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Infrared spectroscopic evidence, including deuterium labelling, is presented to show that photolysis
of [M(n®-C,R,)(CO),] (M = RhorIr, R = H or Me) complexes in CH, matrices at ca. 12 K leads
primarily to [M(n®-C,R,) (CO)(Me) (H)] complexes. Comparative photolysis experiments in CH,, Ar,
and *CO-doped (5%) matrices provided evidence that the initial step is the loss of CO to form the
‘naked’ 16-electron species, [M(n®-C,R,) (CO)]. Additional photoproducts in CH, matrices are
tentatively assigned as the CH, complexes [M(n®-C,R,)(CO) - - - CH,]. Cobalt analogues failed to
activate CH, but did afford very weak bands which could possibly be assigned to the CH,
complexes [Co(n®-C,R,)(CO) - - - CH,] (R = H or Me). The indenyl complex, [Ir(n®-C,H,)(CO),],
behaves similarly to the cyclopentadienyl complexes. The mechanism of CH, activation in matrices
in discussed and related to the activation of CH, in solution at ambient temperatures. The lack of

CH, activation by Co analogues seems to be best rationalised on thermodynamic grounds.

Considerable interest has been generated by the recent dis-
coveries ' 3 that saturated hydrocarbons can oxidatively add to
a number of simple mononuclear organometallic complexes in
homogeneous solutions to yield well characterised and fre-
quently isolable hydrido(alkyl)metal complexes. A particularly
exciting reaction is the photochemical activation of CH, by
[Ir(n*-CsR;5)(CO),] (R = H or Me) complexes in perfluoro-
hexane as an inert solvent.* This work has indicated that the
catalytic activation of C—H bonds in saturated alkanes, one of
the most important goals for the petrochemicals industry, may
be attainable under mild reaction conditions.

The favoured intermediates in the photochemical CH,-
activation reactions are the 16-electron species, [Ir(n®-CsRs)-
(CO)], formed by dissociative CO loss, but no direct evidence
for such species has hitherto been presented. An alternative
mechanism to CO loss might involve n°> —— n? ring slippage,
¢f- the formation of [Co(n3-CsH,)(CO),] on photolysis of
[Co(m>*-CsH)CO),] in CO matrices at ca. 12 K° An
analogous type of ring-slippage intermediate was proposed for
the associative type substitution reactions of [M(n*-C;Ry)-
(CO),] (M = Coor Rh,R = H or Me) complexes.®’

In order to understand more about the mechanism of CH,
photoactivation, a matrix isolation study of the photochemical
reactions of the complexes [M(n3-CsR;)(CO),] (M = Co, Rh,
or I; R =H or Me) together with [Ir(n*-CoH,)(CO),]
(C4H, = indenyl) in CH,, CD,, Ar, and 5% '3CO-doped
frozen gas matrices at ca. 12 K has been undertaken. A
preliminary account of this work, which demonstrated CH,
photoactivation even at 12 K, has been published.’

Experimental

Cryogenic temperatures (ca. 12 K) were obtained using a closed-
cycle He refrigerator (Air Products and Chemicals Inc, Displex
CS-202). Matrices containing [M(n*-CH)(CO),] (M = Co
or Rh) complexes were prepared by making gas mixtures with

t Non-S.1. units employed: atm = 101 325 Pa, Torr =~ 133 Pa, cal =
4.184 J.

excess matrix gas (ca. 1:2000) on a vacuum line (standard
manometric technique) and depositing the mixtures onto
cooled CaF, or Csl windows using the pulsing method.® All
other compounds, i.e. [M(n°-CsMes)(CO),] (M = Co, Rh, or
Ir), [Ir(n*-CsH;)}CO),], and [Ir(n’-CoH,)CO),], were too
involatile to make gas mixtures and so the vapours from
samples held at constant temperatures were co-condensed with
a vast excess of host matrix gases onto the cooled spectroscopic
window of the cryostat. The spray-on temperatures (°C) for the
various compounds were: [Co(n>-CsMes)}(CO),], 5; [Rh(n>-
CsMe; ) CO),], 20; [Ir(n>-CsH)(CO),], —10; [Ir(n3-CsMe;)-
(CO),], 20; [Ir(n*-CoH,)(CO),], 30.

Infrared spectra (resolution ca. 1 cm™!) were recorded on a
Grubb-Parsons Spectromajor grating spectrometer and on a
Nicolet 7199 Fourier-transform spectrometer (number of data
points = 16 384; number of transform points = 32 768). The
formation of new species was monitored primarily using the
terminal CO stretching regions of the i.r. spectra. Bands in the
metal-ring and ring deformation regions were comparatively
weak and did not show changes which contributed useful
information. Electronic absorption spectra were recorded using
a Pye Unicam SP1800B spectrometer (resolution ca. 1 nm).

The photolysis source was a Philips HPK 125-W medium-
pressure Hg arc lamp. Wavelength-selective photolysis was
achieved by a combination of absorbing materials: filter A
(A < 280 nm and A > 550 nm), quartz gas cell (pathlength 27
mm) containing Cl, (2 atm) plus a quartz gas cell (pathlength
27 mm) containing Br, (200 Torr); filter B (290 < A < 370 nm
and A > 550 nm), quartz gas cell containing Br, (200 Torr)
plus a Pyrex disc (thickness 2 mm); filter C (330 < A < 390
nm), Corning glass filter number 5 874 (thickness 3 mm); filter
D (A > 370 nm), Corning glass filter number 3 060 (thickness 3
mm); filter E (A > 290 nm), Pyrex disc (thickness 2 mm); filter
F (A < 370 nm and A > 550 nm), quartz gas cell containing
Br, (200 Torr).

