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Abstract

Reactions of chromium or molybdenum atoms with mixtures of bromobenzene and other arenes at — 196°C have given several
new sandwich compounds including [Cr(C H BrXC¢F;)] and [Mo(C HBrXC.F,)]. The work has led to the development of a
theory for the mechanism of reaction of metal atoms with arenes which focuses on the redox properties of the coordinatively
unsaturated half sandwich intermediate M(arene). The theory is then applied to explain the results of other new and known

metal atom—arene reactions.
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1. Introduction

The reaction of transition metal atoms with benzene
and other arenes to form bisarenemetal complexes has
been one of the most successful applications of metal
atom synthetic techniques [1-4]. The mechanism of
these reactions has not been studied in detail but there
is evidence that they occur stepwise with immediate
addition of one arene to give a half-sandwich species
M(n®-arene), which then adds a second arene ligand to
form the final bisarenemetal product [5,6]. Not all
metal atom/arene reactions give the desired product.
For example, with chromium atoms fluoro- and
chlorobenzene give excellent yields of bisarenechrom-
ium products, but the analogous reactions of bro-
mobenzene or iodobenzene and chromium atoms do
not take place, with oxidation of the chromium occur-
ing instead [7].

We have been studying reactions of metal atoms
with hexafluorobenzene [8,9] and other electron poor
arenes. We now report some new synthetic work which
has enabled us to propose and test a model for the
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successful preparation of sandwich complexes from
metal atoms and arenes.

2. Results and discussion

2.1. New reactions with arenes under cocondensation
conditions at — 196°C

Cocondensation of chromium atoms and an at least
ten-fold excess of bromobenzene and a monosubsti-
tuted arene, C;H X (X =F, CF;) on a liquid-nitrogen
cooled surface followed by warm-up to room tempera-
ture gave mixtures of [Cr(C{H;BrXC HX)] and
[Ci(C¢HX),] (X=F, CF,). Similarly, mixtures of
[CH{C¢HBrXCsH,X,-1,3)] and [Cr(C{H,X,-1,3),] re-
sulted from the cocondensation reactions of chromium
atoms bromobenzene and the meta-disubstituted
arenes, C¢qH,X, (X =F,CF,). The similarity of the
physical and chemical properties of these compounds
precluded separation but the compounds were readily
identified from their mass spectra. Meaningful NMR
studies were hampered by the presence of traces of
paramagnetic species which led to line broadening in
the 'H spectra of these mixtures.

Condensation of chromium atoms or molybdenum
atoms at —196°C with mixtures of bromobenzene and
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hexafluorobenzene, followed by warm-up to room tem-
perature, yielded [Cr(C,H,BrXCF,)] or [Mo(C.Hs-
BrXC¢F)], respectively, as the only organometallic
products of the reactions, albeit in yields of < 5%.
Both compounds are yellow and air-stable, and were
identified on the basis of their mass spectra and NMR
spectra.

The above products are the first compounds con-
taining coordinated bromobenzene to be made by metal
atom synthesis. Confirming a previously reported result
[7], we found that reactions of chromium or molybde-
num atoms with pure bromobenzene did not give any
organometallic products. The reaction of chromium
atoms and a 1:1 mixture of bromobenzene and toluene
gave only traces of bistoluenechromium, with no de-
tectable product containing bromobenzene coordi-
nated to chromium. Cocondensing molybdenum atoms
and mixtures of bromobenzene with fluorobenzene or
with 1,1,1-trifluorotoluene, also gave no bromoben-
zene-containing products.

2.2. Proposed half sandwich theory

In an attempt to explain why some of the above
atom reactions with arenes give the desired sandwich
products while others do so only partially or not at all,
we propose the following theory:

(i) The initial interaction of a metal atom with an
arene is more likely to give a metal(arene) half sand-
wich molecule than to result in oxidative addition of
the arene to the atom. This assumption is based on the
results of various earlier spectroscopic studies of con-
densation of metal atoms at low temperatures with
halogenated unsaturated ligands, in which coordination
of the unsaturated ligand always occurs first at low
temperatures and is followed in some cases by oxida-
tive addition as a secondary process as the temperature
is raised [10].

