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A Synthetic Approach to Heterobimetallic Complexes where there is no M—M' Bond

or Single Atom Bridges, M—X—M' *

J. A. McCLEVERTY

Departmanent of Chemistry, University of Birmingham, P.O. Box 363, Birmingham B15 2TT, UK.

Metal complexes containing tris(pyrazolyl)borato
anions, {HB(Rypyz)s}~ (R.pyz=3,5-R,C;HN,
where R=H or Me) are a well-established class of
compounds [1, 2]. Trofimenko, the discoverer of
the basic ligand system [3], has pointed out that
there are strong analogies between the synthesis
and some of chemistry of these tris(pyrazolyl)borato
complexes and the corresponding n°-cyclopenta-
dienyl species. For example, the synthesis [Mo{HB-
(Me,pyz); HNOXCO),] is entirely similar to that of
[Mo(n®-CsHs (NOXCO),] (see Scheme 1). However,
one advantage of working with the tris(pyrazolyl)-
borate system is that the intermediates and final
products are usually more air-, moisture- and light-
stable than their cyclopentadienyl counterparts.

Our particular interest in the tris(pyrazolyl)borate
molybdenum system lay in our involvement earlier
[4] with the syntheses, structural characterisation,

THF

Mo(CO)s + NaCsH;

and chemistry of a series of n-cyclopentadienyl
hydrazido-(1-) and -(2—) complexes, [Mo(n-CsHs)-
(NO)I(NHNRR")], I, and [{Mo(n-CsHs}NO)I},-
NNRR'], II. We had observed that neither [ nor II
reacted with hydrohalic acid to release the hydrazine
and/or ammonia and amine. This was in direct con-
trast to the behaviour of certain tertiary phosphine
complexes of molybdenum, [Mo(PR3)s(:NNH,)X,],
where ammonia and hydrazine are readily produced
after treatment with H" [5] (see Scheme 2).
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Mo(CO)s + K[HB(Rapyz)s] —TEFT K [Mo(CO)s {HB(R,pyz)s}]

Scheme 1 [Mo{HB(R2pyz)s}(NOYCO).].

*Synopsis of a lecture given at the EUCHEM CONFER-
ENCE ‘The Challenge of Polynuclear Inorganic Compounds’,
Venice, 28th—30th September, 1981.
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We rationalised our unexpected findings on the
basis of the dihapto nature of the hydrazido ligand,
particularly as exemplified by I, where addition of
acid afforded (reversibly) the stable dihapto hydra-
zine complex III, [Mo(n-CsHs)(NO)I(NH,HRR")]".
We reasoned that the metal atom in III was ‘electron-
poor’, in relation to that in [Mo(PR;3)3(NNH,;)X,],
and that for this reason, the molybdenum in the
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cyclopentadienyl species wishes to retain both N
atoms of a hydrazine group. Once mono-protonated,
as in III, there is no further possibility for addition
of H since the remaining electron lone-pairs are used
to bind NH,NRR’ to the metal. Consequently no
pathway exists to facilitate the break-up of the
hydrazine into NH; and NHRR'.
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We decided to prepare analogues of these cyclo-
pentadienyl hydrazido species, containing a ligand
bulkier than Cs;Hs which would effectively prevent
one N atom of the hydrazido(1-) fragment from
binding to the metal. If this could be achieved, then
a possible route to the acid-assisted decomposition
of the hydrazide might be open. Because of Trofi-
menko’s earlier work, we realised that the HB(3,5-
Me,C3HN,); ligand, henceforth {HB(Me,pyz)},
might fulfil our expectations. Thus we embarked on
the synthesis and exploitation of nitrosyl tris(3,5-
dimethylpyrazolyl)borato complexes of molybdenum
and tungsten.