Matrix gases (Ar and CH,; Research Grade purity) were
obtained from BOC Limited. The isotopically enriched gases
CD, (99%) and '*CO (99%) were obtained from MSD Isotopes
and Amersham International, respectively. Metal complexes
were prepared by reported procedures, [M(1n-CsR)(CO),]
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Table 1. Electronic absorption bands”for [M(n3-C;R)(CO),] and
[Ir(n3-CyH,)CO),] complexes isolated at high dilution in Ar matrices
at ca. 12 K, unless otherwise stated

A'l'|'lix./r]m b

230 (s), 245 (s), 293 (s), 339 (W)

ca. 250 (s), 310 (s), 340 (m), 390 (w)
218 (s), 280 (s)

240 (s), 262 (sh), 305 (s)

257 (s)

Compound
[Co(n*-CsH)(CO),]*
{Co(n*-CsMes)(CO),1¢
[Rh(n*-CsH)(CO),]
[Rh(n*-CsMe,)(CO);]
{Ir(n*-CsH)(CO),]
{Ir(n*-CsMe)(CO),] 219 (s), 280 (s)
[Ir(n3-CgH,XCO),]¢ ca. 250 (s), 342 (m)

@ Peaks at wavelengths shorter than 210 nm could not be reliably
detected because of the background scattering by some matrices. b s =
Strong, m = medium, w = weak, sh = shoulder. ¢ CO matrix: data
from D. J. Taylor, Ph.D. Thesis, University of Southampton, 1981.
4 CH, matrix.

(M =Rh,R = H'”0orMe;'M = Co,R = Me,'*M =1,
R = H'% or Me '), except for the new compound, [Ir(n*-
CgH,)(CO),], the preparation and characterisation of which
will be described elsewhere,!! and [Co(n*-CsH s)(CO),] which
was obtained from Strem Chemicals Inc, and purified by
distillation prior to use.

Results

The photolysis of complexes in frozen gas matrices generally
employed radiation similar in energy to that used in solution
photochemical studies,* ie. 290 < A < 370 nm (filter B).
Higher energy photolyses were subsequently carried out with
filters corresponding to the higher energy u.v. absorption bands
of each complex (Table 1).

(a) Photolysis of [Ir(n*-CsMes)(CO),] in CH,, CD,, Ar, and
13CO-doped Matrices—The ir. spectrum (terminal CO
stretching region) of [Ir(n*-CsMe (CO),] isolated at high
dilution in a pure CH, matrix is shown in Figure 1(a). This
spectrum shows two strong terminal CO stretching bands with
weaker ‘satellite’ bands (marked with *) corresponding to the
CO stretching modes of [Ir(n3-CsMe;)('2CO)(' *CO)] present
in natural abundance (Table 2); the spectrum is typical of all
dicarbonyl spectra in this work. Extended photolysis (filter B)
resulted in the production of a strong terminal CO stretching
band at 1 991.3 cm™!, a very weak band at 2 149.3 cm™!, a band
for ‘free’ CO and reduction in the intensities of the parent bands
[Figure 1(b) and (c)]. Photolysis with high-energy light (filter F)
afforded a second new terminal CO stretching band at 1 971.2
cm™!, at the expense of the parent bands and the other new
band at 1 991.3 cm™!, together with an increase in the band for
‘free’ CO [Figure 1(d) and (¢)].

The i.r. spectrum of [Ir(n3-CsMe }(CO),] isolated at high
dilution in a CD, matrix is shown in Figure 2(a). Extended
photolysis (filter B) resulted in the production of a new terminal
CO stretching band at 1990.1 cm™! together with a band for
‘free’ CO. No band was observed at 2 149.3 cm™! but a weak
band was detected at 1 548.2 cm™' [Figure 2(b) and (¢)]. Such a
band shift is consistent with H/D exchange so that the band at
2 149.3 cm™! in the CH, matrix experiment can be assigned as
an Ir-H stretching mode (Table 2). The production of a second
CO stretching band on higher energy photolysis is obscured by
bands due to the CD, matrix.

Photolysis in Ar matrices failed to yield any major changes
in the i.r. spectrum of [Ir(n*-CsMes)CO),] despite using a
variety of filters over prolonged periods of time (12 h). However,
photolysis using 5%, '*CO-doped Ar matrices resulted in some
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Figure 1. Infrared spectra (Nicolet 7199, 1 cm™' resolution; as for

Figures 2—7 and 9) from an experiment with [Ir(n’-CsMe}(CO),]
isolated at high dilution in a CH, matrix: (a) after deposition, (b) after
irradiation for 88 h using filter B, (¢) subtraction spectrum [(b) — (a)],
(d) after irradiation for 3 h using filter F, (¢) subtraction spectrum
[(d) — (¢)]. Bands marked (*) arise from [Ir(n*-CsMe;)('2CO)-
(*3CO)] present in natural abundance

12CO/'3CO exchange, cf. previous results for [Co(n*-CsHs)-
(C0O),],’ although the extent of exchange for Ir was less than for
Co. In contrast to the Co complex, there was no evidence for
12C0O/"3CO exchange when [Ir(n*-CsMe;)(CO),] was photo-
lysed in 5%, '3CO-doped CH, matrices.

