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UNIVERSITY OF SOUTHAMPTON
ABSTRACT
FACULTY OF SCIENCE
CHEMISTRY

Doctor of Philosophy

PHOTOCHEMISTRY OF SOME CYCLOPENTADIENYL CARBONYL COMPLEXES OF
CHROMIUM, MOLYBDENUM, TUNGSTEN, IRON AND RUTHENIUM
ISOLATED IN FROZEN GAS MATRICES AT 12K

By Khalil Assaad Mahmoud

Photochemical processes of a variety of cyclopentadienyl transition metal
carbonyl complexes of general formula (n5~C5H5)M(CO)nR {(n =3, M= Cr, Mo,

W; n=2,M=Fe, Ru; R = alkyl), (n°-CsHs)M(CO),X (n = 3, M = Mo, W;

X = Cl, AsR2, SbRy; n = 2, M = Fe, Ru: X = Cl) and (n°-CsHs) yFe, (CO) 4

have been studied for the first time at 12K using primarily infrared spectro-
scopy together with 3o labelling.

Photoejection of CO from (nS—CsHs)M(CO)gR complexes (M = Cr, Mo, W; R =
CHs, CF3, COCF3) results in the formation of the lé6-~electron species (ns—
CsHs)M(CO)sR. Evidence is also found for a~H and o-F elimination in the
complexes (n5~C5H5)Cr(CO)3CH3 and (nS—CSHs)Mo(CO)3CF3 respectively, and for
the fluorocalkyl migration to the metal in the complex (n®-CsHs) Mo (CO) 3COCF3 .

Photolysis of (nS—CSHs)M(CO)gH complexes (M = Cr, Mo, W) in Ar and CHu
matrices generates the l6-electron species (nSwC5H5)M(CO)2H. The reactivity
of these species is apparent in their reactions with N and CyHy to produce
(n5~C5H5)M(CO)z(N2)H and (n5~C5H5)M(CO)2(C2Hq)H derivatives. In CO matrices
the observation of the radicals (nS—CSHs)M(CO)é and HCO is indicative of
photo-induced metal-hydrogen bond cleavage. Irradiation of trans-(n°-CsHs)
W(CO) 2 (CoHy)H in CHy matrices causes trans ::i.cis isomerisation, followed
by insertion of CpHy into the W-H bond to generate the lé6-electron species
(n°-CsHs)W(CO) »C,Hs .

Irradiation of (ns—csRé)M(CO)3 alkyl complexes (M = Mo, W; R' = H, CHj)
results in the formation of the l6-electron intermediates (ns—CsRé)M(CO)z
alkyl. For alkyl complexes with B-hydrogens, thermal and photochemical B-
elimination reactions led to the conversion of (nS—CsRé)M(CO)g alkyl species
into the olefin-hydrides (ns—CsRé)M(CO)z(olefin)H. Photolysis of the (ns—
CsHs)W(CO)g(nl~R) complexes (R = C3Hs, CH»C¢Hs), led to CO dissociation and
nlzj n® isomerisation.

Direct evidence for CO dissociation as a primary photoprocess for (n°-
CsHs)M(CO) 2R complexes (M = Fe, Ru; R = CHj3, CyHs) was afforded by trapping
the l16-electron species (n°-CsHs)Ru(CO)CH; in a CH, matrix. Photolysis of
(n°~CsHs)M(CO) ,C2Hs complexes in CHy matrices afforded (n°-CsHs)Fe (CO),H
and (n5~C5H5)Ru(CO)2H together with (nS—CsHS)Ru(co)(Cqu)H, i.e. B-elimination.
In CO matrices ring-slippage products, (n3~C5H5)M(CO)3R, were formed.



Irradiation of (nS—CSHs)M(CO)3Cl complexes (M = Mo, W) in Ar and CHy
matrices led to the lb-electron species (n5~c5H5)M(co)2c1. In CO matrices
the formation of the ionic species (nS—CsHs)M(CO)§ and C1 occured and is
indicative of photo-induced metal-chlorine bond cleavage. The (n5~C5H5)
M(CO)2Cl complexes (M = Fe, Ru) gave only the lé-electron species (nS—CSHS)
M(CO)Cl.

Evidence is presented for the formation of the l6-electron species (n
CsHs) (CO) 2M~ER2 and the double bonded complexes (n5~C5H5)(CO)2M=ER2 on

irradiation of the transition metal substituted arsine and stibine complexes
(n°-CsHs) (CO) sM~ER, (M = Mo, B = As, Sb;

5

M =W, E = As). Photolysis of
(ns-CsHs)zFez(CO)q led to the formation of the rovel species (nS—CsHs)zFez

(uL=-CO) 3 in CHy matrices and to non-bridged (n5~C5H5)2Fe2(CO)q in CO matrices



CHAPTER ONE

INTRODUCTION

1.1 Intermediates Proposed in Reactions Catalysed by Transition Metal

Organometallic Complexes

Organotransition-metal complexes have been implicated as intermediates
in many important chemical reactions, many of which are carried out on large
scales as industrial processes, e.g. the hydroformylation of olefins which
produces between 3.6 and 4.5 million tonnes of aldehydes or derivatives
annually [1]. The ability of a transition metal to accommodate several
different ligands in its co-ordination sphere is clearly important if it is
to catalyse reactionsbetween one or more substrates. Thus,in a hydroformy-
lation reaction [2, 3] (Equation 1.1), the transition metal must be able to

RCE = CH, + €0 + H, <225, pen cH CHO + RCH(CH,)CHO (1.1)
2 2 Rh 2772 3
accommodate olefin, carbonyl and hydride within its co-ordination sphere
during the course of the reaction together with any other non-participative

ligands.

The ability of transition metals to exist in several oxidation states
allows a wide range of complexes with other elements and compounds to be
formed. However, perhaps more important than this is the ability to
readily interchange between oxidation states during the course of chemical

reactions and catalytic cycles. For example, in the rhodium catalysed hydro-

genation reaction (Equation 1.2), the rhodium undergoes a I > II1 > I.
H - RCH = CH .
T 2 118 2 il
-
RhClL2 —=> Rh H2C1L2 Rh H(RCHZCHZ)ClL2 (1.2)
L = PPh3
—RCHZCH3

oxidation state change for every catalytic cycle {4]. Similarly in hydro-

genation reactions catalysed by RuH(PPh3&§l the proposed mechanism involves



a II » IV » II oxidation state change for the ruthenium catalyst [3, 51].

The proposed catalytic cycle, e.g. the generalised cycle for hydro-
formylation (Scheme 1.1), involves a number of coordinatively saturated
18-electron species (I, IIXI, V), for which stable model compounds have been
isolated, and unstable coordinatively unsaturated lé6-electron species (II,
IV, VI). 1In order to verify such a catalytic cycle it is essential that
evidence for the existence of species II, IV, and VI and any other potential

intermediates should be sought.

M(CO) (L) _H
n m

(D) - CO
+ CO CH, = CHR
RCH,,CH,,CHO M(co) _, (L) H
(11)
H H
o} 2 i CHR
" |
i
(L) (CO) _ M C CH,CH,R (L) (CO) M+
CH,
(V1) (I11)
(L) (CO) MCH,CH,R (L)m(CO)n_lMCHZCHZR
(V) (IV)
co
Scheme 1.1



In catalytic cycles two very important processes are insertion/

inter~ligand migration and elimination:

(a) Insertion/inter-ligand migration. In this process, two substrates, X

and Y bonded to the metal centre combine to form an intermediate XY which

remains bonded to the metal centre (Equation 1.3).

b

(1.3)

M — XY

l

Such metal insertion or inter-ligand migration reactions are to be found in
almost all catalytic systems. The vacant co-ordination site resulting from
the migration can be filled by solvent or by incoming ligand. In catalytic
systems where this particular process is important, e.g. carbonylation and
hydroformylation, the incoming ligand is usually carbon monoxide. In small

scale reactions, ligands such as P(OPh)., or PPh3 are equally effective in

3
promoting alkyl migration reactions.

(b) Elimination. When a substrate undergoes some fragmentation change such
that it gives rise to a stable product, then such a process is described as

elimination.

Metal alkyl complexes often readily convert to a metal-hydrido complex
plus alkene by transfer of a hydrogen on the B-carbon alkyl unit to the metal

(Equation 1.4). This process, B-elimination, is particularly significant in

—
M - CH.CH.R M ‘1 (1.4)

the transition-metal catalysed isomerisation of olefins and as a termination
process in metal-catalysed alkene polymerization reactions. Essentially this
type of elimination process is the reverse of the inter-ligand insertion

reaction (Equation 1.5).
H
CHR | CHR
M-H+ || —————sM—]|] ——s M- CH,CHLR (1.5)

2772
CH2 CH2



Although less well documented, eliminations involving a group in the oa-
position of the substrate can also occur. Such a process, known as a-

elimination (Equation 1.6), has been proposed to occur in tungsten-methyl

H
|
M = cH (1.6)

- CH
M C 3 5

complexes [6]. Metal carbene (M = CRZ) complexes have been proposed as the
active intermediates in tungsten and molybdenum catalysed metathesis reac-
tions [7]. 1In 1973 Casey and Burkhardt reported [8] the synthesis and

isolation of the metal-carbene complexes (I) with R = H, Ph. This complex is

. s
(CO)SW = C\\

R
closer to the type of carbene species envisaged as taking part in metathesis
reactions because it does not contain a hetero-atom bonded to carbene carbon.

The significance of (I) to the mechanism of alkene metathesis was demonstra-

ted by a model metathesis reaction (Equation 1.7) [9].

