
J.  CHEM. SOC. DALTON TRANS. 1983 1291 

Photochemistry of (+Allyl)tricarbonylcobalt in Frozen Gas Matrices at 
12 K. Infrared Spectroscopic Evidence for the Formation of (q3-Allyl)- 
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Infrared spectroscopic evidence is presented to  show that photolysis of [Co(q3-allyl) (CO),] in gas 
matrices at 12 K gives [Co(q3-allyl)(CO),] (in Ar or CH,), [ C o ( r ~ ~ - a l l y l ) ( C O ) ~ ( N ~ ) ]  (in N2), and 
[Co(o-allyl) (CO),] followed by [Co(CO),] (in CO). The detection of [ C ~ ( q ~ - a l l y l ) ( C O ) ~ ]  is 
consistent wi th the results of kinetic studies, which have been interpreted in terms of a dissociative 
path and a co-ordinatively unsaturated intermediate in the thermal CO substitution reactions, and 
theoretical calculations which show a low M-C(0)  bond order. The detection of [Co(a-allyl) (CO),] 
and the reversibility of the reaction [Co(q3-allyl)(C0),] + CO )c [Co(a-allyl) (CO),] suggest that 
there may be a contribution to the reactivity of [C0(q3-allyl)(CO)~] from the hitherto neglected 
associative path. 

Kinetic studies of the CO exchange and substitution reactions 
of transition metal carbonyl complexes have established two 
types of reaction path: (a) a dissociative path, cf. SN1, involv- 
ing primary CO loss and the formation of a co-ordinatively 
unsaturated species, and (b) an associative path, cf. S N 2 ,  where 
the rate-determining step is the addition of the incoming 
ligand L to form an expanded co-ordination number species.'*' 
The majority of complexes follow the dissociative path, a 
minority follow the associative path, and some show a 
combination of both paths.'V2 The path followed can be 
related to the substituents bound to the metal in isoelectronic 
complexes. For example, in [Ni(CO)4] ' and [Co(q3-allyl)- 
(CO),] rapid replacement of CO by phosphinesoccurs, by the 
dissociative path, while [CO(CO)~(NO)] and [Fe(q3-allyl)- 
(C0)2(NO)] undergo slow reactions by the associative path 
with an additional small contribution from the dissociative 
path for [CO(CO),(NO)].~ 

Qualitative correlations,'.' which exist between reactivity 
and metal-ligand [M-C(O)] bond strength in a number of 
cdses for the dissociative mechanism, have been placed on 
firmer foundations by recent theoretical which 
have sought to correlate both reactivity and S N 1 / & 2  character 
with theoretical parameters. I n  the series of complexes 

(CO),], and [Co(q3-allyl)(CO),], decreases in the M-C(0) 
overlap populations and TC* orbital populations (SCCC-MO 
calculations) ' and Wiberg indices (CND0/2 calculations) l o  

in  the series Cr > Mn > Fe > Co led to the prediction of an 
increasing importance for the S,l path from Cr to Co. The 
greatest tendency for SN2 behaviour was found for Cr and 
Mn ria attack of the incoming ligands at the metals. There 
was, however, some inhibition9 to this process, because of 
the requirement to form a seven-co-ordinate transition state 
spxies, on account of the small sizes of these first-row tran- 
sition elements. Calculations (SCCC-MO) showed that the 
M-C(0) tot-il overlap population of [ C O ( ~ ~ - C ~ H ~ ) ( C O ) ~ ]  was 
significantly higher than that of [Co( q3-allyI)(CO)J. These dif- 
ferences were attributed to the electron-donating ability of the 
q5-CsHs lig ind ~ ' P ~ S I I S  the electron-accepting tendency of the 
q3-allyl ligand, together with differing geometries in the com- 
plexes. The electron-acceptor ability of the q3-allyl ligand led 
to weakening of the M-C(0) bonds, which is consistent with 

[Cr(n6-C6H6)( co)3l? L M  n(r15-C5 HS)(CO)JI, [Fe(q4-C4H4)- 

t Noir-S.Z. rrriirs uruplojwl: 1 Torr = (101 325/760) Pa; 1 atm = 
101 325 Pa. 

fast SN1 reactions for [C~(q~-aIlyl)(CO)~] as compared with 
slow SN2 reactions for [Co(q5-C,HS)(CO)~]." Other calcul- 
ations (semi-empirical MO) a have indicated that the [Co(CO),] 
fragment in [Co(q3-allyl)(C0),] has asymmetric bonding, with 
one CO group more weakly bonded to the metal, and that this 
leads to the relatively high reactivity of [Co(qJ-allyI)(CO),] 
as compared with [Fe(q3-allyl)(CO),(NO)] and [CO(CO)~- 