Comparison of the matrix isolation i.r. data (Table 2) with
solution i.r. data * identified the major product species formed in
CH, matrices as [Ir(n®-CsMes)(CO)XMe)(H)] (vi,y = 21493
and vco = 1991.3 cm™!). The other new terminal CO stretch-
ing band at 1 971.2 cm™! is more difficult to assign; it appears
to be produced from [Ir(n*-CsMe)(CO)Me)(H)] and possibly
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Table 2. Observed positions (cm™!) of terminal CO stretching modes of [M(n*-C ;R )(CO),], [Ir(n 5.CyoH,)(CO),], and their photoproducts in Ar

and CH, frozen gas matrices at ca. 12 K and n-hexane at 298 K

M=1Ir M = Rh M = Co
- —A N A N A Al
Compound Ar CH, Ce¢H o Ar CH, C¢Ha Ar CH, C¢H,,
[M(n*-CsMes)(CO),} 20255 2020.7° 2019 2031.1 2028.2¢ 2026 2013.7 2008.5 2009
1959.0 1954.5¢ 1953 19679 1965.6° 1964 19533 19479 1 949
[M(n3-CsMe,)(2CO)('3CO)] 20076 2003.7 2003 20145 20122° 2011 19979 19929 1 994
' 19268 1924.7 1923 1936.8 19349° 1935 1922.6 1917.2 1918
[M(n*-CsMe)(CO)Me)(H)] 1991.3¢ 1990°¢ 2008.74
[M(n*-CsMes)(CO)]
[M(n*-CsMe)(CO) - -« CH,}*° 1971.2¢1 198197 1962.8
[M(1n3-CsH M CO),] 20445 2040.0%7 2041 2053.0¢ 2048.9°¢ 2049 20349 2029.8¢ 2031
19772 1972.5%% 1974 1988.8¢ 1985.17 1986 1973.8¢ 1 969.39 1971
[M(n3-CsH)(12CO)(*3C0O)] 20284 20237 2024 20356 20332 2033 2019.1 20152 2015
19459 1941.6 1943 1958.2 19544 1955 19428 1939.7 1940
[M(n*-CsHCO)Me)(H)] 2006.0%%  2009*% 2024.2¢
[(M(n*-CsH,)XCO)] 19537 1968.59
[M(n*-CsH (CO) - -« CH,]¢ 1984.81 1992.2 1989.7
[M(n*-C4H,XCO),] 204427 2041.0°¢ 2041
1983.79 1979.2¢ 1980
[M(n*-CyH,)(2CO)(**CO)] 20284 202238 2025
1951.6 19458 1949
[M(n*-CyH,)CO)Me)(H)] 200541

“ Positions in CD,: [Ir(n*-CsMe ) (CO),], 2020.6 and 1953.6 cm™*; [Ir(n3-CsH )(CO),], 2040.6 and 1972.3 cm™*; [Rh(n3-C;Me;)(CO),1,
2027.1 and 19639 cm™'. * [Rh(n>-C4Me,)(**CO),], veo at 1979.3 and 1918.4 cm™! in 5% '*CO-doped CH,; ¢f. [Rh(n’-CsMe,}CO),] (Ve at
2027.4 and 1 964.2 cm™') and [Rh(n>-C Me;)(?2CO)(*CO)] (veo at 2010.5 and 1933.7 ecm™'). € v,,,, at 2149.3 cm™ in CH, and at 2 134 cm™! in
CH, 4 [Ir(n°-CsMe ) (COYCD3XD)], veo at 1990.1 cm™ and vy, at 1548.2 cm™. ¢ v,y not located; [Rh(n3-CsMes)(CO)XCD;)D)], v at
2006.3 cm™! and v, not located. ¢ Tentative assignment. / [Ir(n®-CsMes)(CO) « « « CD,], vco Obscured in CDy; [Ir(n3-CsH)(CO) « » + CD,], veo
obscured in CD,; [Rh(n*-CsMes}(CO) «« - CD,], veo at 1 979.3 cm™! in CD,. ¢ Average position of matrix-split band. * v, at ca. 2 184 cm™ in CH,
and at 2 170 cm™ in C¢H,; [Ir(n’-CsH)(CO)CD,)(D)], veo at 2006.4 cm™! and v,,p at 1 564.5 cm™!; [Ir(n3-CH (3 CO)Me)(H)], vco at ca.

1960 cm™. ‘ vy, not located (M = Ir or Rh).

[Ir(n3-CsMes)(CO),] on high-energy photolysis. On the basis
of matrix dilution and the lack of bridging CO stretching bands,
it seems likely that the species responsible for this band is
monomeric. An obvious candidate is the ‘naked’ t6-electron
species [Ir(n®-CsMe;)(CO)]. A comparison of the band
position of this proposed monocarbonyl versus those for [Ir(n>-
CsMe;)(CO),] and other related pairs, e.g. [Fe(n*-C;H)(CO)-
(COMe)] (vgo at 1947.5 ecm™) versus [Fe(n’-CsH;)(CO),-
(COMe)] (veo at 2021.0 and 1961.8 cm™')'? and [Rh(acac)-
(CO)] (acac = acetylacetonate; veo at 20029 cm™) versus
[Rh(acac)(CO),] (vco at 2086.0 and 2 019.5 cm™!),' suggests
that the band at 1971.2 cm™! is at too high a wavenumber to
be consistent with [Ir(n>-CsMe;s)(CO)]. This conclusion is re-
inforced by the results for [Ir(n°-CsH)(CO),] and [Rh(n?’-
CsH)(CO),] in Ar matrices (see below). An alternative assign-
ment is possibly a methane complex, i.e. [Ir(n3-CsMes)(CO) - - -
CH_]. There are a number of precedents for such interactions:
‘naked’ [Cr(CO)s] versus [Cr(CO)s -~ CH,] (observed in the
u.v.—visible spectra),’* ‘naked’ [Fe(CO),] versus [Fe(CO), - »
CH,] (observed via the ir. spectra).!® More recently the inter-
action of CH, molecules with Fe atoms has led to CH,
activation, equation (1).!®