Ph
N cu, CH, CH,
s l 100°C [ |
C + C ~—~———=— (CH,), C—CPh_  + C + W(CO)
¥ y N on 372 2 N 6
W CH CH3 Ph Ph

(1.7)

The use of light in a catalytic cycle has significant advantages. For

example, light-induced loss of CO from Fe(CO)_. [10], is one of the oldest

5
known photoreactions of transition metal organometallic compounds (Equation 1.8).

hy Fe (CO) . + CO (1.8)

Fe (CO) 5 4




This process 1is undoubtedly the first step in the photochemical formation
of a very active catalyst for the isomerisation, hydrogenation, and hydro-
silation of alkenes [11]. The isomerisation of alkenes, for example, is
believed to occur via a m-allyl hydride intermediate generated by the

sequence indicated in Scheme 1.2

e(CO)5 or Fe3(CO)12

hv

alkene'

“_\T)////////', Fe(CO (alkene)

Fe(CO (alkene) (alkene'

HFe (
\)\‘ Fe (CO) ; (alkene') ,__/

Scheme 1.2

w—allyl)

alken

1.2 Matrix Isolation Studies of Unstable Transition Metal Carbonyls and

Related Species

Thermal reactions of organometallic complexes often involve the replace-
ment of bound ligands as steps in the overall reaction processes, e.g. sub-
stitution reactions. For such substitution reactions, kinetic studies have
established two broad categories of reactions: (i) those reactions which
show a dependence solely on the concentration of the metal complex and (ii)
others which show a dependence on the concentrations of the metal complex and

of the incoming ligand. The former reactions are described as proceeding by



a dissociative mechanism with coordinatively unsaturated species, e.g. (I)
in Scheme 1.3, postulated as reaction intermediates. The latter reactions
are described as proceeding by an associative mechanism with expanded co-
ordination number species, e.g. (II) in Scheme 1.3, postulated as inter-

mediates.

Many organcmetallic compounds are not very thermodynamically stable so
that the thermal energy required to effect their synthesis and to carry out
reactions with them often leads to decomposition. However, uv-vis irrad-
lation of the reaction mixture at ambient temperatures and/or lower temper-—
atures, i.e. a photochemical reaction, often leads to a good yield of
products. In the general photochemical reaction illustrated in Scheme 1.4,
the absorption of energy to give an excited state, M(CO)nA* leads to products
(II1'), (IV') and (V') which may be accounted for by proposing the existence

of coordinatively unsaturated short-lived intermediate species (III) =~ (V).

Mechanisms for thermal and photochemical reactions could be put on firmer
bases if evidence could be found for the existence of species such as (I) -
(V) , which have been proposed as reaction intermediates. Furthermore, if
precise details of the structure, reactivity and bonding of such species
could be determined, it should be possible to develop a better understanding
of organometallic reactions. Such an understanding could lead to a rational
and predictive approach to the reactions of organometallic complexes and,

importantly, to establishing the validity or otherwise of catalytic cycles.

M(CO) A
n
- CO &
M(CO)n—lA (1) M(CO)HA(L) (11)
S L - CO
M(CO) _,B(L) (I") M(co) _,a(L) (Iz")

Scheme 1.3



M(co) A
+ L
M(Co) _,A(L)
Given that

highly reactive
them:

(a) To observe
e.g. flash
(b} To prolong

formed, at

M(CO) A
n
deactivation hv
M(CO) A*
n
rearrange
- CO
- A
(III) M(CO) (IV) M(CO) (Con) (V)
n n-1
+ B + L
(II1') M(CO) B (IV') M(CO) _,(COR)L (V')
Scheme 1.4

reaction intermediates and transition state species are

and very unstable, there are basically two ways of studying

them in their natural lifetime by rapid detection techniques,

photolysis and pulse radiolysis;

their life by quenching the species, once they have been

low temperatures, e.g. matrix isolation spectroscopy.

For molecules with more than a few atoms approach (a), although capable

of giving information about the lifetimes of species down to picoseconds,

gives little information about the detailed structures of the species.

This

is because the very short lifetimes are measured using electronic absorption

bands which are generally broad and structureless for organometallic complexes.



Approach (b), however, allows more leisure for spectroscopy and using the
matrix isolation technique very detailed information about the structure

of unstable species can be obtained.

The essential features of the matrix isolation technique [12, 13] are
that (i) the unstable species are surrounded by large numbers of unreactive
host matrix atoms or molecules which form a rigid array so that pairs of
unstable species cannot come together for bimolecular reactions, and (ii)
at low temperatures, and especially at temperatures in the range 4-25K, the
unstable molecules themselves have very little internal energy and so cannot
decompose by unimolecular reactions. Unstable species for matrix isolation
spectroscopy are produced primarily eilther by some gas-phase reaction or
process and then quenched on to the cold spectroscopic window or by de-
composing stable molecules already isolated in the matrices using some form
of irradiation. In order to generate the types of unstable species which
have been proposed in reaction mechanisms, e.g. Schemes 1.3 and 1.4 the

latter approach has been most widely used.

This thesis describeslggy applications of matrix isolation studies to
the photochemistry of some cyclopentadienyl carbonyl complexes of chromium,
molybdenum, tungsten, iron and ruthenium isolated in frozen gas matrices at
12K and provides evidence for dissociative and associative pathways and
several types of intramolecular rearrangement. The new Species obtained in
this study are related to the intermediates proposed in catalytic cycles.

For example, the observation of CO substitution by C followed by C

: 2"y 2%y
insertion intoc a W-H bond in (n ~C5H5)W(CO)2(C2H4)H, c.f. (11) » (IV) in

Scheme 1.1.
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CHAPTER TWO

5
PHOTOCHEMISTRY OF THE COMPLEXES (n —CSEE)M(CO)}(;_E_I_3

5
M = Cr, Mo, W), (n —CS
(nS—Csﬁz)Mo(CO)DCOCFO IN LOW TEMPERATURE GAS MATRICES AT 12K

H) Mo (CO) ,CF, AND

2.1 INTRODUCTION

The primary process dominating the photochemistry of (nS—CSHS)M(CO)3X
M =2Cr, Mo, W; X =2¢1, I, CH3) complexes is the dissociative loss of CO
{1 - 6}]. Barnett and Treichel [1] first studied the photolysis of (nS-CSHS)
M(CO)3CH3 complexes (M = Mo, W) in the presence of PPh3- Thermal substitu-
tion of carbon monoxide by phosphine was observed, but the reaction proceeded
much faster under u.v. irradiation. The resultant yield of products, however,
was lower due to photodecomposition. For the molybdenum complex, the princi-
pal products were (nS—CSHS)Mo(CO)Z(Pph3)CH3 and (nS—CSHs)Mo(CO)Z(PPhB)COCH3
complexes. Both products were believed to arise through initial photosubsti-
tution of CO by PPh3 with the acetyl derivative coming from a secondary
thermal reaction with carbon monoxide (Equation 2.1). A similar process had
been previously shown to lead to the acetyl derivative of (HS—CSHS)Fe(CO)QCH3
[7}. The tungsten complex gave only photosubstitution of CO by PPh3; no

acetyl product could be isolated.

5 hv 5
{n -CSHS)M(CO)3CH3 + PPh3 —5 (n ~C5H5)M(CO)2(PPh3)CH3
A, C
° (2.1)
0
5 1"
(n —CSHS)M(CO)Z(PPh3)CCH3

In subsequent reports, Alt [8] confirmed Barnett and Treichel's ob-
. . 5 .
servation of photosubstitution of (n »CSHS)W(CO)3CH3 with phosphine and

phosphite ligands and showed an analogous photoreactivity pattern for

- 10 -



5 . :
{(n -CSHS)Cr(CO) CH3. The chromium complex also gave the acetyl derivative

3
(n -CSHS)Cr(CO)z(PPhS)COCH3, presumably from a thermal reaction of the
initially formed (n —CSHS)Cr(CO)2(PPh3)CH3. Alt also observed that photo-
lysis of the (nS—CSHS)M(CO)3CH3 (M = Cr, Mo, W) complexes in pentane solu-

tion in the absence of excess ligand led to formation of the binuclear com-

5
HS)M(CO) 1., and [(n —CSHS)M(CO) ]

315 (Equation 2.2). Methane

plexes [(US—C

5 272

5 hv

5 . 5
(n —CSHS)M(CO)3CH3 ERT [(n —cst)M(co)3]2 + [{n"-C HS)M(CO)2]2

5

+ CH4

(2.2)

was identified as the gaseous product, and labelling studies [9] showed that
abstraction of hydrogen from a cyclopentadienyl ligand had occured. It was
suggested that homolysis of the M-—CH3 representgd the primary photochemical
event in these complexes. Photolysis of the (7 —CSHS)M(CO)3CH3 complexes in

CHCl, gave high yields of [(n5—C5H5)CrCl2]2 for chromium and (nS—C HS)M(CO)

3
Cl complexes for Mo and W.

5 3

Severson et al. [10] have also examined the photoreactivity of (nS—CSHS)

W(CO)_.R (R = CH3, CH ) and presented the most definitive mechanistic data.

3 %65
Their results essentially confirmed the observations of Treichel [1] and Alt
[8], but their key result was in noting that the quantum yield of formation

5
5HS)W(CO)3]2 from (n wCSHS)W(CO)3CH3 was greatly suppressed when

the complex was irradiated under a CO atmosphere compared to when the photo-

of [(n5~C

lysis was carried out under Ar. This strongly implicated CO dissociation as
the primary photochemical event, rather than M - CH3 homolysis, as suggested
by Rausch and Alt [9]. Methane was suggested to arise from secondary thermal
or photochemical reactions, but no further mechanistic experiments were
reported. The overall mechanism was suggested [10] to be as shown in

Equation 2.3 .