Preparation of the precursor to all our subsequent
work, namely [Mo{HB(Me,pyz);}(NO)I,] is straight-
forward and is entirely similar to that of [Mo(n-Cs-
H;}NO),], [6, 7]. However, a major and most
encouraging -difference between the HB(Me,pyz),
and 1-CsH; nitrosy! iodo-complexes was our observa-
tion that the latter is dimeric, having a halide bridged
system, IV, the metal atom thereby attaining a formal
18-electron configuration, whereas the former is
monomeric [7, 8]. The inability of [Mo{HB(Me,-
pyz)3}(NO)I,] to dimerise must lie in the inhibition
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of iodine-bridge formation by the bulky HB(Me,-
pyz)s ligand. The immediate consequence of this is
the metal atom is coordinatively unsaturated (the Mo
has a formal 16-¢ configuration) but it is unable to
expand its coordination sphere to 7 or 8 which is
more normal for complexes of the type {Mo(NO)}**.

In attempting to recrystallise [Mo{HB(Me,pyz)s}-
(NO)I;] from ethanol, we found that the dark
brown species was readily converted, in the refluxing
alcohol, into an air- and moisture-stable green eth-
oxide, [Mo{HB(Me,pyz)3:}(NO)I(OEt)]. A thorough
exploration has been made of the scope of this reac-
tion, and we have prepared a wide range of species
[Mo{HB(Me,pyz);}(NO)X(OR)], where X=F, Cl,
Br or I and R=H, alkyl or CH,Ph [7, 9]. Related
phenoxides, [Mo{HB(Me,pyz);{NO)X(OCcH4R")]
(R =H or Me) have also been prepared [10]. Apart
from the unusual stability of these complexes
towards air and moisture (this is in direct contrast
to the usual behaviour of molybdenum(Ill) and (IV)
alkoxides [11]), we found from an X-ray crystal
structure determination of [Mo{HB(3,5-Me,-4-CIC;-
N,)3}(NO)CI(OPr')] (Fig. 1) [7] that the Mo—O
bond length (1.86 A) was unusually short. On the
basis of simple covalent radii calculations (making
reasonable assumptions about the formal oxidation
state of the metal), we would have expected this
bond to be longer (ca. 2.11 A), and we explain its
contraction in terms of p(w) = d(#) donation from O
to Mo. We think that this occurs in order to overcome
the ‘electron deficiency’ at the metal. A consequence
of O—Mo bonding is that the Mo—O—C bond angle
opens out to 132°, The details of the structure in-
dicated quite clearly that there was steric overcrowd-
ing at the metal and that accommodation of a further
ligand at the metal would be impossible.

By treatment of [Mo{HB(Me,pyz);}(NO)I(OR)]
with AgOAc in an alcohol, R'OH, we could obtain
pink bis-alkoxides, [Mo{HB(Me,pyz);}(NO)(OR)-
OR']. The structures of the complexes with R =R’ =
Et and Prf, and R=Et, R'=Pr', have been deter-
mined crystallographically [12], the last being a rare
example of a kinetically stable mixed alkoxide
species. Again the Mo—O bond distances were shorter
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Fig. 1.



Heterobimetallic Complexes

than expected (ca. 1.90 A). It was also possible to
make brown mono-thiolato species [Mo{HB(Me,-
pyz);:}(NO)I(SR)] (R = alkyl, Ph) but under condi-
tions a little more vigorous than those needed to
make the corresponding alkoxides. The dark green
bis(thiolates) were obtained by reaction of the di-
iodide precursor with two mol equivalents of AgOAc
followed by addition of the appropriate thiol [13].

The remarkable stability, and relative ease of
synthesis, of the monoalkoxide complexes led us to
speculate on the possibility of synthesising the iso-
electronic monoalkylamides, [Mo{HB(Me,pyz)s}-
(NO)I(NHR)]. Monomeric monoalkylamido species
are very rare, partly because of their tendency to
oligomerise or polymerise [14], and partly because
they can be relatively easily deprotonated giving
alkylimido species [15]. However, a few such com-
plexes, derived from bulky primary amines, e.g
l-adamantyl- or t-butyl-amine, [W(=NR),(NHR),],
trans-Mo(NHR),(0SiMe3), [16], are known and
probably owe their existence as discrete monomers
to steric hindrance.