(i) The rate of addition of the first arene molecule
to a condensing metal atom to form a half-sandwich
species is much greater than the rate of addition of a
second arene to form the full sandwich species. This
assumption is based on the facts, (a) that a free metal
atom is a stronger acid (ligand acceptor) than the half
sandwich molecule, and (b) that it is much more proba-
ble, for steric reasons, for one arene to m%-coordinate
to an atom than for the second arene to do so. The
work of Kelly and Bonneau on the coordinately unsat-
urated species [Cr(CO);] in cyclohexane solution shows
that the vacant site is always coordinated, and the
lifetime of the “naked” species is estimated to be only
25 picoseconds [11,12]. Essentially immediate “solva-
tion” by arene molecules in the matrix is likely for both
the condensing metal atom and the subsequently
formed half sandwich molecule. There is a high proba-
bility that any one of the arene molecules which are

loosely associated with the metal atom will move rapid-
ly to m®-coordination, displacing other solvating
molecules. The addition of a second n°-arene molecule
is much less favourable as it has to displace further
molecules from the coordination sphere within the
steric constraints imposed by the first arene ligand.

(iii) It will always be easier to oxidatively add to a
half-sandwich species than to the free transition metal
atom as the half-sandwich is more electron rich. This
assumption receives support from photoelectron spec-
tra studies on bisarenemetal complexes which show
that the ionisation energy for each complex, in which
an electron is removed from a non-bonding orbital on
the metal, is much lower than for the free metal atom
[13]. It follows that thermodynamically it will often be
easier to oxidise a bisarenemetal molecule than a half
sandwich molecule as the latter will be less electron
rich. However, the metal centre in a half sandwich will
be far more accessible for reaction so that kinetically
its oxidation is more favoured at low temperatures than
oxidation of the full sandwich molecule.

(iv) The coordinated arene bestows certain elec-
tronic properties on the metal centre of the half sand-
wich molecule, according to the nature of the ligand.
Thus, coordination of an electron rich arene to a metal
atom results in the formation of an electron rich half
sandwich. Conversely, the half sandwich molecule re-
sulting from the coordination of a metal atom by an
electron deficient arene will itself be electron deficient.
The course of the subsequent reactions of the half
sandwich molecule will be governed in part by its
electronic properties.

Considering proposals (i)-(iv) first in relation to the
reactions of monohalobenzenes and chromium atoms,
we believe that the half-sandwich intermediates,
[Cr(CcHF)] and [CH{C HCD)], resist oxidative addi-
tion of fluoro- and chlorobenzene respectively, giving
good yields of of the bisarenechromium complexes.
The relative weakness of the C—Br bonds allows bro-
mobenzene to oxidatively add to [Cr(C;HBr)], giving
no bisarenechromium product. In a mixture of toluene
and bromobenzene condensed with chromium atoms
on a liquid nitrogen cooled surface, the bromobenzene
destroys both types of half sandwich molecules,
[CH(C4HBr)] or [Cr(C¢H CH,)), at such a rate that
no bisarenechromium product can be isolated. Oxida-
tion of [Cr(C¢HsCH;),] by bromobenzene does not
occur at an appreciable rate below 0°C. With C{H(F
or C,H(CF; as ligands, the half sandwich molecules
[Cr(C(HF)] and [Cr(C;HCF;)] now resist oxidative
addition of bromobenzene, so that sandwich species
containing bromobenzene can be isolated.

Bis(arene)molybdenum complexes are generally
more easily oxidised than bis(arene)chromium com-
plexes (e.g. bischlorobenzenechromium oxidises quite
slowly in air while bischlorobenzenemolybdenum is py-
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rophoric) and it follows that (arene)molybdenum half
sandwich intermediates will also be more susceptible to
oxidation than their chromium analogues. So [Mo(C-
H,F)] or [Mo(CcHCF;)] are oxidised by bromoben-
zene, whereas [Mo(C¢F,)] resists oxidative addition of
bromobenzene and [Mo(C¢FXCcHsBr)] is formed.
The low yield of this bis(arene)molybdenum compound
reflects inefficient formation of [Mo(C¢F,)] as C(F; is
a relatively poor donor ligand which does not inhibit
aggregation of metal atoms as well as better donor
ligands. The yield was, however, higher than that re-
ported for [Mo(C¢F,),] which is formed in < 1% yield
upon cocondensation of molybdenum atoms and neat
hexafluorobenzene [8]. It follows that the lack of for-
mation of detectable amounts of [Mo(C¢F;),] in the
Mo/CcH;Br/C.F, reaction is a result of the much
higher rate of complexation of the electron poor half
sandwich [Mo(C¢F,)] by bromobenzene than by hex-
afluorobenzene.