- ll -



5 hv 5
(N7 -CgH )W (CO) ,CHy  ——=—> (n ~C H )W (CO), CHy (2.3)
PPh, ~CH,

(nS—C H )W(CO)z(PPhB)CH (nS*C H )W(CO)2

5%5 3 555
+ €O
(n°-c Hl)W(CO)
N =58 3
dimerization
[(n°-C i YW (CO) _ 1
N ~tghg 372

Since carbon monoxide is among the best of w-acceptor ligands, and
coordinates virtually with all the transition metals, the ease of the mi-
gration~insertion reactions in which the alkyl metal carbonyl complexes are
converted to acyl metal complexes, allows metal carbonyls to be effective
carbonylation (acylating) agents for a variety of organic substrates. For
example, the complexes (nS-CSHS)Mo(CO)3R (R = CH3, CZHS) react with ethylene
at 100°C and with (n5~C H )Mo(CO)3H at 25°C to yield ketones and aldehydes

575
f113.

Using frozen gas matrices at 12K the work described in this chapter

illustrates that the principal photoprocess for isolated (ns—CSHS)M(CO)3CH3

5
M = Cr, Mo, W) and (n *CSHS)MO(CO)3CF3 molecules is ejection of CO to give

5
— 1 — -—
the lé6-electron species (n CSHS)M(CO)ZCH3 and (n CSHS)MO(CO)ZCFB

tively whose reactivity was demonstrated by their facile recombination with

)Cr(CO)3

respec-

. 5
CO at ~ 30K [12]. In addition to CO ejection the complexes (n —CSH5

5 :
CH3 and (n —CSHS)MO(CO)3CF3 undergo a-~hydride and oa-fluoride migrations to

give new carbene complexes (nS—CSHS)Cr(CO) (=CH,.)H and (nS—CSHS)Mo(CO),(:CF VF

2 2 2 2
respectively. This chapter will also provide further evidence that the

acyl group of the (nS—CSHS)Mo(CO)3COCF complex can be decarbonylated photo-

3
chemically to yield the corresponding alkyl complex (n5-~C5H5)Mo(CO)3CF3 {131

- 12 -



) 5
via the coordinatively unsaturated l6-electron species, (n -CSHS)MO(CO)2

COCF3.

2.2 RESULTS

5
2.2.1 Photolysis of (n —CE_I:I_C)M(CO)ECH3 Complexes (M = Cr, Mo, W}* in CH
oo 3

4_’._
Ar and CO Matrices and of 13CO-—enriched (nS—C

5§_5)MO(CO)3(_3_P§_3 in a
E§4 Matrix
The 1.r. spectrum of (nS—CSHS)Mo(CO)BCH3 isolated at high dilution in
a CH, matrix is shown in Figure 2.1(a). The spectrum shows that although
the Mo(CO)BCH3 fragment has a local gs symmetry, i.e. three infrared-active

CO stretching bands are expected, onl§'a single low wavenumber band (v 1940
cm_l) is observed in addition to the high wavenumber symmetric (A') band
(v 2025 cm‘l, Table 2.1). The single low wavenumber band must, therefore,

arise from an accidental coincidence between the A" and the lower A' bands.

Irradiation of the matrices with u.v. light (A = 320 - 370 nm) giving
light corresponding to the long wavelength absorption (Figure 2.2(a)) pro-
duced free CO (v 2138 cm_l) and two new bands at 1966.0 and 1880.1 cm—l
(Figure 2.1{b) and Figure 2.1(c)). The production of these two bands is
accompanied by the decrease of parent molecule and an increase in the band
of free CO. After irradiation with long-wavelength light (A > 430 nm), c.f.
the long wavelength tail (Figure 2.2(b)), or annealing the matrix for 3 min-
utes and then re-cooling to 12K, the new product bands were observed to

. i 5
decrease with the regeneration of (n -C HS)MO(CO) CH, bands (Figure 2.1(d)).

5 3773

The relative intensity of the new terminal CO stretching bands remained
constant under a variety of photolysis conditions (time and wavelength of
irradiation) indicating that the bands arose from a single product species.
The dilution used (ca 1:2000) and the reversibility of the matrix reaction

rule out the possibility of formation of polynuclear aggregate species, e.g.

* 5
The chromium complex, (n -C )Cr(CO)3CH showed different behaviour from

sHs 3
the molybdenum and tungsten analogues and its photochemistry is described

separately (see section 2.2.4).

- 13 -
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5
[{n -C_H_.)Mo (CO) 1., as confirmed by separate matrix isolation studies of

575 3°2
[(n —CSHS)MO(CO)3]2 [14]. We, therefore, assign these new bands to the
dicarbonyl complex (nS»CSHS)MO(CO)ZCH3, the bands corresponding to the A’

(1966.0 cm_l) and A" (1880.1 cm_l) terminal CO stretching modes with

local gs symmetry (Table 2.1).

Analogous results were obtained for Ar and CO matrices (Table 2.1)
although the rates of photo-reactions were slower, as has been observed

elsewhere [15, 16]. The tungsten complex, (nS—CSHS)W(CO)BCHB, gave iden-
Ar and CO matrices with the exception that a much

5HS)W(CO)?_CH3 was

observed in CO matrices compared to the low yield of (n _CSHS)MO(CO)ZCHB'

tical results in CH4,

higher yield of the unsaturated l6-electron species (nS—C
Spectroscopic data for the new species is presented in Table 2.1.

The i.r. spectrum of l3CO*enriched (n5~C5H5)Mo(CO)3CH isolated in a

3
pure CH4 matrix (Figure 2.3(a)) shows bands due to the complexes (n —CSHS)
12
Mo CO)S_n(l3CO)nCH3 {(n =0, 1, 2, 3), as confirmed by the excellent

correspondence between observed and calculated [15 ~ 17] band positions
(Table 2.2), obtained using an energy~factored force-field. Photolysis of
the complexes using u.v. light (A = 310 - 370 nm) gave new 13Co~enriched
product bands at 1947.8, 1852.7 and 1836.8 cm_l in addition to the bands
for the 12CO species at 1965.9 and 1879.6 cm_l (Figures 2.3(b) and 2.3(c)).
In this case a good fit was obtained for the observed and calculated bands
fragment (Table 2.2). The photoproduct in Ar, CH, and CO

2 4
matrices (see above) can, therefore, be conclusively assigned as (n -C

of a C  Mo(CO)
g
5H5)

Mo(CO)ZCH The observed relative intensity of the two terminal bands

3
(1.32 for A':A" and obtained by tracing and weighing the bands) was used to
calculate a OC-Mo-CO angle of 82 # 1° from the standard expression [18]

2
Isym/Iantisym = cot (6/2).

2.2.2 Photolysis of (nS—C H_}M(CQ) .CH, Complexes (M = Mo, W) and of 13CO-—

E 55 3
enriched (n —C5§£)M0(CO)

CH. in N. Matrices
—3 2

3

SHS)MO(CO)BCH3 isolated in a pure N2 matrix

in the terminal CO stretching region (Table 2.1) is very similar to that in

The i.r. spectrum of (nS—C

-~ 16 =
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Ar, CO and CH4 matrices. The two terminal CO stretching bands correspond

to the A' (2028.6 cm_l) and coincident A' + A" (1941.4 cm»l)modes as before.
A period of photolysis using u.v. light (X = 320 - 370 nm), produced new
i.r. bands (Table 2.1) at 2190.8, 2138.0, 1972.8, 1969.7, 1913.7 and 1884.4

cm l, of which the band at 2138.0 cm”l corresponds to CO liberated by photo-~

lysis. All these bands increased with a constant relative intensity.

Taking into account the dilution and the subsequent reversibility of
the primary photolysis step, these bands can be assigned to two mononuclear
species. The bands at 1972.8 and 1884.4 cm“l can be assigned as the terminal

CO stretching modes of (nS—CSH )Mo (CO) ,CH, species by comparison of the band

5 27773

positiong with those for CH Ar and CO matrices (Table 2.1), together with

4I
their analogous reversal behaviour. The band at 2190.8 cm‘l can be assigned
to a l4N-—l4N stretching mode and the bands at 1969.7 and 1912.7 cm_l may be

assigned to the terminal CO stretching modes of (n5—C5H )Mo(CO)z(NZ)CH (see

5 3
below). Long wavelength irradiation using (A > 430 nm) or annealing the

matrix and re-cooling to 12K failed to reverse these primary photoproduct

bands in contrast to the ready reversal of the bands due to (nS—CSHS)Mo(CO)2

5
CH3. The non-reversibility of the (n —CSHS)MO(CO)Z(NZ)CH3 complex is analog-

ous to observations of other dinitrogen complexes, (n5~C5H5)Co(CO)(N2) [17]

and (n°-C_H_)Mn(CO). (N.) [19] which have v (NN) in the 2160 cm * region,

575 272
and 1s in contrast to the behaviour of (n4—C4H4)Fe(CO)2(N2) {191 and other

matrix~isolated dinitrogen complexes, e.g. Ni(CO)3(N2) [20] and (tfa)Rh

(CO)(NZ) {211 which have v (NN) above 2200 cm‘l. Surprisingly, no (n5~C5H5)
W(CO)2(N2)CH3 species was detected when the parent tungsten analogue was

irradiated in N2 matrices under similar conditions. Spectroscopic data for

the new species is given in Table 2.1.