Reaction of [Mo{HB(Me,pyz);}(NO),] with
NH,R afforded [17], immediately and under very
mild conditions, the orange monoalkylamido com-
plexes  [Mo{HB(Me,pyz);}(NOXNHR)] (R=H,
alkyl or CH,Ph). These species, like their alkoxy
analogues, are air- and moisture-stable, and only
treatment with acid results in the cleavage of the
Mo—N bond. Related red monarylamido species are
also relatively easy to prepare.

An X-ray structural examination of [Mo{HB(Me,-
pyz)sHNO)I(NHR)], R = Et (Fig. 2), p-MeCgzH, and
p-MeOC¢H,, established that the Mo—N bond was
quite short (1.90—2.00 A). This situation may be
compared with the Mo—N distances in [{Mo(n-Cs-
H;)(NO)I[},NNMe,], I (R=R'=Me) [18]. In the
cyclopentadienyl species, where the metal atoms are
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broadly in a similar electronic situation to that in the
tris(pyrazolyl)borates, the Mo(2)—N(2) distance is
defined as a simple o bond, where an electron pair is
donated from sp3-hybridised N(2) to the metal. The
bond length is 2.13 A. However, the separation be-
tween Mo(1) and N(1) is much shorter, 1.91 A. In
keeping with the electronic requirements of Mo(1)
and the coplanarity of the unit Mo(1)N(1)N(2)-
Mo(2), which implies sp? hybridisation of N(1),
there must be p(m)—> d(w) donation from N(1) to
Mo(1). The short bond distance is a direct reflection
of this situation. The same arrangement must occur
in  [Mo{HB(Me,pyz);}(NO)I(NHR)], p(m)~> d(n)
donation again being necessary to raise the formal
outer-valence shell electron configuration of the
metal from 16 to 18. From the X-ray data, it was
again easy to see that the steric situation at the metal
is such that the coordination sphere could not readily
expand. Indeed, models indicated that the possibility
of preparing dialkylamido species, [Mo{HB(Me,-
pyz)3}(NO)I(NR,)] would be very restricted. In fact
we were only able to isolate the unstable red di-
methylamide.

At this point, it was quite clear that hydrazido-
(1-) complexes, where only one N atom could be
accommodated at the metal, would be quite easy
to make. Accordingly we prepared the orange or red
complexes [Mo{HB(Me,pyz); {(NO)I(NHNRR")] (R
=R'=H, Me or Et; R=H, R'=Me or Ph; R=Me,
R'=Ph) [19]. In fact, the species containing the
group -NHNH, is probably the only authentic simple
hydrazido(1-) species presently known. The pro-
perties of these complexes are very similar to those
of their monoalkylamido analogues. Thus, treatment
with acid effected cleavage of the Mo—N bond:

[Mo{HB(Me,pyz); }(NO)I(NHNRR")] + 2HX -
[Mo{HB(Me,pyz);}(NO)IX] + [RR'NNH;] X

This behaviour contrasts with that of Mo(n-CsH;)-
(NO)I(NHNRR'), 1. While we do not know the
mechanism of this reaction, it would appear that the
availability of an uncoordinate NRR' group does not
result in N—N bond cleavage, i.e. degradation of the
hydrazine moiety.

However, the great ease with which the amido and
alkoxy complexes we have described could be made
opened up other intriguing possibilities. What would
happen if the metal in [Mo{HB(Me,pyz);}(NO)I,]
had a choice of donor atom in the same ligand? Put
more succinctly, would the molybdenum choose N
or O if presented with an alkanolamine, NH,(CH,),-
OH, or p-aminophenol, p-NH,CcH,OH? 1t should now
be remembered that the alkoxides and phenoxides
were made under refluxing conditions, whereas the
amido species were formed at room temperature. So
perhaps appropriate choice of reaction temperature
would permit differentiation of the donor atom.
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Reaction of [Mo{HB(Me,pyz);}(NO)I,] with
alkanolamines or with p-substituted anilines, at room
temperature, afforded [20, 21] the ‘functionalised’
complexes, [Mo{HB(Me,pyz);}(NO)I(NHR)], where
R =-(CH,),0H, p-C¢H4OH, p-C¢HsSH and p-C¢Hs-
NH,. Thus the N-donor atom was preferentially
selected, and these complexes are entirely similar to
their more conventional mono-alkyl- and -aryl-amido
analogues. It was also possible to prepare ‘functional-
ised” alkoxy and phenoxy species, namely [Mo{HB-
(Me,pyz);}(NO)I(OR)], where R = -(CH,),OH,
(CH,), X (X=Cl or Br) and p-C¢H4OH. In the
complexes involving alkanolamines and aliphatic
a,w-diols we were quite unable to induce chelation,
for example, to make [Mo{HB(Me,pyz);}(NO)NH-
(CH,),0], and we suppose that steric hindrance is
the cause of this effect.