280 < A < 360 nm

[Fe..-H-CH,] [Fe(H)YMe)] (1)

A > 400 nm

On the basis of these precedents it seems at least possible
that the band observed at 1971.2 cm™! in CH, matrices may
correspond to the terminal CO stretching mode of the CH,
complex, [Ir(n3-CsMes)(CO)---CH,], formed either as an
intermediate in C~H activation or by reductive elimination of
CH, from [Ir(n3-CsMes)(CO)Me)(H)]. Recent extended
Hiickel calculations on the [Rh(n3-CsH)(CO)]-CH, system
support the idea that a CH, complex forms as an intermediate

and subsequently goes on to yield a hydrido(methyl) product.!’
Additionally, the interaction of C-H bonds with 16-electron
metal species is now well recognised from a number of structural
and spectroscopic studies.’® In the particular case under con-
sideration it should be emphasised that there is no other spectro-
scopic evidence for a CH, complex and, therefore, other species/
structures which could give rise to the 1 971.2 cm™! band should
not be ruled out.

(b) Photolysis of [Ir(n3-CsH)(CO),] in CH,, CD,, Ar, and
13CO-doped Matrices—The i.r. spectrum (terminal CO stretch-
ing region) of [Ir(n°-CsH)(CO), ] isolated at high dilution in a
pure CH, matrix is shown in Figure 3(a). Extended photolysis
(filter B) resulted in the production of a strong terminal CO
stretching band at 2006.0 cm™ (broadened by matrix split-
ting), a very weak band centred at ca. 2 184 ¢cm™!, and a band
for ‘free’ CO while the parent bands decreased [Figure 3(b) and
(c)]. Two very weak bands were also observed at 1936.3 and
1730.0 cm™ and these may be assigned to a dimeric species
(see below). On further photolysis (filter A) the parent bands
were rapidly destroyed, the new band at 20060 cm™! in-
creased slightly, more CO was produced and a new terminal CO
stretching band grew in at 1 984.8 cm™! [Figure 3(d)]. Further
photolysis (filter E) with radiation similar to that used initially
caused a decrease in the band at 1984.8 cm™ with a con-
comitant increase in the band at 2 006.0 cm™! [Figure 3(e) and
(/)] A final period of irradiation with high-energy light (filter
A) caused the parent bands and the band at 2 006.0 cm™! to
decrease while the band at 1 984.8 cm™! and that for ‘free’ CO
increased in intensity. .

The ir. spectrum of [Ir(n’-CsH,)(CO),] isolated at high
dilution in a CD, matrix is shown in Figure 4(a). Extended
photolysis (filters B or A) resulted in the production of a
strong terminal CO stretching band at 2 006.4 cm™* together
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Figure 2. Infrared spectra from an experiment with [Ir(n*-CsMe,)-
(CO),] isolated at high dilution in a CD, matrix: (a) after deposition,
(b) after irradiation for 76 h using filter B + 4 h using filter F, (¢)
subtraction spectrum [(b) — (2)]. Bands marked (*) arise from [Ir(n>-
CMe;)('2CO)X'*CO)] present in natural abundance

with a band for ‘free’ CO but no band at 2 184 cm™'. Instead a
weak band was detected at 1564.5 cm™! [Figures 4(b) and
(c)]. The 2184 (CH,)/1 564.5 cm™! (CD,) band shift is con-
sistent with H/D exchange and enables the band at ca. 2 184
cm™' in the CH, matrix to be assigned as an Ir~H stretching
mode.

Photolysis (filter A, 16 h) in dilute Ar matrices* yielded a
weak band at 1953.7 cm™, a band for ‘free’ CO, and slight
decreases in the parent bands. Long-wavelength photolysis
(filter D) resulted in a slight decrease in the band at 1953.7
cm™ and the band for ‘free’ CO while the parent bands
increased in intensity. In 5% !*CO-doped CH, matrices
photolysis (filter B or A) caused much less destruction of the
parent complex than in CH, matrices. The principal products
were a strong band at 2 006.0 cm™! (c¢f. pure CH, matrices),
incorporation of '3CO to give [Ir(n3-CsH)(!2CO)('3CO)],
a new strong band at ca. 1 960 cm™! corresponding to [Ir(n°-
CsH)('*CQO)(Me)(H)], but no band at 1984.8 cm™'.

Comparison of the matrix isolation i.r. data with the solution

* When more concentrated matrices were photolysed weak bands were
detected at [ 941.3 and 1 745.6 cm ™ '; these bands correspond to species
which could be photochemically interconverted. It is proposed that
these species are the as yet unknown dimers [{Ir(n*-CH)(CO)},]
and [{Ir(n®-CsH;)},(u-CO),], respectively (see below for [{Rh(n>-
C;sMe;s)(CO)},] and [{Rh(n*-CsMe;)},(1-CO),J).
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Figure 3. Infrared spectra from an experiment with [ir(n3-CsH;)-
(CO),] isolated at high dilution in a CH, matrix: (a) after deposition,
(b) after irradiation for 19 h using filter B, (c) subtraction spectrum
[(b) — (a)]. (d) after irradiation for 55 min using filter A, (e) after
irradiation for 95 min using filter E, (/) subtraction spectrum [(e) —
(d)] (note: absorbance scale x 10). Bands marked (*) arise from [Ir(n>-
CH;)(12CO)('3CO)] present in natural abundance