Photolysis of 13Co—enriched (nS—CSHS)Mo(CO)BCH3 isolated in a pure N

matrix using u.v. light (A = 320 - 370 nm) gave the bands for the 12CO ’
species at 1969.7 and 1913.7 cmml (Table 2.1) and new 13CO—enriched product
bands at 1955.3, 1924.5, 1886.0 and 1871.4 cm © (Table 2.2). These bands
were observed in addition to the bands due to complexes (nS——CSHS)Mo(lzCO)B_n
(13CO)HCH3 {n =0, 1, 2, 3) and (nS—CEHS)Mo(lZCO)z__m(BCO)mCH3 (m =0, 1, 2).
Irradiation with long wavelength light using (X > 430 nm) or annealing the

matrix for two minutes and then re-~cooling to 12K, produced increase of bands

- 18 -



at 1955.3, 1924.5, 1886.0, 1871.4 and 2190.8 (VNN) cm-‘l with corresponding

5 12 13
decrease of bands of (n —CSHB)MO Co)z_m( CO)mCH3 (m = 0, 1, 2) complexes.

Using an energy-factored force-field fitting, a good correspondence was Ob-
tained between the observed and calculated bands of a Es Mo(CO)2 fragment

(Table 2.2). Therefore, the photoproduct obtained in the N2 matrices (see

-1
above) corresponding to the bands at 2190.8, 1969.7 and 1913.7 cm can be
, 5
assigned conclusively to the species (n - 5 S)MO(CO)2(N2)CH3. Two structures

(I and II) can be drawn for the Mo (CO).(N.)CH. fragment of this complex. On

22 3
, -1 ,
the basis of a comparison* of ki obtained for this complex (43.3 Nm ~) with

5 ; _
ky values for (n -C/H)Mo(CO),CHy [ky, =k ;o = 43.8and kyy =Ky s =

49.0 Nm_l) it seems likely that (n —CSHS)MO(CO)Z(N2}CHg adopts structure I.

,»»»hﬁo
N2 4 xT\CH3

é
C C
O )

(I) eis (I1) trans

Burdett [22] has concluded that for metal carbonyls containing other ligands,
the use of carbonyl band intensities to calculate bond angles is not
universally applicable. The method can only be a legitimate one in those
molecules where vibrational coupling between the M-X and CO oscillators is
small, e.g. Mn(CO)sBr. Where coupling is intensive, the errors involved
in the method may be unacceptable, e.g. Mo(CO).(N,). In our experience,
however, where veg and vy or veg and Vo bands are separated by ca 200
cm~ ! bond angle calculations and energy-~factored force field flttlngs of
bands of '*CO enriched species can be satisfactorily carried out without
recourse to including perturbatlons from the N, and NO ligands, e.g.
(n°-C4Hg)Co (CO) (Ny) [17], (n°-C4Hg)Mo (CO), (N,)CH, [12] and Mn(CO) (NO) , (NO*)
[23].

- 19 -



. 5 _ , N
2.2.3 Photolysis of (n ’C555)M(CO)3E§3 Complexes (M = Mo, W) in 5% C2§4

Doped CH, Matrices

5 ) . .
The infrared spectrum of (n -C_H )Mo(CO)BCH isolated at high dilution

575 3
in a 5% C2H4 doped CH4 matrix shows much broader bands than obtained in pure
gas matrices (Figure 2.4(a)). The broadness of the bands is a common fea-

ture of all doped matrices and does not reflect a lack of isolation but
rather that bulky substrate molecules are isolated in matrix cages with
varying probabilities of dopant, orientations of substrate, and packing of

host matrix molecules.

. . 5 . o
A period of photolysis of (n —CSHS)MO(CO)BCH3 in a 5% C2H4 doped CH4

matrix using u.v. light (A = 320 - 370 nm) produced new bands at 2138.0,
1985.3, 1900.5, 1964.7 and 1876.5 cm - of which the band at 2138.0 cm
corresponds to CO liberated during photolysis (Figure 2.4(b)). Irradiation

with visible light (A > 430 nm) (Figure 2.4(c)), or annealing the matrix to

ca 30K caused increases in bands at 2024.8, 1938.8, 1985.3 and 1900.5 cm-l

with corresponding decreases in bands at 1964.7 and 1876.5 cmal. Annealing
the matrix also showed that the bands at 1964.7 and 1876.5 cm_l {pair (1))
were not related to those at 1985.3 and 1900.5 cm_l {(pair (2)) because the
former decreased in intensity whereas the latter increased together with
slight increases in the intensities of the parent bands (Figure 2.4(c)).
The more intense pair of bands, pair (1), (1964.7 and 1876.5 cm_l), which
reversed on annealing and long wavelength photolysis, can be assigned to

the coordinatively unsaturated lé-electron species (n5~c H_)}Mo(CO) .CH, by

575 2773

comparison with those observed in CH4 matrices (Table 2.1), and their

analogous reversal behaviour. The pair of bands at higher wavenumber,
pair (2) (1985.3 and 1900.5 cm“l), are typical of a situation where a CO
ligand has been replaced by another ligand, e.g., (nS—C5H5)Mo(CO)2(N2)CH3

- 5
(1969.7 and 1913.7 c¢m l) compared with (n -CSHS)MO(CO)2CH3 {1972.8 and

1884.4 cm_l). These bands can probably be assigned to the 1l8-electron
2(C2H4)CH3. The band positions, at (1985.3 and

species (n5~C5HS)Mo(CO)
1900.5 cm_l), are comparatively higher than those for trans—(n5~C5H5)Mo(CO)

2

(C2H4)H (1974.8 and 1901.3 cm-l)isolated.ina.CH matrix (see Chapter 3) and

4

trans-(nS—CSHS)Mo(CO)Z(C2H4)CH3 observed in solution (1977 and 1901 cm_% [6].

Therefore, the bands at (1985.3 and 1900.5 cmbl) are probably best assigned

JCH_ .

. 5
to the c¢is-(n —CSHS)MO(CO)2(C2H4 3

- 20 -
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5 .
Analogous results were obtained for (n ~C5H5)W(CO)3CH3 isolated at

4 doped CH4 matrices. Spectroscopic data for the

new species are given in Table 2.1.

high dilution in 5% C2H

2.2.4 Photolysis of (n5—C5§E)Cr(CO)3g§3 in CH, , Ar, Co, NZ’ 5% l3CO/CH4

and 5% C2§4 Doped CH4 Matrices

5
Infrared spectra from an experiment with (n —CSHS)Cr(CO)3

at high dilution (ca 1:2000 to 1:5000) in a pure CO matrix at 12K are shown

CH3 isolated

in Figure 2.5. The spectrum before photolysis (Figure 2.5(a)) showed two
strong bands in the terminal CO stretching region at 2012.5 and 1935.6 cm»l

together with weak bands (bands marked *) which arise from (n5—C )Cr

H
12 13 >3
( CO)Z( CO)CH3 in natural abundance. Irradiation with visible light

(A > 430 nm) produced two new bands at 2020.0 and 1938.5 cm“l (Figure 2.5(b)).
Further irradiation with the same photolysis source enhanced the intensities
of the new bands at the expense of the parent bands (Figure 2.5(c)). Ann-
ealing the matrix to ca 30K for two minutes and then re-cooling to 12K
resulted in a reduction in the intensities of the new product bands and
regeneration of the bands of the starting complex (Figure 2.5(d)). Similar
bands together with a bands due to free CO were observed for CH4, Ar, N

2

and even 5% C_H doped CH, matrices, in which the analogous Mo and W complexes

4 4
(

(C.H )CH

5 2
gave (n ~C5H5)M 5 (C Hy 3

Co) complexes (M = Mo, W).

The high dilution used, the increasing and decreasing of the new bands
with a constant relative intensity, and the reversibility of the primary
photoreaction rule out a polynuclear species and indicate a single new pro-
duct formed via a simple reaction process, viz ejection of a CO ligand.
The large shift to lower wavenumbers of the bands for (nS—C H )Mo(CO)ZCH

575 3

(vCO at 1966.0 and 1880.1 cmhl; CH4) compared with those for (n —C5H5)Mo

(CO)3CH3 (vCO at 2023.9 and 1937.0 cm_l; CH4), however, enables the coord-

5
inately unsaturated lé6-electron species, (n ‘CSHS)Cr(CO)ZCHB to be dis-
counted. Similarly, separate experiments with (n5~C5H5)Cr(CO)3H (VCO at
2016.7, 1943.6 and 1932.7 cm ©) (see Chapter 4) in CO matrices at 12K ruled
5HS)Cr(CO)3 (vco at 1986.3,

at 1859.2 cm"l>. In order to establish

”

. 5
out this compound and its photoproducts (n -C
1910.4 and 1902.3 cm-l) and HCO® (VCO
the identity of the new metal-containing product experiments were carried out
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Infrared spectra from an experiment with (n ~C5H5)Cr(CO)3CH3

isolated at high dilution in a CO matrix at 12X: (a) after
deposition, (b) after 60 min photolysis with A > 430 nm
radiation, (¢) after 180 min further photolysis using the
same radiation, and (d4) aftef‘annealinq for 2 min. Bands
marked (*) are due to (n5—C5H5)Cr(12CO)2(13CO)CH3 present

in natural abundance.
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13 ) .y . . s
using 5% CO doped CH4 matrices. Initial brief irradiation caused some