Proton n.m.r. studies of q3-allylmetal complexes have shown 
that the q3-allyl ligands are stereochemically non-rigid. At 
some low temperature the q3-allyl ligand appears to be ' static * 
(AA'BB'X pattern), while at some higher temperature the 
spectrum collapses to a ' dynamic ' spectrum (AX4 pattern) 
owing to a rapid intramolecular rearrangement that causes 
the AA' (anti) and BB' (syn) protons to become equivalent. A 
careful examination l2 of the possible mechanisms, which 
could lead to the observed proton equilibration, has led to the 
accepted conclusion that the q3-allyl group becomes a-bonded 
to the metal in the crucial transition state, i.e. a o-ally1 
group. In this transition state, rotation about the M-C bond 
followed by re-formation of the q3 form best accounts for the 
stereochemical non-rigidity. Equilibria of the type q3-allyl 
;T a-ally1 are presumably also crucial to the importance of 
metal-ally1 complexes in organic synthesis l 3  and ~ a t a l y s i s . ' ~ - ~ ~  
Such an equilibrium and comparable ones for other multi- 
dentate polyenes, e,g. q5-CsH5 q3-C5Hs, do not appear 
to have been considered in discussions of the mechanisms 
of CO exchange and substitution reactions. Such polyene 
hapticity changes could avoid the inhibiting need for seven- 
co-ordination number species in S N 2  reactions of small first- 
row transition metal elements. 

Low-temperature matrix isolation studies have led to the 
generation and characterisation of a variety of species which 
have been proposed as intermediates in organometallic 
reaction mechanisms.16 Most of the species have been formed 
by CO ejection from metal carbonyls and substituted metal 
carbonyls. Recently, however, unstable species have been 
reported which show changes in the mode of co-ordination 
of cyclic and open-chain polyenes, e.g.  the formation of 
[ C O ( ~ ~ - C ~ H ~ ) ~ C O ) ~ ]  from [ C O ( ~ ~ - C ~ H ~ ) ( C O ) ~ ] , ' ~  and of 
[Fe(q2-l ,3-C&)(C0)3] from [Fe(q4-l ,~-C&)(CO)J].'~ The 
former species is consistent with the associative (S,2) path 
proposed for the CO ligand substitution reactions of 
[c0(~5-csHs)(co)21. 

In this paper we report a matrix isolation study of the 
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Table 1. Terminal metal-carbonyl stretching band positions (cm-') 
for [Co(q3-allyl)(CO),] and its photoproducts in Ar, CHI, Nf, and 
CO matrices at 12 K 

Matrix 
Complex Ar CH4 N2 co 

[Co(q3-all~O(Co)31 2 072.6 2 066.8 2 070.7 2 068.0 
2 005.2 a 1 998.6 2 002.8 2 000.2 a 

[Co(rl 3-all~l)(Co)21 2 037.5 2 032.9 
1 966.9 1959.8 

[C~(l~~-all~l)(CO)z(Nz)l 2 031.9 
1980.5 

[C~(o-allyI)(CO)~] 2 103.0 
2 037.6 
2 020.9 
2 012.3 

[Co(C0)4l 2 028.0 
2 009.9 

' Weighted mean band position. V" at 2 241.0 cm-' 

primary photochemical reactions of [C~(q~-allyl)(CO)~] in 
unreactive (CH, or Ar) and reactive (N, or CO) matrices at  
12 K. We relate the results to those of kinetic and theoretical 
studies of CO exchange and substitution reactions. 

Experimental 
Details of the 12 K cryostat, infrared and u.v.-visible spectro- 
meters, photolysis source, and matrix gases have been given 
elsewhere." 

[Co($-allyl)(CO),] was prepared by the reaction of ally1 
bromide with Na[Co(CO),] in dry tetrahydrofurane a t  low 
temperature." Final purification was achieved by vacuum-line 
transfer and drying over phosphorus pentaoxide. Matrices 
were prepared by making gas mixtures of [C~(q~-allyl)(CO)~] 
and matrix gas of the required composition for monomer iso- 
lation ( I  : 2000 to 1 : 5000), using a vacuum line and standard 
itianometric techniques, and depositing the gas mixture on to 
the cooled CsI window by the pulsed technique. The pulsing 
volume was 10 cm3 and the pulsing pressure was in the range 
80-1 50 Torr, i.e. 0.054.09 mmol of gas per pulse. Typically 
20-30 pulses of gas mixture were deposited to give optically 
transparent matrices. 

Wavelength-selective photolysis was achieved with combin- 
ations of absorbing materials: filter A, h < 280 and h > 
550 nni, quartz gas cell (pathlength 25 mm) containing C12 
(2 atm) t quartz gas cell (pathlength 25 mm) containing BrZ 
(200 Torr); filter B, h B 320 nm, soda glass disc (thickness 
5 111111). 