2.3. Reactions of metal atoms with cooled solutions of
oxidising agents

We have also carried out some experiments involv-
ing reactions of metals atoms with cooled solutions of
arene ligands in the presence of added oxidising agents
which give results consistent with the ideas proposed
above for metal atom reactions in solid matrices at
—196°C.

It has long been known that bistoluenechromium is
readily oxidised to the monocation by some dinuclear
metal carbonyl species, e.g. [Mn,(CO),,], [Fe(n-
CsHXCO),],, and [Cox(CO)g] at room temperature.
However, cooling the solutions to —50°C completely
suppresses these oxidation reactions. In a series of
experiments, chromium atoms were condensed into
toluene solutions of these metal carbonyl oxidising
agents at —95°C in a rotary solution reactor [14].

The addition of chromium atoms to a solution of
[Co,(CO),] in toluene gave a precipitate of a dark solid
which, after being filtered off from the cold solution
and dissolved in THF, was identified as the known
[Cr(C¢HCH 3),][Co(CO),]. We interpret this as an
oxidative addition of [Co,(CO),] to [Cr(C¢HCH )], to
give an intermediate, possibly [Cr{Co(CO),},(C.Hs-
CH )], in which the effective oxidation state of the
chromium is still low enough to allow further reaction
with toluene to give the observed final product. Similar
results were obtained when [Mn,(CO),,] or [{Fe(n-
CsHXCO),},] was used as oxidant, to give [Cr(Cq-
H;CH ), IMn(CO);] or [Cr(C(HCH ), [Fe(n-CsH)-
(CO), ], respectively.

In the knowledge that dibromomethane also oxi-
dises bistoluenechromium to the monocation at room
temperature, but not at —50°C, we condensed

chromium atoms into a 1% solution of dibro-
momethane in toluene at —95°C and then removed
any residual dibromomethane by pumping at —50°C.
No organo-chromium containing product could be iso-
lated, but much of the CH,Br, was converted in to
BrCH,CH,Br. We interpret this as oxidative addition
of CH,Br, to [Ci(C4H;CH;)] to give an unstable
intermediate, possibly [CrBr(CH,BrXC,H,CH,)], in
which the effective oxidation state was too high to
allow addition of further molecule of toluene and
which decomposed to toluene, 1,4-dibromoethane and
chromium bromides.

In a related experiment, condensation of iron atoms
into a toluene solution of iodine at —95°C was found
to give [Fe(C,H CH;),][15], {subsequently converted
into the known [Fe(C;HsCH,), [PE;], [15] for charac-
terisation}. This is similar to the reaction reported by
Billups et al. for cocondensation of manganese atoms
with toluene and iodine at —196°C, which gave a low
yield of [Mn(n-CH,CH,),l[PF,] after work-up [16].
We believe that in both cases the mechanism involves
initial formation of the half-sandwich intermediate,
M(toluene) (M = Mn or Fe). The next step could in-
volve formation of neutral bisarenemetal species {19¢~
[Mn(C,H,CH),] from manganese and 18e~ [Fe(n®-
C¢HsCH ;Xn*-C¢HCH,)] from iron} which are then
oxidised by iodine. In the case of iron, it is possible
that oxidative addition of I, to the half-sandwich to
give [Fel ,(n®-C H CH )] occurs, followed by addition
of a second molecule of toluene (assisted by excess I,
which complexes I atoms as [I;]7) to give the observed
product. The reaction is unlikely to involve toluene
addition to Fel, at low temperatures, as the known
reaction between toluene and FeCl, requires elevated
temperatures and the presence of AICl; as a catalyst
[15].

Finally, we believe that the reactivity of half sand-
wich molecules provide a reasonable explanation for
some other published results such as the formation of
products from scandium atoms [17], from rhenium
atoms [18] and from osmium atoms [19] in which there
are C-H oxidative-additions to the metals as well as
coordination of arenes. These oxidation-additions will
occur to the initially formed (arene)metal half-sand-
wich followed by stabilisation on further addition of an
arene (for scandium) or by metal-metal bond forma-
tion (for rhenium or osmium). The fact that dibenzene-
tantalum but no other bisarenetantalum compound has
been isolated from condensation of tantalum atoms
with arenes may be because the C—H bonds of benzene
are less readily involved in oxidative addition than the
C-H bonds of alkyl substituents or any other sub-
stituent on benzene [20].