13CO/12CO exchange in the parent complex but longer photolysis rapidly
scr (Peoy,  (Peoy cw
13 575 3-n n 3 12
produced new CO/lZCO bands corresponding to the CO photoproduct. The

l3Co/lzco enrichment bands were subjected to an energy-factored force-field

destroyed any (nS—C complexes (n = 0 - 2) and

fitting procedure for metal carbonyl fragments, which has been described
elsewhere [18]. Comparison of the observed and calculated band positions

for the new species revealed that the bands arose from a Cr(CQO), fragment

2
rather than a Cr(CO)3 fragment (Table 2.2), which is consistent with the
observation of free CO in CH4 and Ar matrices. In order to produce

higher wavenumber bands than for (nS*CSHS)Cr(CO)?)CH3 on ejection of a CO
ligand some other mw-acceptor ligand must have become coordinated to the
metal. Since this ligand must have been previously coordinated to the metal
in some form, it is proposed® that q-H elimination follows CO dissociation

and that the new photoproduct is (nS—C HB)Cr(CO)z(CH YH- Comparison of

5 2
the interaction force constant (k, = 66.6 Nm ~ ) with those for (nS—CSHS)Mo
-1
CH .= . = . i
(CO)3 3 (kczs 43.8 and ktrans 49.0 Nm ~) suggests that CO ligands and

the hydride and methylene ligands are trans to one another. Support for the
trans configuration is afforded by the observation that on complete photo-

, 5 5
dest - -
estruction of (n CSHS)Cr(CO)BCH3 the lower band of (n CSHS)CI(CO)Z(CH2)H

is more intense than the upper band, i.e.

Iantisym/Isym > 1.

5HS)CI(CO)3CH3

produced the same product (n —CSHS)Cr(CO)2(=CH2)H,

5
observed for (n ~C5H5)Cr(co)2(N2)CH3 and (n *CSHS)Cr(CO)Z(C2H4)CH

in contrast to the formation of (n5~C5H5)Mo(CO)2(L)CH
5
{n ~c5H5)w(co) (C2H4)CH

— 5 .
Irradiation of (n -C in reactive gas matrices e.g. N, and

2
C2H4 i.e. no bands were
complexes

3
H,) and

(L = N, C2 4

3 2

complexes.

2 3

Spectroscopic data for the new species is presented in Tables 2.1 and

*
It had been hoped to demonstrate the Cr-H bond using v and the approp-

Cr-H

riate isotopic shift on deuteriation. However, Verox in this species and

5 , .
(n —C5H5)Cr(CO)3H is extremely weak and so this means of verification proved
impossible.
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5
2.2.5 Photolysis of (n -C_H_)Mo (CO)

55 2

3233 in CH4 and N, Matrices

5 A
Infrared spectra from an experiment with (n *CSHS)MO(CO)3CF3 (1) iso-

lated at high dilution in a CH, matrix at ca 12K are shown in Figures 2.6

4
and 2.7. Irradiation with long wavelength radiation (A > 370 nm) of a
matrix, which was produced by co-condensing vapour from a sample of (I)

held at 30°C with a vast excess of CH, (Figure 2.6(a)), resulted in the

appearance of a large number of new binds: 2138.0, 2063.3, 2045.2, 1998.0,
1994.8, 1982.6, 1910.0, 1180.7, 1172.3, 1108.3, 1100.6, 1086.0 and 491 cm'l
(Figures 2.6(b) and 2.7(b)). Longer irradiation times with the same photo-
lysis source produced further decreases in the bands of (I) (VCO at 2057.0,
1976.0 and 1970.3 cm‘l and Vep at 1065.0, 1055.3, 1032.5, 1018.0 and 1012.0
cmﬂl) and increases in all the new product bands (Figures 2.6(c), 2.6(4)
and 2.7(c), 2.7(d)). Subtraction of the scaled spectrum before photolysis
from those after photolysis revealed (i) several obscured product bands in
the terminal CO stretching region and (ii) that there were at least three
photoproducts on the basis of growth and decay plots of bands. The bands at
1994.8 and 1910.0 cmbl {set (1)) can be assigned to the l6-electron coordin-
atively unsaturated species (nS—CSHS)Mo(CO)2CF3 (I1) (vCO at 1994.8 and
1910.0 cmul) on the basis of reversal with visible light (X > 430 nm) and
the presence of free CO (band at 2138.0 cm_l) in the matrix, features
S)MO(CO)ZCH3'
The remaining bands fall into two gets: set (2) at 2045.2, 1982.5, 1108.3,

1100.6 and 1086.0 cm~l and set (3) at 2063.0, 1998.0, 1185.2, 1180.7, 1172.3

which had been observed on the photolytic formation of (nS—CSH

and a weak band at 491 cm_l. Comparison of the CF stretching band positions
-1
d 980
2(PPh3)2 (\)CF at 1083 and 980 cm ) and Ru(CFzH)Cl(CO)Z(PPhB)2

(vCF at 980, 944, 928 and 911 cm”l [24] shows that the CF stretching bands

for the MzCF2 fragment occur at higher wavenumbers than for the M—CF2

ment. Both sets of new bands occur at higher wavenumbers than for (I) but

for Ru(=CF2)(CO)
H frag-

it is the set (3) bands which occur at highest wavenumbers and additionally
these bands correlate with two terminal CO stretching bands and the weak band

at 491 cm‘l, which is very close to the position of v (480 cm_l) of Re (COXgF

ReF
[25, 26]. It seems reascnable, therefore to assign the set (3) bands to the

, 5
difluoromethylene fluoride species (n —CSHS)MO(CO)Z(:CFZ)F (1V), which is an
18-electron compound. The other species (III), set (2) bands has CO stretching

bands between those of (I) but below those of (IV) while the CF stretching
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Infrared spectra (Nicolet 7199 FTIR) in the terminal CO

£
stretching region from an experiment with (n —CSH5

isolated at high dilution in a CH4

after deposition, (b) after 10 min. photolysis with low

energy u.v. radiation (A > 370 nm), (c¢) after further 20 min

photolysis with the same source, (d) after another 40 min

photolysis with the same source, and (&) subtraction of the

spectrum before photolysis from that after photolysis, i.e.

matrix at ca. 12K: (a)

)MO(CO)3CF

2

(d) - (a). Bands marked (*) are due to (n5~C5HS)Mo(l“CO)2

(l3CO)CF3 present in natural abundance. Bands marked (P)
5

are due to (n ~C5H5)M0(CO)3CF3 and those marked (1) - (3)

are due to photoproducts (see text).
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bands are above those of (I) but below those of (IV). These observations
may be interpreted in terms of greater T back donation Mo - CO for (IV)
than for (III) together with some strengthening of the CF bonds, perhaps as
a result of increased M-C bond order. A possible structure for (III) to-
gether with a summary of the photoreactions are shown in Scheme 2.3. A
precedent for an o-F to fill the vacant site in (nS CSHB)MO(CO)ZCFB is
found in the proposal that a 8~H does something similar in the l6-electron

coordinatively unsaturated species (V) [27].

! CH

\
%
C;: F{//’(}#

(V)

In addition to the bands due to the l6-electron species (nS—CSHS)Mo
5 . o 5
(CO)2CF3 and (n ~C5H5)MO(CO)2(:CF2)F complexes, irradiation of (n CSPS)
(CO)3CF3 in nitrogen matrices produced some other bands at 2260.0, 2018.2

and 1938.3 cm“l (Table 2.3). These bands are assigned to the dinitrogen

, 5
species (n —CSHS) o(CO)g(Nz)CF3. The vNEN stretching band for (n CSHS)MO
(CO)2(N2)CF3 (2260.0 cm 7) occurs at a very similar wavenumber to those for

(n°-CgHg) Mo (CO) , (N,)CL (2240.8 cm ©) (see Chapter 6) .

Spectroscopic data for the new species is given in Table 2.3.
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5 .
2.2.6 Photolysis of (n —CSEE)MO(CO)?COCF3 in CH, and Ar Matrices

The i.r. spectrum of (n5~c H )Mo(CO)3COCF isolated at high dilution

575 3
in a CH, matrix before photolysis showed bands at 2046.5, 1976.8, 1962.0

and 1652.2 cm_l in the CO stretching region and a 1257.5, 1238.7, 1194.5

and 1154.2 cm~l in the C-F stretching region ([24], (Table 2.3). Irradiation
of the matrix with long wavelength radiation (A > 410 nm) giving light
corresponding to the electronicab;or?ﬁon (Figure 2.2{d)) produced a large
number of new bands: 2138.0, 2057.3, 1976.0, 1970.3, 1891.4, 1065.0, 1055.3,
1032.5, 1018.0 and 1012.0 cm*l (Table 2.3). Longer times of irradiation with
the same energy filter (X > 410 nm) resulted in an increase in the overall
)Mo(co)3COCF into (nS—CSH )Mo (CO) .CF_ without increase

5 3 5 373

conversion of (nS—CSH
in the weak band at 1891.4 cm“l. The weak band at 1891.4 cm_l and probably

another band obscured by the lower parent band at 1976.0 cm_l are assigned

to the unsaturated l6-electron species (nS-CSHS)Mo(CO)2COCF3, but no band

attributable to the acetyl CO stretching vibration for the species (n5~C5H5)

Mo(CO)2COCF3 was observed. This is perhaps not surprising considering that

the intensity of the terminal CO bands is weak and the acetyl CO stretching
-1, 5 .

band at 1654.2 cm ~ in (n ~C5H5)MO(CO)3COCF3 is much weaker than the terminal

CO stretching bands. Support for the assignment of the intermediate species

5 .
as (n -C_H_)Mo (CO) . COCF. is afforded by the observation of (n5~c H_)Fe (CO)

575 2 3 5.5
COCH3 and Mn(co)4COCH3 in the photochemical decarbonylation of (n —CSHS)Fe
(CO)ZCOCH3 [28] and Mn(CO)SCOCH3 [29] respectively in matrices at 12K. The
bands at 2057.0, 1976.0, 1970.3, 1065.0, 1055.3, 1032.5, 1018.0 and 1012.0

cm_l (Table 2.3) were assigned to the fluorocalkyl derivative (n5~C5H5)Mo

(CO)3CF3 (see above section 2.2.5).