i.r. data identified the major photoproduct in CH, matrices as
[Ir(n3-CsH (COYMe)H)] (vi,y = 2 184 cm™; veo = 2 006.0
cm™'). The band at 1984.8 cm™! behaves similarly to that at
19712 cm™! in the [Ir(n*-CsMe ) (CO),J-CH, experiments.
A CH, complex, [Ir(n>-CsH X(CO) « - » CH,], is one possibility
which could account for the observed reversal to [Ir(n*-CsHy)-
(CO)(Me)(H)] on longer wavelength photolysis though other
isomeric species cannot be ruled out.
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Figure 4. Infrared spectra from an experiment with [Ir(n3-CsHy)-
(CO),] isolated at high dilution in a CD, matrix: (a) after deposition,
(b) after irradiation for 20 h using filter B + 2 h using filter A, (¢)
subtraction spectrum [(5) — (a)]. The band marked (1) arises from
matrix-isolated water and the bands marked (*) arise from [Ir(n*-
CH)('2CO)('3CO)] present in natural abundance

The band at 1953.7 cm™! in Ar matrices is at a position
consistent with the assignment to the ‘naked’ 16-electron species
[1r(n*-CsHs)}CO)]. The band position also agrees well with a
band assigned to [Ir(n*-CsH(CO)] (veo = 19544 cm™)
produced on photolysis of [Ir(n3-CsH)(CO)H),] in Ar
matrices.!?

(¢) Photolysis of [Rh(n*-CsMe;)(CO),] in CH,, CD,, Ar,
and '3CO-doped Matrices~—~The ir. spectrum (terminal CO
stretching region) of [Rh(n®-CsMe )} CO),] isolated at high
dilution in a CH, matrix ts shown in Figure 5(a). Initial
photolysis (filter B, 120 min) afforded reductions in the parent
bands, a new terminal CO stretching band at 2 008.7 cm™'
and a band for ‘free’ CO. When filter A was used in the initial
photolysis an additional band (19819 cm™') was obtained
[Figure 5(b)]. Further photolysis (filter A or B) produced
an increase in the band at 1 981.9 cm™' at the expense of the
parent bands and the band at 2008.7 cm™' [Figure 5(¢)]:
a subtraction revealed another weak band at 20489 cm™!
[Figure 5(d)]. Longer wavelength photolysis (filter D) resulted
in a decrease in the bands at 1 981.9 cm™' and for ‘free’ CO
while the bands at 2048.9 and 2008.7 cm™' and the parent
bands all increased [Figure 5(¢)]. A subtraction revealed
a further possible new band at 19909 cm™!, although this
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Figure 5. Infrared spectra from an experiment with [Rh(1°-C;Mej)-
(CO),] isolated at high dilution in a CH, matrix: (¢) after deposition,
(b) alter irradiation for 120 min using filter A, (¢) after irradiation
for a further 120 min using filter A + 200 min using filter B, (d) sub-
traction spectrum [(c) — (b)] (note: absorbance scale x5), (¢) after
irradiation for 245 min using filter D, ( f) subtraction spectrum [(¢) —
(c)] (note: absorbance scale x 5). Bands marked (*) arise from [Rh(n*-
CMe)(*?CO)('3CO)] present in natural abundance

could be a matrix splitting of the band at 1 981.9 cm™' [Figure
5(f)])- When photolyses were carried out in CD, matrices two
strong terminal CO stretching bands were observed at 2 006.3
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and 1979.3 cm™ (¢f. the CH, matrix bands at 2 008.7 and
1981.9 cm™) but no band attributable to a Rh-D stretching
mode could be detected. The very weak band observed at
20489 cm™ in CH, matrices was also observed in CD,
matrices although it was partially overlapped by a CD, band.

In Ar matrices very little effect was observed on photolysis
with a variety of filters. On extended photolysis with high-
energy radiation (filter A) very weak bands appeared at 1 745.0
and 19430 cm™. In 5% '3CO-doped CH, matrices the
major photoreduction was '3CO substitution resulting in the
formation of bands corresponding to {Rh(n®-CsMe;)(*2CO)-
(*3C0O)] and [Rh(n*-CsMes)(*3CO),] (Table 2).

The similarity of the band patterns for [Rh(n’-C;Me,)-
(CO),] and its photolysis products to those for [Ir(n3-C5Rs)-
(CO),] (R =H or Me) complexes and their photolysis
products suggests that similar photoproducts are formed:
[Rh(n®-CsMe}(CO)Me)}H)] (veo = 2 008.7 cm™), although
no Rh-H or Rh-D stretching modes could be detected; [Rh(n*-
CsMe ) (CO)---CH,] (veo = 19819 cm™'), which seems
plausible on the basis of reversal to [Rh(n>-CsMe;)(CO),] and
[Rh(n*-CsMe,)(CO)(Me)(H)].

The bands at 1 745.0 and 1 943.0 cm™' may be assigned to
the known bridged dimer [{Rh(n*-CsMe,)},(n-CO),] [(I); veo
at 1725 cm™! in CH,Cl1,]2° and, more tentatively, the non-
bridged dimer [{Rh(n*-CsMe)(CO)},] (I), ¢f. the results for
[Ir(n3-CsH)(CO),] in more concentrated Ar matrices. Sup-
port for the presence of (I) was afforded by the electronic
spectrum after photolysis where a strong new band was
observed at 565 nm which agrees well with the band for (I) at
582 nm in CH,Cl, solution.?! It has, however, proved impos-
sible so far to identify the species responsible for the weak bands
at 20489 and 1 990.9 cm™.