The existence of these stable complexes carrying
uncomplexed functional groups, e.g. C-OH, C-NH,,
C-SH or C-halide, presented a new and exciting pos-
sibility. Would it be possible to bind the molybdenum
tris(pyrazolyl)borate group to another metal via these
‘free’ functional groups? It might then be possible to
prepare heterobimetallic complexes where the two
metals were not linked by direct metal—metal bonds,
or by single atom bridges (e.g. SR, halide, OR, PR;,
CO etc.), but where the two metal centres might be
quite close to each other. We conceived a plan where-
by we could investigate the influence of one metal
system upon another, by making one of the partners
redox-active and placing useful spectroscopically
active ligands on the other. The basic approach is
shown in Scheme 3. The interesting question then is,
having added an electron to M’, does the Mo(NO)
group know about it? In more scientific terms, is a
redox reaction at M’ reflected in electronic changes
at the Mo atom, as shown by changes in the NO
stretching frequency? In a system containing an
aromatic bridging group, we might expect a trans-
mission effect, but what about the situation where
the bridging group is aliphatic?

Y is a functional group

(D () o

M' is redox-active

() 2@~
—a”

Scheme 3
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The first problem was obviously the availability
of ‘functionalised” molybdenum complexes, as shown
in Scheme 3, reaction (1). However, we had already
achieved this, as described above. The next problem,
as outlined in reaction (2), was the formation of the
bimetallic species. However, before proceeding to
the description of how we succeeded in this venture,
we made another surprising but wholly relevant
discovery.

Returning briefly to the original syntheses of the
alkoxides, thiolates, amides and hydrazides, we began
to reflect on the precise mechanism of formation
of these complexes from [Mo{HB(Me,pyz)s}(NO)-
I,]. Normally, transition metal nitrosyls undergo
nucleophilic substitution via an associative process
which, it is thought, proceeds via addition of the
incoming nucleophile to the coordination sphere of
the metal while, simultaneously, the M—N—-O bond
bends [22]. The effect of bending the metal—nitrosy!
bond is to remove two electrons from the outer
valence shell of the metal, thereby releasing an
orbital to accommodate the incoming nucleophile
(Scheme 4). The MNO group then revers to linearity

Y

+Y @ D-x

X—M—=—uN=Z==0 — X—M-N ———>Y-M=—==N==0
N\
\O

Scheme 4

at the same time as the leaving group departs. How-
ever, in our sterically hindered tris(pyrazolyl)borate
complexes, it is a little difficult to visualise an asso-
ciative process of substituion, even in the transition
state (although we admit that our actual knowledge
of the transition state is nil!). An alternative mech-
anism of substitution might be a dissociative process
as in Scheme 5. If this process occurred, then we
should be able to detect I in the reaction system.
Actually, we found that in all the reactions involving
amines and hydrazines two molar equivalents of the
nitrogen base were necessary to maximise the yield
of the desired complex, one mol to form the com-
pound, and the other to remove liberated HI. How-
ever, in the reactions involving alcohols and thiols,
observation of I™ in solution would be difficult
except by electrochemical (polarographic or cyclic
voltammetric) techniques.