Results 
Pliotolj-sis of [Co( q3-allyl)(CO)3] irr Ar and CH, matrices at 

I2  K.--OJ~ deposition, the i.r. spectra of [Co(~$alIyl)(CO)~] 
iwlated at high dilution ( I  : 2000) in Ar [Figure l(a)] and CH, 
matriccs at 12 K consisted of two strong bands in the terminal 
CO strctching region at positions (Table 1)  which correspond 
c l o d y  with the two bands (2065.0m and 1998.0s cm-') 
obscrvcd i n  solution." Two strong bands in the terminal CO 
metching region were also observed for N2 [Figure 2(a)] and 
CO [Figures 3(a) and 4(a)] matrices. The gas-phase electron 
di tt'r;ict ion datit for [Co(q3-allyl)(CO)3] could not be fitted satis- 
f,ictorily i f  i t  was assumed that the [CO(CO)~]  fragment had 
rhrce-fold local syninnetry.zo Better agreement was obtained 
for it molecule with C, symmetry. The structure showed that 
one OC-Co-CO angle was larger (109O) than the other two 
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Figure 1. Infrared spectra from an experiment with [Co(q3-allyl)- 
(CO),] isolated at high dilution in an Ar matrix at 12 K :  (a) after 
deposition, (b) after 90 min U.V. irradiation (filter A), and ( c )  after 
further 40 min long-wavelength irradiation (filter R); bands marked 
with an asterisk are due to [C0(~~-allyl)("CO)~('~C0)] present in 
natural abundance 

(100") but that all the Co-C(0)  bonds were of equal length." 
I n  a theoretical study a it  was also noted that the [Co(CO).J 
fragment was asymmetric, with one CO group more weakly 
bonded to the metal. I t  was assumed a that the more weakly 
bonded CO ligand was the one lost in the SN1 substitution 
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reactions. A C, symmetry [CO(CO)~] fragment should give rise 
to three i.r.-active CO stretching bands (A', A', and A") 
whereas a fragment with C3" local symmetry should give rise 
to two bands ( A ,  and E). Some [M(p~lyene)(CO)~] complexes 
show three well separated bands in solution and in gas 
matrices at 12 K, e.g. [Mo(~"-C,H,)(CO),].~'~~~ The series of 
complexes [Cr(q6-C6H,)(CO),], [Mn(q5-C5H5)(CO)3], and 
[Fe(q4-C,H4)(CO),], however, show two bands in solution 
with the lower wavenumber band broader than the upper 
band. In gas matrices at 12 K this series of complexes showed 
fine structure in the lower wavenumber band 23 similar to that 
seen in the lower wavenumber of [C~($-allyl)(CO)~] in gas 
matrices [Figures I(a)-t(a)]. The observation of two bands 
has led to the [M(CO),] fragments being assigned C,, local 
symmetry, and this assignment has been satisfactorily used in 
sophisticated theoretical calculations?*1o In matrix isolation 
studies the packing of host matrix molecules around large 
substrate molecules leads to splittings in bands, which vary 
from band to band for a given matrix and from matrix to 
matrix for any given The splitting patterns for the 
lower band of [Co(q3-allyl)(CO),] are within the normal range 
(0-10 cm-') for matrix splitting effect~.'~ Until such effects 
are better understood, it seems reasonable to treat the lower 
band of [C~(q~-alIyl)(CO)~] as a single fundamental and to 
designate the [Co(CO),] fragment as having C3" local sym- 
metry. Band positions in Table I are, therefore, given as 
weighted mean positions. These weighted mean band positions 
(Table 1) were used to calculate 25 energy-factored terminal 
CO stretching (K) and interaction ( k l )  force constants in Ar, 
CHJ, N2, and CO matrices (Table 2). Relative intensities of 
the two bands in Ar, CH,, N2, and CO matrices (R = IAl/IE) 
were obtained by tracing, cutting out, and weighing bands 
recorded in absorbance mode. These relative intensities were 
used to calculate bond angles (0) for the [CO(CO)~] fragment 
using the expression /bym/lan(isym (= R) = [3cot2(e/2) - 1]/4.25 
The values (100"; Table 2) are consistent with the average 
bond angle value (103") found for [C~(q~-allyl)(CO)~] by 
electron diffraction studies and for [CO(~~-C,(C,H,)~}(CO)~] 
[ 104" (average)] obtained recently by X-ray diffraction 
studies.26 The good correlation supports the assignment of 
C3" local symmetry for the [CoCCO),] fragment in i.r. studies. 
The weak bands (marked with an asterisk) in all cases (Figures 
1-4) are due to [C~(q'-allyl)(~~CO)~('~CO)] present in natural 
abundance. 