These ideas on redox properties of half-sandwich
molecules can provide a rational basis for understand-
ing the behaviour of metal atom /arene systems. As a
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result, it should now be possible to predict the course
of reactions with greater accuracy.

3. Experimental section

Chromium and iron atoms were formed by evaporat-
ing the metals from resistively heated crucibles and
molybdenum and ruthenium atoms were formed by
evaporating the metals by electron bombardment.

Mass spectra were recorded using AEI MS902 and
VG AutoSpec instruments. Reported m/z and ion
intensity values are for 52Cr, Mo and ”Br. Proton
NMR spectra were recorded at 270 MHz using a Jeol
GX270 spectrometer in sealed tubes in C,D,. Spectra
were referenced against characteristic solvent reso-
nances. Fluorine spectra were recorded on a Jeol
FX90Q at 90 MHz, also in sealed tubes, with an
external CFCl; reference.

3.1. Reaction of chromium atoms with mixtures of bro-
mobenzene and fluorinated ligands

3.11. Cr+ CgHsBr+C4H;F, C4H;CF;, CoHF, or
CsH,(CF;),

In a typical reaction, 1 g (19 mmol) of chromium
vapour was condensed at —196°C with 20 g of an
equimolar mixture of C;H Br and C;HF, C;HCF;,
C(H,F, or C,H/CF;),. The residual arene was
pumped away and the soluble organometallic products
washed out of the reactor in 100 cm?® of hexane at
room temperature. The solvent was evaporated and the
products sublimed under high vacuum.

Parent ions and appropriate fragments were seen in
the low resolution mass spectra of the mixtures isolated
from the reactions described. Thus for the general case
of a mixture containing Cr(arene’)arene”) and
Cr(arene"),, the mass spectra showed the ions M, ",
(M,-arene’)*, (M,-arene”)*, M3, (M,-arene”)* where
arene’ = C,HBr and arene” = C;H X or C(H, X, (X
=F, CF,). Following this pattern of ionisation, the
mass spectra of the mixtures obtained were as follows:
C HF product; m/z (relative intensity) 304 {7%,
[Cr(C(H Br(C H P17}, 244 {61%, [Ct(C HF),]*},
208 {8%, [Cr(C{HBr)]*}, 148 {48%, [Cr(C{H;F)]*},
96 (16%, C HF™), 52 (100%, Cr*). C(H;CF, prod-
uct; m/z 354 {12%, [Cr(C,HBrXC4HCF;)]*}, 344
{32%, [Cr(C HCF;),]1"}, 208 {6%, [Cr(C,HsBr)]*},
198 {38%, [Cr(C,H,CF,)]*}, 127 (100%, C,H;CF,™"),
108 (13%, C,H;CF™"), 89 (14%, C,H;C™"), 77 (18%,
C¢Hs"), 52 (24%, Cr*). C4H,F, product; m/z 322
{13%, [Cr(CqHBrXC.H,F,;)]"}, 280 ({69%,
[Cr(C4H,F,),]1*}, 208 {19%, [Cr(C(HsBn]*}, 166
{32%, [Cr(C(H,F,)]*}, 156 (19%, C,HsBr*), 154
(12%, C,H,,"), 114 (29%, C,H,F,”), 95 (8%,
CcH,F*), 52 (100%, Cr*). C4H (CF;), product; m/z

422 {17%, [Cr(C¢HBrX(CH(CF,),]1*}, 420 {22%,
[Cr(C(H {CF;},),1%), 247 {7%, [Cr{C H ,(CF,)-
(CFN*), 214 (15%, CgH,F, 1), 195 (54%, C H,F 1),
176 (20%, CgH,F, "), 154 (36%, C,,H,,"), 145 (19%,
C,H,F;"), 126 (15%, C,H,F,"), 52 (100%, Cr™).