(d) Photolysis of [Rh(n>-C;H4)(CO),] in CH, and Ar
Matrices—-The ir. spectra (terminal CO stretching region)
from an experiment with [Rh(n3-C;H)(CO),] isolated at high
dilution in a CH, matrix are shown in Figure 6. The bands are
sharper because the complex is volatile enough to enable a high-
dilution gas mixture to be prepared and deposited in pulses®
onto the cooled spectroscopic window. Photolysis (filter B) led
to the production of a matrix-split CO stretching band at
2024.2 cm™! and a band for ‘free’ CO at the expense of the
parent bands [Figure 6(b)]. Subsequent photolysis with high-
energy radiation (filter A) afforded a rapid decrease in the
parent bands, a slight increase in the bands at 2 024.2 cm™!
and for free’ CO, and a new band at 19922 cm™' [Figure
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Figure 6. Infrared spectra from an experiment with [Rh(n’-CsHj)-
(CO),] isolated at high dilution in a CH, matrix: (a) after deposition,
(b) after irradiation for 30 min using filter B, (¢) after irradiation for 25
min using filter A, (d) after irradiation for 30 min using filter E, (e)
subtraction spectrum [(d) — (¢)] (note: absorbance scale x5). The
band marked (f) is at 2 191.0 cm™' and corresponds to the C-D
stretching mode of CH,D present in natural abundance. The bands
marked (*) arise from [Rh(n*-CsH)(*2CO)(*3CO)] present in natural
abundance

6(c)]. Photolysis with radiation similar to that used initially
(filter E) caused the bands at 1992.2 cm™ and for ‘free’ CO
to decrease with concomitant increases in the bands at 2 024.2
cm~! and those due to the parent complex [Figure 6(d) and (e)].

The i.r. spectra (terminal and bridging CO stretching regions)
and electronic spectra from an expenment with [Rh(n3-C sHs)-
(CO),] isolated at high dilution in an Ar matrix are shown in
Figures 7 and 8, respectively. Photolysis with high-energy
radiation (filter A) resulted in decreases in the parent bands
together with the production of new bands at 1 968.5 (matrix
split), 1 792.7 cm™!, and for ‘free’ CO [Figure 7(b)] while in
the electronic spectrum new bands were observed at 330 and
550 nm [Figure 8(4)]. Photolysis with mid-u.v. radiation (filter
C) corresponding to the band at 330 nm partially reconverted
the band at 1 968.5 cm™! to the parent complex along with a
small decrease in the band for ‘free’ CO but with no change in
the band at 1 792.7 cm™! [Figure 7(c) and (d)].

The similarities of the band patterns to those seen previously
suggests the following assignments (Table 2): [Rh(n3-CsHy)-
(CO)Me)H)] (veo = 2 024.2cm™!) although no Rh—H stretch-
ing mode could be detected; [Rh(n*-CsH)(CO)---CH,]
(Veo = 19922 cm™); [Rh(n3-CsHHCO)] (veo = 1968.5
om™1); [{Rh(N*-CsH )} ,(1-CO),1 (Voo = 1 7927 e, Ay, =
330 and 550 nm). Support for the assignment of the band at
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Figure 7. Infrared spectra from an experiment with [Rh(n3-CsH;)-
(CO),] isolated at high dilution in an Ar matrix: (@) after deposition,
(b) after irradiation for 110 min using filter A, (c) after irradiation for
30 min using filter C, (d) subtraction spectrum [(c) — (b)] (note:
absorbance scale x5). The bands marked (*) arise from [Rh(n?>-
CsH)('2CO)'3CO)] present in natural abundance

20242 cm™! to a hydrido(methyl) complex is provided by the
observation of a CO stretching band at 2013 cm™ in experi-
ments where [Rh(n3-C;H,)(CO),] was photolysed at 77 K in a
methylcyclohexane glass. In this experiment the product was
assigned as [Rh(n*-CsH ) (CO)CeH,,CH;3)(H)].?? A second
product in this work was assigned as [{Rh(n*-CHy)},-
(1-CO),] (Vo = 1778 cm™') 22 (¢f. the band in Ar matrices at
1792.7 cm™). This product [structure (I)] was also formed
efﬁcieglztly on photolysis of [Rh,(n°-CsH;),(CO),] in glasses at
77 K.

(e) Photolysis of [Co(n3-CsMes)(CO),] in CH, and Ar
Matrices—Photolysis (filter A) of [Co(n3-CsMes)(CO),]
isolated at high dilution in CH, matrices led to the production
of a weak band at 1962.8 cm™ and a trace of ‘free’ CO at the
expense of the parent bands. Further photolysis with longer
wavelength radiation (filter D) generated a shoulder on the
band at 1 962.8 cm~! but extended photolysis with a wide range
of filters failed to produce further changes. In Ar matrices there
was a similar lack of photoproducts except perhaps for a trace of
‘free” CO.

The results for [Co(n*-CsMe;)(CO),] are dramatically
different from those of Rh and Ir analogues, which activate CH,,
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Figure 8. Electronic absorption spectra (Pye Unicam SP1800B) from
an experiment with [Rh(n*-CsH)(CO),] isolated at high dilution in
an Ar matrix: (@) after deposition, (b) after irradiation for 60 min using
filter A + 60 min using filter C

but are consistent with those for [Co(n*-CsH;)(CO),] ob-
tained previously * and in this work (see below). The identifi-
cation of the species responsible for the band at 1962.8 cm™
band is difficult because of its lack of further reactivity after its
formation. The band position is consistent with a methane
complex [Co(n®-CMe )(CO)..+ CH,] by analogy with Rh
(Veo = 19819 cm™) and Ir (vgo = 1971.2 cm™') analogues.
Another possibility is the non-bridged dimer [{Co(n?’-
CsMe,)(CO)},] by analogy with Rh [(I), vgo = 1 943.0 cm™]
and Ir (veo = 1941.3 cm™') analogues. In assessing these
possibilities it should be borne in mind that CH, complexes are
generally reactive while Co forms bridged rather than non-
bridged dimers, eg. [{Co(CO);},(n-CO),] and [{Co(n’-
CsH,)},(p-CO),] (see below). On balance, the relative intensity
of the band is probably too strong for a dimeric product and
thus the tentative assignment is to [Co(n*-CsMe,)(CO) ---
CH,] [see (a) above].