A period of U.V. photolysis with the filtered medium- 
pressure Hg arc (filter A), corresponding to the U.V. electronic 
absorption bands of [C~(q~-allyl)(CO)~] (222, 254, 265, and 
276 nm; Figure S), produced similar spectra in both Ar and 
CH, matrices [Figure l(b)]. New terminal CO stretching 
bands were observed at 2037.5 and 1966.9 cm-' (Ar) and 
2032.9 and 1959.8 cni-I (CH,). Additionally there was a weak 
band (2138.0 cm-') in each matrix which is not illustrated in 
the Figures. This band may be assigned to photochemically 
generated ' free ' CO. Photolysis with long-wavelength 
radiation (filter B) slowly caused regeneration of the parent 
binds at the expense of the product absorptions [Figure l(c)]. 

The relative intensities of the new terminal carbonyl bands 
, rem$ned constant under a variety of photolysis cycles, i.e. 
growing and decreasing at the same rate, indicating that they 
arose from a single product species. The dilution used (ca. 
1 : 2000 to 1 : 5000) and the reversibility of the matrix reaction 
rule out the possibility of any aggregate formation. The most 
probable explanation for the new product bands is that they 
are the A ,  and B, terminal CO stretching modes of [C0(q3- 
allyI)(CO)J which has C2, local symmetry for the [CO(CO)~] 
fragment. This result is analogous to the formation of 
[Cr(q6-C6H6)(CO)J, [Mn(qS-C5Hs)(CO121, and [Fe(q4-C4H,)- 
(CO),] in Ar and CH, matrices at 12 LZ3 The band positions 

Table 2. Energy-factored CO stretching (K) and interaction ( k , )  
force constants (N m-')," experimental intensity ratios (R)," and 
estimated bond angles (0) for [Co(q3-allyl)(CO),] and its photo- 
products in Ar, CH4, and N2 matrices at 12 K together with com- 
parison data for [Fe(q4-C4H4XCO)3] and its photoproducts 

Parameter Ar 
K 1 661.5 
ki 37.0 
R 0.28 1 8 
0 99.8 
K I 620.1 
ki 57.1 
R 0.5529 
0 106.7 
K 
ki 
R 
0 
K 1 635.0 
kr 39.7 
R 0.3696 
0 95.5 l- 
K 1 570.4 
ki 54.7 
R 0.6546 
0 102.1 

Matrix 
CH4 

1651.1 
37.3 

0.2600 
101 .o 

1610.7 
59.0 

0.5408 
107.3 

1 621.6 
40.5 

0.3301 
97.3 = 

1 556.2 
54.0 

0.6722 
101.3 

N2 
1 657.7 

37.2 
0.2753 
loo. I 

I 626.3 
41.7 

0.6796 
I01 .o 

I 627.6 
40.9 

0.3476 
96.5 ' 

1 596.6 
42.3 

0.7872 
96.8 

a See text for definition. * Data from ref. 23. 8 = 96.0" from 
electron diflraction studies and 8 = 97.0" from crystallographic 
studies. 

for [Co(q3-allyl)(C0),] in Ar and CH4 (Table 1) were used to 
calculate 25 energy-factored CO stretching ( K )  and interaction 
(kr) force constants (Table 2). Relative intensities ( A  = 
IA , / lB , ) ,  obtained as for [Co(~f-allyl)(CO)~], were used to 
calculate bond angles for the [CO(CO)~] fragment from the 
expression Isym/fnnlisym (= R) = ~ot~(f3 /2) .~~ 

Phutofysis of [C~(q~-allyl)(CO)~J irt Nz Matrices at 12 K.- 
Infrared spectra from an experiment with [C~(q~-allyl)(CO)~] 
isolated at high dilution in a N2 matrix are shown in Figure 2. 

A period of U.V. irradiation with the medium-pressure 
mercury arc and filter A produced a spectrum [Figure 2(b)] 
containing three new bands at 2241.0,2031.9, and 1980.5 cm-'. 
The highest wavenumber band falls between the positions of 
v(NN) in [Ni(CO)3(N2)] (2 256 cm-', N2 matrix) 27 and 
[Mn(q5-C5H5)(CO),(N2)] (2 169 cm-I, solution; 2 175 cni I ,  

N2 matrix) 23*28 and therefore can be assigned to a new 
complex containing a terminal dinitrogen species. The assign- 
ment of the remaining two bands as terminal CO stretching 
modes leads to the identification of the primary photoproduct 
as [C0(~~-aIlyl)(C0)~(N~)].  The band positions for [Co(q3- 
allyl)(C0)2(Nz)] (Table 1 )  were used to calculate 25 energy- 
factored CO stretching ( K )  and interaction ( k i )  forceconstants 
(Table 2). The relative intensity of the two CO bands ( R  
"A") ,  obtained as described previously, gave a OC-Co-CO 
bond angle (9) of 101 1 "  (Table 2) from the expression 
l ,ym/fJnlt\ym (== R) -= ~0t~(0/2) .~ '  This angle is strikingly 
similar to the OC-Co-CO bond angle obtained for [Co(q3- 
allyl)(CO)3] (100"; Table 2). 