5
Analogous results were obtained for (n —CSHS)MO(CO)BCOCF3 isolated at

high dilution in Ar matrices and spectroscopic data for the new species are

given in Table 2.3.
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2.3 DISCUSSION

The photoreactions of (nS—CSHS)M(CO)3CH3 complexes (M = Mo, W) at high

dilution in CH , Ar, CO, N. and 5% C_H doped CH

i i heme
2 are Summarlsed in SC
2 - l -

I\ifl (1), (ii)
OC// \\\CH3 T ain, (v
C
OC e
(ii), (vi) (iii), (iv),
(v)
T
L oC7” 4 \\CHZ
= C.
v © §
\ §

Scheme 2.1 (i) CH,, Ar, CO, N 5% C_H /CH4;

4 27 274
(ii) hv (310 < A < 370 nm); (iii) hv (X > 410 nm);

(iv) Annealing; (v) N2’ 5% C2H4/CH4; (vi) co.
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The observation of the coordinatively unsaturated l6-electron species,

5 . \ . . . . .
{n ~C5H5)Mo(co)2CH3, even in a CO matrix, is consistent with the dissocia-

tive mechanism proposed [1 - 7] for ligand substitution reactions of

5
(nS—CSHS)M(co)3CH
(n ~C5H5
cSHS)w(co)

3 complexes. For example, Tyler [30] reported that

3

2(thf)CH3; solutions of this product are stable at -78°C but the

complex decomposes to [(nS—C

5
)w(CO)3CH reacts photochemically with thf at -78°C to give (n -

YJW(C0) .1, and (nS—CSHS)W(CO) CH3 upon warming

58y 312 3

to room temperature. The irradiation of (n —CSHS)W(CO)3CH3 at 77K in a

hydrocarbon matrix (toluene or hexane) [27] containing PPh3 followed by warm

up to 298K resulted in formation of (n5~c H )W(CO)Z(PPh JCH, (Equation 2.4).

575 3 3
5 hv/-CO 5 o
(n CSHS)W(CO)3CH3 + PPh3 —77E-+ (n CSHB)W<CO)2(”"n3)CH3

(2.4)

The observed product identified at 77K was the unsaturated l6-electron

species (nS*CSHS)W(CO)ZCH3

probably because of its low quantum yield and ready recombination of radicals

and there was no evidence for a radical pathway,

. ) . ) 5 .
in the frozen environment. Irradiation of (n -C_H )M(CO)BCH (M = Mo, W) in

575 3
CO matrices showed that the generation of the unsaturated l6-electron species

(nS—C5H5)M(CO)2CH3 takes place in spite of the availability of excess nucleo~
philes and is much more facile for M =Wthan for M=Mo. This may indicate that
) . . . . 5

M~CO dissociation is more easier for the tungsten complex, (n —CSHS)W

(CO)ECH3, than for the molybdenum analogue. In the CO matrix, no evidence
was obtained for the formation of expanded coordination number species, e.q.

3
(n~~C )M(CO)4CH , possibly for steric reasons, in contrast to the expanded

5t

3
coordination number species (n3—C5H5)Co(CO)3 and (n3~C5H5)Fe(CO)3CH3 produced
from the complexes (n5~C5H5)Co(CO)2 [17] and (n —CSHS)Fe(CO)ZCH3 [28] res-

pectively.

In CH4, Ar and CO gas matrices at 12K, no evidence was obtained for the

homolysis of Mo-CH, bond forming radicals, whereas in solution evidence for

3

a radical pathway comes from the formation of the dimer [(n5~-C5H5)Mo(CO)3]2
(6, 8, 91. Interestingly, in the l3CO exchange reaction the dimer complex

c 13 . .
was obtained in addition to the CO~enriched dimer. Other evidence for
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the importance of a primary photoprocess involving radicals comes from e.s.r.

) 5
studies of the photolysis of (n _CSHS)M(CO)BCHB (M = Cr, Mo and W) complexes

in hydrocarbon solvents [31]. 1In this work the e.s.r. spectra were inter-
preted as being most consistent with a radical anion species, (nS*CSHS)Mo

;', rather than the expected radical species (nS*CSHS)Mo(CO)é, al-

though this species was postulated as possibly being the primary photo-

(CO)2CH

product in a reaction scheme. In contrast to the gas matrix observations
described above, in a P.V.C. polymer matrix at 12 - 298X both CO dissocia-

tion and Mo-~CH., bond cleavage reactions occured [32]. The evidence for the

latter proce553comes from the disappearance of bands due to (nS*CSHS)MO
(CO)3CH3 together with the growth of bands due to (nS—CSHS)Mo(CO)BCl [3271.
One of the reasons for the failure to observe radical species in gas mat-
rices could be that unlike the polymer matrix, there are no secondary re-~
action processes, e.g. Cl abstraction, that can lead to product stabilisa-
tion. Additionally the small gas matrix molecules can pack tightly around
a substrate molecule to create a 'tight cage' [33] in which the radicals
produced on photolysis are unable to diffuse far enocugh apart to prevent a
thermal back reaction. In contrast the bulky polymer chains form a 'loose
cage' from which the CH3 radical can escape. Support for the latter explan~
ation can also be drawn from the fact that trapping of a radical species
following photolysis of an organometallic compound in gas matrices has only

been observed [34 - 36] when H  has been ejected (Equations 2.5 - 2.8).

hv 4 .
HCO(CO)4 ~K;+ Co(CO)4 + H® o+ HCO(CO)3 + CO (2.5)
HCo (CO) . —¥s co(co)  + HCO® (2.6)
4 0 4 .
5 hv 5 )
{n —CSHS)zReH -—(-:ijr (n —CSHS)ZRe + HCO (2.7
5 hv 5 . .
(n CSHB)M(CO)3H = (n -CSHS)M(CO)3 + HCO (2.8)

(M = Cr, Mo, W.
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5
The formation of (n ~C_H_)Mo(CO)_.(N.)CH

i i 1 14
sHg 5 N, in nitrogen matrices cou

3

be envisaged to occur via the lo-electron species (nS—CSHS)Mo(CO)ZCH3 which
can add a N2 molecule (Equations 2.9 and 2.10).
5 hv/~CO 5

(n —CSHS)MO(CO)BCH3 *:ﬁ;~—%-(n “CSHS)MO(CO)2CH3 (2.9)

(NP =CH. )Mo (CO) .CH. —2 +  (n°—c_H_)Mo(CO) . (N.)CH (2.10)

L L - LA B R :
Th b ti f ( 5—-C H_)Mo (CO) .CH, as well as ( 5—C H_ )Mo (CO),. (N,)CH

e observation o Sn 5Hg) Mo ,CH, w s (n sHg) Mo 5 (N, 3

on photolysis of (n —C5H5)MO(CO)3CH3 in N2 matrices suggests that (nS-CSHS)

Mo(CO)2(N2)CH3

5 6
This is in contrast to the complexes (n —CSHS)Mn(CO)Z(Nz) and (n —-C6H6
(CO)2(N2) which have been produced by photolysis in N2 matrices [19] and
also characterised by elemental analysis following reactions in solution
°f <Hg 5 ()
(2190.8 cm 7) compared to values

may be very difficult to prepare in a conventional reaction.

)Cr

[37]. Other contraindications for the preparation of (nS-C ) Mo (CO)

CH, are the relatively high value of v

3 NN

-1 5 6
of 2175.3 and 2148.4 cm for (n —CSHS)Mn(CO)Q(N2) and (n —C6H6)Cr(CO)2(N2)
respectively, and the formation in solution of radicals leading to [(n5~C5H5)
Mo(CO)3]2 (see above). However, the tungsten analogue (nS—CSHS)W(CO)3CH3

failed to react under the same conditions during irradiation in nitrogen

matrices. Barnett and Treichel studied the reactions of (n5~C5H5

CH3 complexes (M = Mo, W) with phosphine ligands and observed that the

(n°~C_H_) Mo (CO) .CH complex reacts with PPh3 to yield mixtures of the two

)M(CO)3

575 3,73
5
- PPh - (
new compounds (1 CSHS)MO(CO)z( 3)CH3 and (n CSHS)MO(CO)ZKPPhS)COCH3
[1]. The tungsten complex (n5~C5H5)W(CO)3CH3 is much less reactive towards

PPh3 substitution; no acetyl substitution product was isolated, but low

5
§» -
5 2(PAh3)CH3 occured. The complex (n CSHS)MO

3CH3 reacts with 1,2~bis(diphenylphosphine) ethane to yield [(nS—CSHS)

Mo(CO)2(COCH3]2~u-diphos in low yields. However, the tungsten compound

conversion to (nS—CSH YW {(CO)

(CO)

(nS*CSHS)W(CO)3CH3 failed to react under the same or more drastic conditions.