(f) Photolysis of [Co(n>-CsHs)(CO),] in CH, and Ar
Matrices—The photolysis (filter A) of [Co(n*-CsH)(CO),]
isolated at high dilution in CH, matrices led to the production
of a weak band at 1 989.7 cm™!, a weak band for ‘free’ CO and a
weak band at 1792.1 cm™!, which can be attributed to the
previously observed dimer [{Co(n3-CsH;)},(1-CO),] (veo =
17989 cm~! in a N, matrix® and at 1 798 cm™! in high-boiling
light petroleum?3). The band at 1989.7 cm™' showed no
changes on subsequent photolysis with a variety of filters but
disappeared on annealing the matrices to ca. 30 K; the dimer
band remained unchanged. In Ar matrices photolysis resulted in
a trace of ‘free’ CO and a weak band corresponding to [{Co(n*-
CsHs)},(p-CO), ]

These results are essentially consistent with the previous
study ° except for the detection of the weak band at 1 989.7 cm™*;
this may result from using a Fourier-transform i.r. spectrometer
in the present work. The lack of reactivity in Ar and CH,
matrices was demonstrated previously to be apparent rather
than real because of facile !3CO substitution in '3CO doped
matrices.® Perhaps therefore, the weak new band (1 989.7 cm™!)
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Figure 9. Infrared spectra from an experiment with [Ir(n’-CgH,)-
(CO),] isolated at high dilution in a CH,4 matrix: (a) after deposition,
(b) after irradiation for 33 h using filter B + 3 h using filter A, (¢) after
irradiation for a further 20 h using filter A, (d) subtraction spectrum
[(c) — (b)] (note: absorbance scale x 5). Bands marked (*) arise from
[Ir(n3-CoH,)(*2CO)('*CO)] present in natural abundance

corresponds to a CH, complex, [Co(n’-CsH)(CO) -+« CH,]
present in a trace amount.

(g) Photolysis of [Ir(n>-CgH,XCO),] in CH, and Ar
Matrices—Infrared spectra (terminal stretching region) from
an experiment with [Ir(n®-CyH,)(CO),] isolated at high
dilution in a CH, matrix are shown in Figure 9. Extended
photolysis (filter B, 33 h) caused some decreases in the parent
bands, the appearance of a weak band at 2 005.4 cm™! and a
trace of ‘free’ CO. Photolysis with higher energy radiation (filter
A) initially promoted the same photoreaction [Figure 9(5)] but
on longer photolysis a new band was observed to grow at
1958.4 cm™ at the expense of the parent complex and the
species with the band at 20054 cm™' [Figure 9(c)]. A
subtraction revealed another band (ca. 1 970 cm™') which had
been partially obscured by a parent band [Figure 9(d)]. In Ar
matrices no new bands were observed despite using a variety of
filters.

The band at 2 0054 cm™' appears analogous to bands for
other [M(n)3-CsR5)CO)Me)(H)] (M =Rh or Ir, R=H
or Me) complexes (Table 2) and hence it may be assigned to
the species [Ir(n®-CoH,)(CO)(Me)H)]. The new bands at ca.
1970 and 19584 cm™' are probably due to monomeric
species because of the high dilutions used and presumably
arise from some interaction with CH, since they were not
detected in Ar matrices. The band at ca. 1970 cm™' may
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Scheme. M = Rh or Ir, R = H or Meg; see text for the identity of X. (i)
hv (A < 320 nm), (i) Av' (A < 280 nm), (iii) Av” (A > 300 nm)

correspond to an analogous species to those formed on high-
energy photolysis in [Ir(n*-CsRs)(CO),]-CH, experiments, i.e.
[Ir(n3-CyH,)CO) « - - CH,]. The lower wavenumber band at
1958.4 cm™ could arise from the ‘naked’ 16-electron species
[Ir(n*-CoH,)(CO)], arising because of higher quantum yields in
CH, matrices compared to Ar matrices, but is more likely to be
due to some other photoproduct which is isomeric with [Ir(n>-
H,)(CO)(Me)(H)] because it arises in CH, matrices.

Discussion
A possible path for C-H photoactivation is shown in the
generalised Scheme; spectroscopic evidence for [M(n®-
CsR)(CO)] species was not obtained in all cases. The results
show clearly that the photolysis of [Ir(n>-CsRs)(CO),] (R = H
or Me) complexes in CH,, matrices leads to the formation of the
hydrido(methyl)complexes [1r(n3-CsRs)}(CO)(Me)(H)] corres-
ponding to the solution photochemical products.* There is also
good evidence that photolysis of analogous Rh complexes in
CH, matrices affords hydrido(methyl) complexes, [Rh(n>-
CR)(CO)Me)(H)] (R = H or Me), although such complexes
have not been isolated from solution photochemical reactions,?*
presumably due to their thermal instability. This is consistent
with the fact that the complexes [Rh(n3-C Mes)(PMe;,)(R)(H)]
(R = alkyl) are unstable above ca. —20 °C.3'25 There is also
some evidence that [Ir(n3-CyH,)(CO),] is capable of
oxidatively adding CH, in matrices at 12 K although no
products could be isolated on photolysis of this complex in'a
variety of hydrocarbon solvents.2®