Annealing the N2 matrices, i.u. raising the temperaturc t o  
ca. 30 K for a few minutes before re-cooling to 12 K i n  ordcr 
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Figure 2. Infrared spectra from an experiment with [Co(q3-allyl)(CO),] isolated at high dilution in a N2 matrix at 12 K: (a) after 
deposition, (b) after 90 min U.V. irradiation (filter A); bands marked with an asterisk (*) are due to [Co($-allyl)(12CO)z('3CO)] 
present in natural abundance 

to run spectra, or long-wavelength irradiation (filter B), failed 
to reverse the forward reaction, in contrast to the behaviour in 
Ar and CHJ matrices. 

P/ioto!,vsis of [C~(q~-alIyl)(CO)~] irt CO Matrices at 12 K.- 
Infrared spectra from experiments with [C~(q~-aIlyl)(CO)~] 
isolated at high dilution in CO matrices are shown in Figures 
3 and 4. 

The U.V. spectrum obtained for [C~(q~-allyl)(CO)~] isolated 
in a CO matrix (Figure 5 )  indicated the possibility of a weak 
absorption band at cu. 400 nm. Long-wavelength irradiation 
(filter B) was carried out prior to irradiating into the more 
intense U.V. absorption bands. A period of visible range 
irradiation led to the destruction of the parent complex and 
the appearance of new absorption bands at 2103.0, 2037.6, 
2020.9, and 2012.3 cm-' [marked A in Figure 3(b)]. I n  a series 
of experiments using varying irradiation times the full set of 
bands was alwdys present and they behaved similarly, having 
constant relative intensities. This behaviour is typical of bands 
which arise from a single product species and which must, 

on account of the dilution, be a mononuclear species. The 
shift of the new set of bands (Table 1 )  to higher wavenumbers 
than those for [Co(q3-allyl)(C0),] is analogous to the shift of 
product bands to higher wavenumbers when [Co(qs-CsHs)- 
(CO),] was irradiated in a CO matrix." In  this case the product 
was assigned as [Co(q3-C5Hs)(CO)J, i.e. a shift to higher 
wavenumbers for terminal CO stretching bands may be 
associated with an increase in the number of bound CO 
I igands. Consequently, the new photoproduct bands [marked 
A in Figure 3(b)] can probably be assigned as the terminal CO 
stretching bands of [Co(o-aIlyl)(CO).,] (see Discussion 
section),* where a change in hapticity for the ally1 ligand 

* Attempts to demonstrate conclusively by ' T O  labelling that the 
species contained a [Co(CO),] fragment were thwarted by: ( a )  the 
modest photoconversion together with the number of bands 
[Figure 3(b)], (b) the presence of 13C160 and IrC1'O bands which 
blot out the 2 100-2 080 cm region in mixed 12CO/'3C0 matrices 
containing sufficient 13C0 ("CO : ' T O  = I : I )  to allow the pos- 
sibility of generating enough of the enriched product species, and 

http://dx.doi.org/10.1039/DT9830001291


I .  CHEM. soc. DALTON TRANS. 1983 

40 

20 

1295 

- 

- 

- 

- 

100 

80 

60 

40 

20 

0 

I I 1 3/cm-' 
2100 2050 2000 1950 

loor ' 

80 IT t t  

T t 

T t 

1 

I t 
Figure 3. Infrared spectra from an experiment with [Co(~~~-allyl)(CO)~J isolated at high dilution in a CO matrix at 12 K: (a) after 
dcposition, (b) after 20 niin long wavelength irradiation (filter B), and (c) after 30 min U.V. irradiation (filter A); bands markcd with a 
dagger (t) are due to IJCI"O and 1'C180 and those marked with an asterisk (*) are due to [Co(~'-allyl)('zCO)2('3CO)J, all present in natural 
a bundance 

maintains the eighteen-electron configuration of the central 
cobalt a tom. 

( c )  the overlap of bands in the lower wavenumber region with those 

exchange in the matrix and also, surprisingly, arising from exchange 
of [C~(l~-'-allyl)(lzCO)~] with 1jCO in the gas phase prior to 
dcposition of the matrix mixture on the cold window. 