This is consistent with our finding in nitrogen matrices. However, both

5
complexes (n —CSHS)M(CO)3CH3 (M = Mo, W) reacted with C2H4 during irradia-
tion in 5% C2H4 doped CH4 matrices but again the tungsten compound (nS—CSHS)
W(CO) ,CH, was less reactive than the molybdenum analogue, The photosub-

3773
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stitution of ethylene ligand take place in the ¢7s position to give the

. 5 :
cts~-(n -C_H )M(CO)2(C2H JCH, isomers (M = Mo, W) (Equation 2.11).

575 4 3
5 h\)/+c2H4 5
M nCSHS)M(CO)3CH3 o cire~(n —CSHS)M(CO)2(C2H4)CH3
(2.11)

In solution it has been shown that [6] one CO ligand in (nS—CSHS)W
(CO)3CH3 can be replaced photochemically by ethylene to give trans»(n5~c

W (CO)

gHg)

5
Thermally the complexes (n —CSHS)MO(CO)3R (R = CH3, C2H5)

HS)MO(CO)3H at 25 - 50°C to

2(C2H4)CH3.
react with ethylene at 100°C and with (n *CS

vield ketones and aldehydes [11].

5
The photoreactions of (n -C_H )Cr(CO)3CH in different gas matrices

55 3

5
are summarised in Scheme 2.2 In contrast to the photochemistry of (n —CSHS)
M(CO)3CH3 complexes (M = Mo, W) in low temperature matrices, irradiation of
the (n —CSH

)Cr(CO)BCH3 resulted in the formation of the carbene-hydride

5
, , 5 .
—C5H5)Cr(CO)2(—CH2)H. Irradiation of {(n —CSHS)Cr(CO)3CH3 in

solution in presence of PPh3 led to migration of the methyl group from Cr

species (n

to CO and introduction of the phosphine, to give an acyl chromium complex,

(n5~c H )Cr(CO)2(PPh3)COCH

Hg (Equation 2.12), presumably from a thermal

3

PPh3

m5»c5H5>Cr(co> CH. ——3 5 (n°=C

3CH, TS HS)Cr(co)2(Pph3)COCH

5 3

{(2.12)

)Cx (CO) , (PPh_)CH

H
575 2 3 3
in low temperature matrices, in presence

. 5
reaction of the initially formed (n -C {11. However,

. . 5
irradiation of (n ——CSHS)Cr(CO)BCH3

of external ligand L (L = NZ' C2H4) led to the formation of the carbene

5
complex (n —CSHS)Cr(CO)2(=CHZ)H; i.e. neither the photosubstitution products

e.g. (n ~C YJCr (CO) . (L)CH., (L = N2, C H4) nor the acyl chromium complex

58 2 3 2

5 I .
{n ~C5H5)Cr(CO)2(L)COCH3 were observed. Similar reversible a-hydrogen

abstraction from the methyl groups of Co(PPh3)3CH and Rh(PPh3)3CH in-

3 3

volving intermediate carbene-hydride complexes, e.qg. CH2=MH3(PPh3)3 has

recently been demonstrated [38], (Equation 2.13), (M = Co, Rh).
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H H H H

H
2 \ / \
M ] —_ i o=
I(PPH3)3CH3 —_— CH3 M (PPh3)3 e Ch2 b]/x (PPh3)3

(2.13)

Reversible elimination of a hydrogen from carbons which are in B-
positions relative to transition metals has been widely established to occur
and to be important in catalytic reactions, e.g. olefin isomerisation. Al-
though less well documented, elimination involving carbons in the a-positions

may also occur (Equation 2.14) and may be important in generating active
M~ CH, — M=CH (2.14)
intermediates in metal catalysed disproportionation reactions {39, 40].

L . ) . 5
Strong evidence for a-elimination is the isolation of [(n ~C5H5)2W(CD2P

+ , 5 2 +
(C6H5)(CH ).)D] from the reaction of [(n ~C5H5)2w(n —C2H4)CD3] with

3°2
P(C6H5)(CH3)2 [41]. It was proposed that the product arcse via an equi-
librium between two cationic intermediates (Equation 2.15). Evidence for

H
+ (2.15)
N\

\CHz

Y

-y

a~elimination for thechromium complexes (C6H5CH2CH2CD2CH2)3Cr.3THF and

(C6H5CH2CH2CH2CD2)3Cr.3THF is inferred from the presence of C6H5CH2CH2
CD=CHD among the products. The presence of CH2CD2 and, after hydrolysis,
of HD from the decomposition of (CDB)BCr.3THF also indicates a o-H elimin-
ation pathway {42]ja transitory carbene complex has been suggested as an
intermediate [43]. Since as carbene :CH2 capable of acting as a ligand in
certain organotransition metal complexes, the lone pair electrons in :CH2
could act as a donor pair and the vacant P, carbon orbital would be avail-

able for back-donation of electrons from the metal. The species could thus
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be classified with carbon monoxide and triphenylphosphine as far as donor-
acceptor capabilities are concerned and could, in principle, replace such
ligands in their stable complexes [44]. The validity of this reasoning is

5
demonstrated through the isolation of (n -C_H )Cr(CO)2(=CH JH in low temp-

575 2

erature matrices.

12 13

The CO —> 7 °CO exchange reaction of (nS» )Cr(CO)2(=CH JH is

CsHs 2
consistent with the proposed CO dissociation of carbene complexes and
reaction of the coordinatively unsaturated intermediates with 13CO and
olefins, and their roles in the olefin metathesis yeactions, e.g. (CO)5W=
C(C6H5)2,
[45, 46].

(CO) _W=C(C_H_)H and (CO) M:C(OCH3)C6H

5 eHe 5 (M = Cr, Mo, W) complexes

5

In view of the increasing interest in the nature of proposed o-H
abstraction and a-H elimination processes (Equation 2.12), Green et al. [47]
showed that the decomposition pathways of g-abstraction and a-elimination,

both leading to the titanium-methylidene intermediate (n5—C Me5)2Ti=CH

5 2
5 , ,
from the (n —CSMeS)ZTl(CH3)2 complex (Equation 2.16).
(5—CM ), T1(CH,) (5-CM ) .Ti=CH
N Thgheg )t itHL ), N Thghegl pti=th,
D,
£ (2.16)
CH
2
; /
(n —CSMeS)ZTl — H
CH3
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Very recently difluoromethylene (difluorocarbene) complexes were also

reported for the first time, e.g. RuC12(=CF2)(CO)(pph3)2 (48] and Ru(zCF2)

(CO)2(PPh3)2 [24]. The latter complex was formed from the reaction of
Ru(CO)Z(PPh3)3 with Cd(CF3)2(MeOCH2CHZOMe) and it was proposed that an
intermediate product was Ru(CFB)KﬂCFB)(CO)2(PPh3)2 [24], which underwent

an elimination reaction, although the nature of the elimination reaction

was not determined.

. . 5
Matrix isolation evidence for o-F elimination for (n *C5H5)MO(CO)3CF

now sheds light on the formation of the fluorocarbene complex, Ru(zCFz)
3)(CO)2(PPh3)2.

5HS)MO(CO)BCF3 in CH4 and N2 matrices are

3

(CO)Z(PPh3)2, via the fluofoalkyl complex, Ru(CF3deCF

The photoreactions of (nS—C

summarised in Scheme 2.3.

Similar results were obtained on photolysis of Mn(CO)_CF. [49] in gas

573
matrices at ca. 12K, i.e. formation of Mn(CO)4CF c.f. Mn(CO)4CH [15] and

3 3

Mn(zCFZ)F(CO)4, while photolysis of the trifluorocacetyl derivatives gave

5
the coordinatively unsaturated l6-electron species (n ~C5H5)MO(CO)2COCF3
[15] species which went on to give

(I1) and Mn(CO)4COCF c.f. Mn(CO)4COCH

3

5
{n »CSHS)MO(CO)BCF3 and Mn(CO)SCF3

3
respectively.

Transition metal carbonyl complexes containing an acyl group can often
be decarbonylated either on heating or photolysis to give the corresponding
alkyl [50]. This process is termed decarbonylation. A general mechanistic

scheme for decarbonylation is shown in equations 2,17 and 2.18.

o 0
" it
(0C) _MCR ~E§g§§+ (0C)__, MCR + CO (2.17)
0
1" t
(oc) _ MCR —=SERRdRRERS (oc) MR (2.18)

The photoreactions of (n5~C5H5)Mo(CO)3COCF3 isolated at high dilution in

CH4 and Ar matrices are shown in Scheme 2.4. The decarbonylation of (nS—

CSHS)MO(CO)3COCF3

i.e. dissociative loss of CO followed by a fluoromethyl migration t£¢© the

should occur via the reverse of the carbonylation reaction,
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OC/M?\CF:J,
< §
(1)
hv/-C0O
Y
hv/+N ) a-F
minor2 OC //MO\C FB elimination
l OC (11)
SEVANEE OC7M;C\<‘\\~CF2
o« N2 of F;/
or
o-F !
OC/MO:CFZ elimination @) /MO;\
/\ s ¢ s AF2
OC F OC \\F/
(IVv) (1171)
Scheme 2.3
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Mo ?? hv/~CO

— " ~CCF

iy v

OC O
—Mo—cF;

oC 7/ \

OC CO
Scheme 2.4

. 5
vacant coordination site at the metal. The formation of (n —CSHS)MO(CO)3

CF3 from (T15~C5H5)MO(CO)3COCF3 via the lé6-electron species (ns—CSHS)Mo(CO)2

COCF3 is supported by the presence of weak bands due to the very unstable

lé~electron species (nS—CSHS)Mo(CO)ZCOCF3. The observed decarbonylation of

5 . . :
n ~C5HS)M0(CO)3COCF3 in matrices is consistent with the thermal decarbony-

5
lation reaction which affords the only route to (n ~C5H5)MO(CO)3CF3 [13].