3.1.2. Cr + C4HsBr + C4F

Condensation of 1.2 g (23 mmol) of chromium vapour
with 20 g of a equimolar mixture of C;H;Br and CF;
at —196°C, followed by removal of the residual ligand,
extraction with hexane, purification on a silica gel
column, and high vacuum sublimation gave an air
stable yellow solid [Cr(C H¢BrXCF,)] (ca. 0.23 g, 0.58
mmol, 2.5% yield). Mass spectrum: high resolution,
caled for C,HsBrCrF;, m/z 383.888, found m/z
383.890; low resolution m/z 394 (M*, 43%), 244
(C,HFS", 29%), 208 (M-CF,, 42%), 186 (C,F,",
6%), 154 (C;,H,,", 100%). NMR spectra; 'H(ppm)
482 (m, 2H, H ,,,.), 442 {spt (J(H-F) 1.5 Hz), 1H,
H,,.,), 421 (m, 2H, H,.)% “Flppm) —193.6 (sxt,
J(H-F) = 1.5Hz). Anal. Calc. for C,HBrCrF,, C
36.46%, H 1.28%. Found, C 37.20%, H 1.26%.

3.1.3. Mo + C4H;Br + C4F;

Condensation of 0.8 g (8.3 mmol) of molybdenum
vapour with 15 g of an equimolar mixture of bro-
mobenzene and hexafluorobenzene at —196°C, fol-
lowed by removal of the residual ligand, extraction with
180 cm® hexane, evaporation of the solvent and vac-
uum sublimation, gave 140 mg (0.32 mmol, 4% yield) of
yellow, fairly air stable [Mo(C,H;BrXC,F)] contami-
nated with traces of biphenyl. Mass spectrum: high
resolution; Calc. for C,,H;BrF,;Mo 433.8546, Found
m/z 433.8498: low resolution; 434 (M™*, 56%), 248
(M — C(F,, 100%), 310 (C,,HyBr,*, 26%), 232
(C,,HyBr~, 28%), 168 (MoF,", 40%). NMR spectra:
"H(ppm) 4.92 (m, 2H, H,,n,) 447 (m, 1H, H ,, ) 4.26
(m, 2H, H,,,,.); “F(ppm) —176.0 (sxt, J(H-F)=1.9
Hz)).

3.2. Reactions of metal atoms with solutions of metal
carbonyls in toluene

Typically, 0.5-1.0 g of the vapour of the metal was
condensed into a solution containing about 3 g of the
metal carbonyl in 200 cm® of toluene cooled to <
—90°C and under a pressure of < 0.05 Pa. The bis-
toluenechromium salt formed was insoluble in toluene
at room temperature but was extracted from the solid
residue with tetrahydrofuran.

For each of the products, an infra red spectrum was
recorded from a thin film prepared on the KBr window
of an airtight cell by evaporation in a nitrogen stream
of the tetrahydrofuran solvent from a concentrated
solution. The spectra shown are characteristic of
[Cr(C,H,CH ] salts, with additional strong peaks in
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the carbonyl region appropriate for each of the anions
[M(CO),]™: [Cr(C{H,CHIMn(CO)s]; 3070sh,
3045sbr, 2969mbr, 2910mbr, 2872mbr, 1900vsbr,
1887vsbr, 1862vsbr, 1850vsbr, 1444mbr, 1385sh, 1374m,
487sh, 466sbr, 452sh, 420s cm~!. [Cr(C(HCH,)]-
[FeCp(CO),; 3059w, 3040s, 2962m, 2918mbr, 2861mbr,
1889vs, 1445mbr, 1374m, 489sh, 468s, 450s cm™'.
[CH(C(H;CH)ICo(CO),]; 3080s, 3062s, 2952mbr,
2910mbr, 2848mbr, 1870vsbr, 1502w, 1447s, 1388m,
472s, 442s, 420sbr cm 1.

3.3. Reaction of iron atoms with iodine in toluene

1.0 g (18 mmol) of iron vapour was condensed
during 40 min into a solution containing 8.1 g of iodine
in 200 cm?® toluene cooled at —95°C. A portion of the
purple, crystalline product, [Fe(C,HCH ,),1[1;],, suf-
ficient for IR spectroscopic analysis, was recovered in
crude form by filtering a little of the the toluene
solution at room temperature. The bulk of the toluene
solution was extracted with aqueous Na,S,05 to give,
after filtration, a clear yellow solution of [Fe(CHs-
CH,),1I,, from which [Fe(C,H CH,),][PF], (0.92 g,
1.75 mmol) was precipitated and identified spectro-
scopically.
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