Annealing failed to reverse the forward photoreaction but 
U.V. irradiation (filter A) led to the reduction of primary 
product bands (marked A), regeneration of bands due to 
[C~(q~-ailyl)(CO)~], and the appearance of two new weak 

of [ ~ o ( ~ J ~ ~ ~ ~ y ~ ) ( ~ ~ C O ) , - n ( ~ J C O ) n J ,  produced by photochemical bands [marked B in Figure 3 ( C ) :  2028*o and 2009.9 cm 'I. 
The latter paif of bands continued to grow slowly and with 
constant relative intensity during successive cycles O f  visible 
followed by U.V. irradiation, i.e. they were due to a further 
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Figure 4. Infrared spectra from an experiment with [Co($-allyl)(CO),] isolated at high dilution in a CO matrix at 12 K:  (a) after 
deposition and (b) after 30 min irradiation with the total output of the medium-pressure Hg arc, i.e. U.V. and long-wavelength irradiation; 
bands inarked with a dagger (t) are due to W60 and lzC1*O and those marked with an asterisk (*) are due to [C~(q~-allyl)('~CO)~- 
(13CO)], all present in natural abundance 

mononuclear photoproduct. At no time was this second 
photoproduct species formed directly from [Co(q3-allyl)- 
(CO).,] by irradiation with U.V. light (filter A )  and, once 
formed, no reversal was observed either by annealing to 30 K 
or by irradiating at a variety of other wavelengths using other 
wavelength-selective materials. 

As the pair of irreversible product bands (marked B) were 
apparently produced only after the formation of the primary 
photoproduct (bands marked A) and as a result of successive 
visible and U.V. irradiations, further experiments were carried 
out with simultaneous visible and U.V. irradiation using the 
Hg arc without filters. The spectrum obtained after such 
irradiation [Figure 4( b)] showed the direct production of the 
sccondiiry product (bands marked B) in much higher yield 
than previously, whilst the primary product was absent. The 
positions and relative intensity of the two secondary photo- 
product bands are very similar to those of [Co(CO),] formed 
on photolysis of [Co(CO),(NO)] in CO matrices at 20 K,29 
and by co-condensation of Co atoms with CO/Ar gas mixtures 
at 10-20 K.30*31 Confirmation of the identity of the secondary 
photoproduct species as [Co(CO),] was afforded by an 

experiment when [Co(q3-allyl)(C0),] was irradiated with the 
unfiltered arc in a mixed '2CO/13C0 matrix. The band 
positions 32 showed a good fit with those obtained previously 
for [Co( 12CO),,,( 13CO),] generated from [CO('~CO),(NO)] in 
mixed 12CO/13C0 rna t r i ce~ .~~  

Discussion 
The Idetitity arid Structure of the Prir?iiir.y Pho foproclrrct in 

CO Matrices.-Two experimental observations are crucial to 
the identification of the primary photoproduct in CO matrices: 
(a) that the formation of this species can be reversed to give 
back [C~(q~-alIyl)(CO)~], and ( h )  that the final removal of the 
ally1 ligand produces a species with onlyfortr CO ligands. The 
former observation indicates that the ally1 ligand is retained, 
i.e. [Co(allyl)(CO),], while the latter observation indicates that 
I I  f 4. The shift of the bands of [C~(q~-alIyl)(CO)~] (Table 1) 
to lower wavenumbers than those of [C~($-allyl)(CO)~] rules 
out this species, i.4. IZ # 2. The shift of the bands of [Co(allyl)- 
CCO),] to higher wavenumbers than those of [Co(q3-allyl)- 
(CO),] is typical of the formation of a new species with 
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Figure 5. Ultraviolet-visible spectrum from an experiment with 
[Co(~f-allyl)(CO)~] isolated at high dilution in a CO matrix at 12 K 

additional CO ligands, i.e. n = 4. It remains, therefore, to 
determine the mode of co-ordination of the allyl ligand in 
[Co(aIlyl)(C0)41. 

Unlike Mn, for which both [Mn(o-allyl)(CO)s] and [Mn- 
(q3-allyl)(CO),] are known stable complexes,33 only [C0(q3- 
allyl)(CO),] and [C~(q~-perfluoroailyl)(CO)~] 34 have been 
isolated for Co. The latter complex, however, reacted with 
triphenylphosphine to give [Co(c~-perfluoroallyl)(CO)~- 
{P(c6H5),]] as a minor product.34 In matrix isolation studies 
when species are formed which could have sixteen- or twenty- 
electron configurations and which contain ligands that can 
rearrange or change their hapticity, then rearrangement in 
order to achieve an eighteen-electron configuration occurs. 
For example, photolysis of [Mn(CH3CO)(CO),] even in CO 
matrices at 12 K leads to the transient formation of [Mn- 
(CH,CO)(CO),] (sixteen-electron), but this species immedi- 
ately goes on to [Mn(CH3)(CO)5] (eighteen-electron) by a 
methyl m i g r a t i ~ n . ~ ~  On this basis it seems probable that the 
primary photoproduct can be formulated as [Co(o-allyl)- 
(CO),] (eighteen-electron). This formulation is supported by 
the close correspondence of terminal CO stretching bands of 
this species [2103.0, 2037.6, 2020.9, and 2012.3 cm-*; Figure 
4( b)] with those of [Co(CH,)(CO),] (2104.6w, 2035.5s, and 
201 8.5 cm-* ; n-he~ane).,~ 