H_)Mo (CO) .COCF., was tested for its
575 3 3

reaction with Rh(PPh3)3Cl. Upon abstraction of a terminal CO from (nS—CSHS)

Interestingly, the complex, (n5—C

Mo(CO)ECOCF substitution by PPh3 occured more rapidly than migration of the

3’
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of the CF3 group. A 70% yield of (nS—CSH5

{13, 51].

)Mo(CO)2(PPh3)COCF3 was obtained

2.4 CONCLUSIONS

The photoreactions of (nS—CSHS)M(CO)3CH3 complexes (M = Cr, Mo, W) in

CH4, Ar, CO, N2 and 5% C2H4 doped CH4 matrices at 12K indicate that the

principal reactive intermediate in the thermal and photochemical solution
substitution reactions is probably the coordinatively unsaturated species

5 . . . s
(n"-C_H_)M(CO).CH The reactions, therefore, involve dissociative mechan-

575 27737
isms rather than associative mechanisms [17], c.f. (Equation 2.19).

5 hv 3
(n -C + CO ——> (n —CSHS)CO(CO)3 (2.19)

HS)CO(CO)
hv!

5 2

In addition to CO dissociation the chromium complex, (n5~C5H5)Cr(CO)3

CH,, showed a-hydrogen elimination to form the carbene-~hydride complex

3

(nS—CSHS)Cr(CO)2(=CH2)H for the first time, where only the l6-electron species
5

(n"~C_.H.)M(CO) CH, were observed for molybdenum and tungsten.

575 273

Irradiation of (nS—C H )MO(CO)3CF also gave in addition to the 16-

575
)MO(CO)ZCF

3

electron species (n -C the novel carbene~fluoride complex

: 585 3
(n ~C5H5)MO(CO)2(=CF2)F as a result of a~fluoride elimination.

Irradiation of (nS—CSHS)MO(CO)3COCF3 generated the fluorocalkyl deriva-

tive (n5~C5HS)Mo(CO)3CF3 probably as a result of the terminal CO dissocia-
tion followed by a fluoromethyl migration onto the vacant coordination site

at the metal.
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Table 2.1 1Infrared band positions (cm l) observed in the CO stretching

5HS)M(CO)3CH3 complexes (M = Cr, Mo, W) and

its photoproducts in various gas matrices at 12K.

5
region for (n -C

Complex gﬁg Ar gb co 5% C2§4/CH
(nS—CsHS)Cr(CO)BCH3 2013.5 2020.7 2015.5 2013.5 2011.3
1937.2 1946.3 1939.2 1936.6 1936.8
(n5—c5H5)Mo(co>3CH3 2023.4 2030.7 2028.6  2025.8 2021.8
1937.9  1945.8 1941.4 1945.2)  1935.8
1938.8)
(n5—C5H5)W(CO)3CH3 2020.8 - 2024.7 2020.8 2020.0
1929.6 - 1933.8  1932.2)_ 1928.6
1928.5)
( 5~C H_)Cr (CO).CH
n”-C Hq ,CH, g g g g g
(nS—CSHS)Mo(CO)2CH3 1966.0  1972.0  1972.8  1962.4)  1964.7
1880.1 1886.0 1884.4 1876.8)° 1876.5
(n5~c5H5)w(c0)2CH3 1953.8 - 1957.6  1950.8 1952.6
1861.0 - 1864.7  1861.3 1860.5
( 5-c H_)Cr(Cco).(N.)CH a
N gty o N/ Gy
5 c
(n —CSHS)MO(CO)Z(N2)CH3 1969.7
1913.7
(n°~C_H_)W(CO). (N.)CH a
N gy o o/ tH3
(n°~C_H_)Cr (CO).. (C.H ) CH .
N —CgHg ) Cx 2 (CoHy  CHy
5
(" -C_H_ Mo (CO) . (C.H,)CH - - - - 1985.3
555 o \Mofy M, Looo 5
(R°-C_H_)W(CO). (C.H.)CH 1983.5
N ~tghg 2 =ty B, .
(n3~C5H5)Cr(CO)2(=CH2)H 2019.3  2023.8 2031.5  2020.0 2017.2
1938.3  1943.1 1940.2  1938.5 1937.2
.../Continued
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Table 2.1 (Continued)

a
Matrix splitting

bLong photolysis time required

c, at 2190.8 em™ T

N,

dNo reaction

e X

No reaction

fBand obscured by the band of the ethylene gas.

gVery weak bands
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Table 2.2

Observed and calculated band positions (cm“l) of terminal

CO stretching bands in an experiment with

13Cannriched

sample of (n5~

- 44 -

C5§5)MO(CO)3 CH4 and N2 matrices,
and of (n —CBHS)Cr(CO)3EfI3 CO doped CH4 matrices
at 12K.

Complex BCO Observed Calculated
( 5~-C H.)M (lZCO) CH : At 2025 .4 2025.5
N oThgHg MO 3-H3 2 : .
A'+A" 1940.1 1939.9
(nS—CBHS)MO(l2CO)2(13CO)CH3 (A 2016.0 2016.3
b( A" 1939.2° 1939.9
(A 1906.6° 1905.4
(A 2013.2 2013.8
el A 1939.2° 1939.9
(2 1906.6% 1907.8
(nS-CSHS)Mo(lZCO)(l3CO)2CH3 ( A 2001.07 2002.3
£( A 1918.4 1918.7
(a h 1896.7
(3 1998.9 1998.9
c i( a 1921.4 1922.0
s -
( A" h 1896.8
5 13 '
(n -C_H_)Mo (" ~CO) .CH iy 1980.6 1980.5
5°5 3773 =
C A'+AY 1896.5 1896.7
s - T
( 5—C H )Mo(lZCO) CH ! 1965.9 1965.3
N5ty 2773 = : ‘
A" 1879.6 1879.1
(n°~c B )Mo (o) (o) cn, A 1947.8 1948.5
A 1852.7 1853.2
..../Continued




Table 2.2 (Continued)

- 45 =

Complex Yoo Observed Calculated
5 13 ,

{n »CSHS)MO( CO)2CH3 A h 1921.6
C A" 1836.8 1837.3
= -

5 12 k .

(n"-C.H;)Mo (7 CO) , (N,) CHy A 1969.7 1969.0
C A" 1913.7 1913.8
s =

(n°~c h )0 (FPco) (Hooy (vyen| A 1955.3 1954.6
<y A 1886.0 1885.1

(n°~C.H.) Mo (*>co) , (W,)c A 1924.5 1925.2

m Trsts 2 Nl Uy 2 . :
C A" 1871.4 1871.3
=s i3

5 12 1 ,

(n"-C.H.) Cx (77CO) ;CH, A 2011.5 2011.5
C A'+A" 1935.7 1935.7
= - =

5 12 13 ,
(n"~=C_H.) Cr (77CO) , (7CO) CH, (A m 2002.7
C b( A" n 1935.5
= -
(A P 1900.7
(A 1998.5 1996.3
< el & n 1936.3
- (A p 1906.1

5 12 13 ,
(n »CSHS)Cr( co) { CO)ZCH3 ( A q 1992.8
£( A 1909.4

< N
= (B S 1893.3

¥ v
(A 1985.2 1984.8
C jcar v 1917.9
=

(A" s 1892.5

5 .. 13 '

n ~c5d5>Cr( CO) ,CH, A W 1966.3
c AT+ 1892.1
s - -

.../Continued




Table 2.2 (Continued)

Complex XCO Observed Calculated
A N X 2016.5 2015.6
N ~tg8g 2% 2 : :
C A" 1933.0 1932.0
= -
(n°-c B ) cr (o) (Peoy (e | oa 1998.5 1998.6
< A 1905.8 1905.1
(n°~C.H,)cr (F3co) . (CH ) H X 1969.8 1970.4
n ~gs ) 2 : .
C A" 1888.0 1889.0
-3 -
aRefined energy-factored force constants for (nS—CSHS)Mo(CO)3CH3: Kl =

1559.5, K2 = 1569.3, klZ =
diaﬁrawx
2
1 - T “*-'CH3
3

5
Refined energy-factored force constants for (n -C

1493.5 and k, = 67.0 Nm L.

b 13

CO in position 1.

Band obscured by bands of

43.8 and k23

il.e. 1 # 2

5
(n"-C HS)MO(CO)BCH

5

3"

H_) Mo (

575

49.0 Nm~1 as defined by the

CO)2CH K

3:

Broad band arising probably from two components at 1905 and 1908 cmb‘l

3co in position 2.

2CO in position 2.

Component of broad band centred at 2000 cm_l.

Band obscured by bands of

12CO in position 1.

Refined energy-factored constants for (nS—C H_)

1

1523.0 and ki

43.3 Nm .

13
CO-enriched (n5~C

5

- 46 -

5

5

HS)MO(CO)

Mo(CO)Z(

3CH3.
NZ)CH3: K =
.../Continued




Table 2.2 (Continued)

) Cr (CO)

Refined energy-factored force constants for (n CH3: K, =

~Csg 3 1
1568.0, K, = 1546.7, k., = 42.6 and k,, = 32.0 Nm~1l as defined by the
numbering above in (a).

: 5 12 13
Unresoclved band, obscured with the band of (n ~C5H5)Cr( COo) { CO)(CHZ)H
at 1998.6 cm‘l
Obscured by the lower parent band at 1935.7 cmhl.

P Obscured by the band of (n