In Ar matrices the observation of [M(n*-CsR)(CO)] (M =
Rh or Ir, R = H or Me) species suggests that C-H photo-
activation may be occurring via ejection of CO as the primary
photoprocess. This is not surprising since CO loss is a pervasive
feature of the photochemistry of metal carbonyl complexes.?” It
seems likely that CO loss may be occurring for all complexes
studied and that the failure to observe such monocarbonyl
fragments may be due to facile recombination with CO in the
matrix cage, e.g. the recombination of [Ni(CO),] (n = 1—3)
fragments with CO on annealing matrices to 15, 20, and 30
K.28:2% Fyrther evidence for CO ejection is provided by '3CO
substitution using '*CO-doped matrices. Interestingly, the
extent of '3CO incorporation (Co » Rh > Ir) is the reverse of
C-H activation; in '3CO-doped CH, matrices the Ir complexes
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show a preference for C-H activation whereas the Rh
complexes favour substitution.

Recent extended Hiickel calculations showed that the 16-
electron d® intermediates [M(n3-CsH)L)] (M = Co, Rh, or
Ir), especially for L = CO, might exist in singlet states thus
avoiding spin-imposed high activation energies of formation.3°
It was also shown that the more likely geometry of such singlet
species would be the bent structure (III) rather than the Cs,
linear structure (IV). A bent geometry might allow more facile
recombination with CO in matrices than the linear structure.

The identity of the unassigned species (X in the Scheme)
formed on high-energy photolysis of [M(n3-CsRy)-
(CO)(Me)(H)] complexes remains uncertain. Four likely
possibilities would seem to be: (i) a CH, complex, i.e. [M(n>-
CsR)(CO) -+« CH,](V), (ii) a monocarbonyl formed by metal
to ring H transfer (VI), (iii) a dicarbonyl species (VII) formed
from (VI) by the recapture of ejected CO, (iv) a radical species
formed by homolytic cleavage of M—H or M-Me bonds. Of
these possibilities there are precedents for metal to ring H
transfer *'-32 but such complexes as (VI) could not be formed
for the Co complexes, which do not activate CH,, while the
capture of CO in the formation of (VII) seems unlikely under
forcing irradiation conditions (high-energy photolysis) because
there would be insufficient CO present. If there was a M-H
cleavage the reversibility of the formation of X would be
impossible since H atoms are known to diffuse freely in gas
matrices *? while Me" radicals would remain trapped in the cage
and be subject to facile back reactions such that the metal
species would not exist for long enough to be trapped and
observed by ir. spectroscopy. On balance, the reversibility
seems to favour structure (V) for X.

In contrast to the positive evidence for a CO loss process
leading to C—H activation, there is no direct evidence so far for
an associative pathway being involved in C-H activation. The
indenyl complex, [Ir(n3-CoH,)(CO),], was expected to favour
an associative pathway because of the equilibrium [equation
(2)] which creates a site for C~H activation to yield (VIII). In
practice the indenyl complex behaved analogously to the
cyclopentadienyl complexes forming [Ir(n3-CoH,)(CO)(Me)-
(H)] and, therefore, it appears that the associative pathway is
not favoured.

The formation of hydrido(methyl) complexes may be
considered to arise in two ways. One possibility is that there is
sufficient energy available from the photons absorbed by [M(n*-
C;sR)(CO),] complexes both to eject CO and to overcome the
conversion barrier from a CH, complex (V) to [M(n?3-
CsR)(CO)(Me)(H)]. An alternative possibility is that a second
photon is required. Assuming that the dissociation energy of a
Rh—CO bond is ca. 30 kcal mol~!' and the kinetic barrier to
hydrido(methyl) complex formation from a CH, complex is 20
kcal mol™! (estimated from Figure 7 of ref. 17), there should be
sufficient energy from a ‘90-kcal photon’ (A = 320 nm, filter B)
for a single-photon process to be possible. In solution reactions
there will be additional thermal energy to supplement the
photochemical energy.

The failure of Co to yield hydrido(methyl) complexes even at
12 K may be attributed to steric and/or thermodynamic factors.
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Since weak bands are observed in CH, matrices, the steric
explanation seems unlikely. This is supported by the known
stability of other alkyl complexes, e.g. [Co(n3-CsRs)PPh,)-
(Me),] (R = H or Me),** which contain bulkier ligands than
those in [Co(n’-CsRs)(CO)Me)(H)]. In the absence of
extended Hiickel calculations for the [Co(n®-CR)(CO)]-
CH, systems, taking average dissociation energies for M—H and
M-Me bonds as 60 and 30 kcal mol-! for first-row transition
metals ** together with the dissociation energy for a C-H bond
in CH, as 105 kcal mol',>® the conversion of [Co(n*-
CsH;)CO) --: CH,] to [Co(n?-CsH)}(CO)Me)(H)] would
appear to be an endothermic process. For second- and third-row
transition metals the M~H and M—-Me bonds are stronger and
thus the conversion may be an exothermic process. An
additional factor for Co could be some photophysical process
which could depopulate the photoreactive state or provide a
preferred deactivation pathway for the initial excited state. Such
a process has been found for [Co(n*-CsHs)(CO),] which has
been shown to luminesce in frozen gas matrices.>” Without
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knowing whether the Rh and Ir analogues also luminesce it is
difficult to assess the importance of the radiative decay pathway
for the Co complexes.
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