Complexes of the type [Co(R)(CO),] and [Co(R,)(CO),] 
( RF -= perfluoroallyl) adopt a trigonal bipyramidal structure 
with R or RF in an axial position. Such a structure has C30 
symmetry in  the case of [Co(CH3)(CO),] with the three bands 
being assigned 36 the labels A ,  (2104.6), A,  (2035.3, and E 
(2018.5 cm '1. Complexes of the type [Co(R)(CO),] and [Co- 
( RF)( CO),]. which have less symmetric R (or RF) groups, also 
have their terminal CO stretching bands assigned as though 
the complexes had C3,, overall symmetry or have C,, local 
symmetry for the [Co(CO),] fragment whereas C, symmetry 
is strictlycorrect. For example, in thecaseof [Co(CF,CF=CF)- 
(CO),] the additional bands were assigned as arising from 
lifting of the degeneracy of the degenerate Emode, 2130.0m 
to A , ,  2068.1 to A l ,  and 2059.8s 4- 2052.2s cm-' to ~ 5 . ~ ~  
With regard to the four bands of [Co(o-allyl)(CO),], the two 
upper bands (2103.0 and 2037.6 crn-') correspond remarkably 
well in  position and intensity with the upper two bands of 
[Co(CH,)(CO),I (2104.6 and 2035.5 cm-I). The separation 
(m, 8 cni ' )  between the lower two bands for [Co(o-allyl)- 
CCO),] (2020.9 and 2012.3 cm-') is similar to that observed for 
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[Co(q3-allyl)(Co),] + co 

CC~(rl~-allyl)(CO)~(N~)l + CO 

Scheme. i, hv (u.v.); ii, Ar, CH,; iii, hv (visible); iv, Nz; v, CO; vi, 
hv (u.v.-visible) 

a wide variety of asymmetric [CO(R)(CO)~] and [Co(R,)(CO),] 
complexes, e.g. [CO(CF,CF=CF)(CO)~] (7.6 cm-I), and it also 
falls within the range of splitting arising from matrix effects,= 
e.g. the splitting of the lower band of [Co(q3-allyl)(CO),] in 
various matrices [Figures l(a)--4(a)]. Taking the splitting as 
arising from matrix effects and/or some asymmetry, the 
weighted mean band position (2017.7 cm-') is now in close 
agreement with the position of the E mode of [Co(CH,)(CO),] 
(2018.5 cm-I). It is, therefore, proposed that [Co(o-ally1)- 
(CO),] adopts a trigonal bipyramidal structure with the G- 
allyl ligand in the axial position, analogous to other [Co(R)- 
(CO),] and [Co(RF)(CO),] complexes, and with the [Co(CO),] 
fragment having C3v local symmetry. 

Reactions of [C~(q~-allyI)(CO)~].-The photoreactions of 
[C~(q~-allyl)(CO)~] in inert (Ar or CHI) and reactive (N2 or 
CO) matrices are summarised in the Scheme. 

The ejection of CO in Ar and CH, matrices gives the species 
[C~(q~-allyl)(CO)~] in good accord with the dissociation 
mechanism (SN1) proposed from kinetic studies for the CO 
substitution reactions of [Co(q3-allyl)(CO),] in solution and 
with theoretical predictions of dominant SN1 character and 
high reactivity for [Co(q3-allyl)(CO),] as compared with low 
reactivity and the possibility of mixed SNl/SN2 pathways for 
[Fe(q4-C4H4)(CO)31, [Mn(rl5-C~K)(CO),I, and [Cr(q6-CbH6)- 
(CO)3].7-10 The observation of [Co(~-allyl)(CO)~] in CO 
matrices together with the reversibility of the reaction 
[Co(q3-allyl)(CO),] + CO [Co(o-allyl)(CO),] and * H  
n.m.r. studies l2  on q3-allylmetal complexes suggests that there 
may be a contribution to the reactivity from the hitherto 
neglected &2 path. A reversible change in the hapticity of 
the allyl ligand in [Co(q3-allyl)(C0),] would create a site for 
the attack of a ligand (L) to form [Co(o-allyl)(CO),(L)] 
followed by ejection of CO (or L) to give [Co(q3-allyl)(CO)2- 
(L)] {or [C~(~~-allyl)(CO),]>. Support for this path is afforded 
by the detection of [Co(o-perflu~roallyl)(CO)~(P(C~H~)~~] in 
the reaction of [C~(q~-perfluoroallyI)(CO)~] with triphenyl- 
ph0sphine.3~ Additional support for the possibility of a 
second path comes from the ready exchange of 'jCO with 
[Co(q3-allyl)(C0),] in a darkened matrix gas bulb prior to 
deposition on the cold window. Under similar circumstances, 
[Fe(q4-C4H4)(CO),], which is of almost comparable reactivity 
in other respects, showed no exchange. 

