the product ions. If each step in this sequence
were sufficiently understood, products and branching ratios
could be predicted a priori. Such predicting ability be-
comes very important in analytical applications of these
reactions in the metal ion chemical ionization technique.
The least understood step in this sequence is the metal
insertion process, yet it appears to be the dominant factor
affecting product distributions.? Here, we focus on the
metal insertion process occurring in the reactions of
first-row transition-metal ions (M* = Fe*, Co*, Ni*) with
straight-chain alkanes from butane to decane.

(3) Armentrout, P. B.; Beauchamp, J. L. J. Am. Chem. Soc. 1981, 103,
784,
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fragment ions corresponding to the loss of 11 CO’s; 'H NMR
(CDCly) 6 2.55 (s). Anal. Caled for C;3H;104,0s5: C, 14.88; H,
0.29. Found: C, 15.04; H, 0.38.

The combined n-pentane extracts from the above preparation
of 7 were chromatographed on a SiO, TLC plate with n-pentane
as eluant. Nine yellow bands eluted of which only the seventh
was identified. Removal of this band from the plate led to isolation
of Os4(C0)1(u-0—CCH,)(1-I) (6) as a light yellow microcrystalline
solid in ~5% yield. 6: IR (vgo, cyclohexane) 2105 w, 2072 s, 2056
m, 2022 s, 2008 s, 1995 m, 1987 w, 1979 w, 1499 w em™!; MS (EI,
1%0s) m/z 1020 (M*) plus fragment ions corresponding to the
loss of 10 CO’s; 'H NMR (CDCly) 6 2.58 (s). Anal. Caled for
CoH310,,0s5:  C, 14.11; H, 0.30. Found: C, 14.42; H, 0.59.

Conversion of 7 into 6 and 5. The complex Os3(CO);(n!-C-
{OJCH,) (u-1) (7) (0.020 g, 0.019 mmol) was dissolved in THF-dg
and the 200-MHz NMR spectrum recorded. The NMR tube was
then freeze—pump-thawed three times and sealed in vacuo. After
the solution was heated in a 45 °C oil bath for 2 h, the NMR
spectrum was again recorded and showed disappearance of the
resonance at § 2.55 (s) attributed to 7 and growth of two resonances
in a 3:1 intensity ratio at 5 2.58 (s) due to the u-acetyl complex
6 and ¢ 1.28 (s) assigned to 5.

Thermal Decomposition of Os;(CO);o(CH;)(u-I). The
complex 0s3(C0O),o(CHj) (1-1) (0.060 g, 0.061 mmol) was dissolved
in 0.75 mL of a 1:2 CDCl;/CD,Cl, solution and placed in a 5-mm
NMR tube under N,. The sample was degassed by three
freeze—pump-thaw cycles and sealed under vacuum and the 'H
NMR spectrum recorded. The color changed from deep red to
orange overnight. The 'H NMR spectrum recorded after 1 week
showed that all of 5 had decomposed and that Os;(CO)o(u-O=
CCH,)(u-1) (6) was present in 53% yield based upon NMR in-
tegration relative to internal CDHCl,. Chromatography (TLC)

on Si0, with 10% CH,Cl,/hexane gave 6 (0.020 g, 0.019 mmol)
as the fourth bright yellow band in 32% yield. Peach-colored,
orange, and tan bands preceding 6 and orange, red, yellow-orange,
violet, green, violet, green, violet, and brown bands following 6
were not identified.

Reaction of Osy(CO);(u-CH,) with HI. The complex
0s;3(C0);(u-CHy) (0.0516 g, 0.0578 mmol) was dissolved in 6.0
mL of CH,Cl, and placed in a 40-mL Schlenk flask to which was
added via syringe 0.17 mL of a 0.8 M solution of HI in CHCly
(0.136 mmol). The solution changed color from dark red to orange
while it was stirred for 14 h. The CH,Cl, solvent was then removed
by rotary evaporation, and the oily orange residue was chroma-
tographed on SiO, using 5% CH,Cl,/n-pentane as eluant. This
gave an orange band which was poorly separated from a faint red
band of Os;(CO),;(u-CH,) which preceded it. The IR spectrum
of the second band showed it to contain a mixture of ~90%
085(C0)1y(p-0=CCHy)(u-I) (6) and ~10% Os3(CO);;(u-CH,) (3).
Unreacted 3 was converted to [PPN][Os3(CO)5(x-CH,) (u-C1)]
by treating the solution with excess [PPN]Cl in CH,Cl,,” and the
0s5(C0),(u-0=CCHj;)(p-I) product (0.028 g, 0.027 mmol) was
obtained from this mixture in 47% yield by extracting with several
~5-mL portions of n-pentane.
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In the gas-phase chemistry of M* (M = Fe, Co, Ni) with alkanes, the metal ion can ins