The energy-factored CO stretching force constants and bond 
angles for [Co(q3-allyl)(C0),], [C~(q~-allyl)(CO)~], and 
[Co(q3-allyl)(CO),(N2)] (Table 2) may be compared with 
analogous data for [ Cr(q6-C6H,)(C0),], [ M n(q 5-Cs H 5 ) (  CO),], 
and [Fe(q4-C4H4)(CO),] and species derived from them, 
which have been the subjects of theoretical ~ a l c u l a t i o n s . ' ~ ~ ~ ' ~ ~ ~ ~  
Representative data for [Fe(q4-C4H4)(C0),], [ Fe(q4-C,H,)- 
(CO),], and [Fe(q4-C,H,)(CO),(N2)] are given in Table 2. 

The principal stretching force constant ( K ;  Ar matrices) 
data for [Co(q3-allyl)(C0),] and [C~(q~-allyI)(CO)~} fit well 
into the calculated trends of decreasing M-C(0) bond order 
(Cr > Mn > Fe > Co) and increasing C-0 bond order 
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(Cr < Mn < Fe < Co) across the series. It was this trend 
which led to the predicted 7 - 9 9 1 0  dominance of the SNl path in 
substitution reactions of [C~(q~-allyl)(CO)~]. 

For Cr, Mn, and Fe complexes the values of the interaction 
( A , )  force constants and bond angles (0) were approximately 
constant for the [M(CO)3] and [M(C0)2] series of frag- 
men t s respect i~ely.’~ *37 Data for [Co(q3-allyI)( CO),] and 
[Co(q3-allyl)(C0),] species (Table 2) are consistent with those 
for other [M(CO),] and [M(CO)’] fragments. Additionally the 
values of k ,  and 8 for [M(CO)z(Nz)] fragments showed a good 
correspondence with such parameters for the parent [M(CO)3] 
 fragment^,^^^^^ as is to be expected when a N2 ligand replaces 
a CO ligand and the pseudo-[M(CO),] fragment geometry is 
retained. 

Values of V” for [M(CO)z(Nz)] species increased in the 
series Cr (2148.4 cm-*) < Mn (2176.3 cm-’) < Fe (2206.8 
cm-’) and this was correlated with increasing NN bond order 
and decreasing M-N(N) bond orde~- . ’~*~~ The value of vNN for 
[Co(q3-allyI)(CO),(Nz)] (2241 .O cm-’) is again consistent with 
the predicted trend. In view of the failure3* to prepare 
[F~(V~-C~H,)(CO)~(N~)] (v” = 2206.8 cm-I), even when it 
was known to exist in a matrix, it seems unlikely that [Co- 
(q3-allyI)(CO)2(Nz)] (vNN = 2241 .O cm-’) will ever be syn- 
thesised because its M-N(N) bond order is even lower than 
that of [Fe(rl4-C,H,)(C0)2(N,)1. 

In future work we will investigate the photoreactions of 
other allylmetal complexes where both o-ally1 and q3-allyl 
bonding is found for the same metal, e.g. [Mn(o-allyl)(CO)5] 
and [ M n( q3-allyl)( CO),]. 

Conclusions 
Matrix isolation studies have shown that photolysis of 
[C~(q~-allyl)(CO)~] in Ar and CH4 matrices at 12 K leads to a 
co-ordinatively unsaturated species, [C~(q~-allyl)(CO)~], in 
accordance with the dissociative (SN1) path proposed for CO 
exchange and substitution reactions. Photolysis in CO 
matrices leads to a species with an additional CO ligand, 
[Co(o-allyl)(CO),]. The detection of this species and the 
reversibility of the reaction (i) suggest a contribution to the 
reactivity of [Co(q3-allyI)(CO),] from the hitherto neglected 

[C~(q~-alIyl)(CO)~] + CO 1- [Co(o-allyl)(CO),] (i) 

associative (&2) path, and that further kinetic studies of 
[C~(q~-allyl)(CO)~] should be undertaken to test this hypo- 
thesis. 
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