Accordingly, we looked first at the cyclic voltam-
metric behaviour of [Mo{HB(Me,pyz);}(NO)I,].
We were astonished to find that, in THF, the com-
plex was itself redox-active, being reduced reversibly
in a one-electron step, to the green paramagnetic
monoanion [Mo{HB(Me,pyz);}(NO)I,]~, V, (estab-
lished by cyclic voltammetry, controlled potential
electrolysis and coulometry). This species has a
characteristic e.s.r. signal (g=2.206), and we ob-
served that, over a short period of time in strictly
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[Mo{HB(Me,pyz)3}(NO)I,] = [Mo{HB(Me,pyz)s}(NO)I]* (Solvated) + I~
X-

[Mo{HB(Me,pyz)s}(NO)IX]
Scheme 5

1

[Mo{HB(Mepyz)s}(NO)I,| +e™ = [Mo{HB(Me;pyz)s}(NO)L,]™ (V)

1

[Mo{HB(Me,pyz);}(NO)I|* +e~ = [Mo{HB(Me,pyz);}(NO)I] (VI) + I~

Scheme 6

anhydrous conditions, dissociation of I™ occurred, giving a different green paramagnetic but neutral species,
[Mo{HB(Me,pyz);}(NO)I] (presumably solvated), VI. This new species could be reversibly oxidised to a mono-
cation, and also had a characteristic e.s.r. signal (g = 1.998). The general electron-transfer behaviour can be sum-
marised as in Scheme 6. In strictly anhydrous conditions both V and VI can be detected easily by e.s.r. spectro-
scopy, but if water, even as minute traces, is present, then the precursor diiodide is very rapidly converted into
VI. The presence of I” in the reaction mixture can be clearly demonstrated electrochemicaily.

The potential for the reduction of the diiodide to V (ca. +0.10 V vs. SCE) is such that conversion [Mo{HB-
(Me,pyz)3;}(NO)I;] to the monoanion would be expected to occur very easily in the presence of a base, e.g.
amine or thiol. Thus, we can imagine a mechanism of formation of the amido, hydrazido or thiolato complexes
as occuring via a prior electron step (Scheme 7). We can regard QH (RNH,, RR'NNH, or RSH) as a reducing
agent capable of reducing the diiodide precursor to V which, we know, readily dissociates 1. The liberated 1™
is finaily removed from solution as HI(fQH,]I) and there is combination of Q with VI to give the final metal-
containing product.

[Mo{HB(Me,pyz);}(NO)I,] +QH = [Mo{HB(Me,pyz);}(NO)I,]~ V + [QH]*
[Mo{HB(Me,pyz); (NO)I, |~ ~  [Mo{HB(Me,pyz)s}(NO)I] VI + 1~
[QH]** - Q' +H'

[Mo{HB(Me,pyz);(NO)I], VI+ Q" - [Mo{HB(Me,pyz);(NO)IQ]

QH+H*+1™ - [QH;]I
Scheme 7

However, the reaction of [Mo{HB(Me,pyz);}(NO)I,] with alcohols is a little more difficult to envisage in
terms of a redox reaction. Ethanol cannot be regarded as a particularly powerful reducing agent (the oxidation
potential of alcohol to aldehyde is substantially different from that of the molybdenum couple in question).
It was observed that water assisted the dissociation of I™ to give VI, perhaps not via a redox process as outlined
in Scheme 6, but via protonation of coordinated iodine leading to direct loss of HI. Alcohols could behave similar-
ly, but the detailed mechanism is still an open question and is under further investigation.

It would appear, therefore, that the substitution of I™ in the diiodide precursor occurs via a dissociative pro-
cess, whether or not this is preceded by an electron transfer reaction. However, one of the most significant im-
plications of these observations is that the system [Mo{HB(Me,pyz);}(NO)IX] may be redox-active [24].

This last statéement means that the pursuit of our goal, to synthesise heterobimetallic species in which one of
the partner metals is redox-active, must be modified slightly. It is apparent, but remains to be thoroughly investi-
gated, that the {Mo(NO)} centre is itself redox-active, so that the other metal (M) need not be. Ideally, however,
M’ should carry a spectroscopically useful ligand (e.g. CO or NO). However, cognisance must be taken of the
ability of the {Mo(NO)} fragment to undergo redox reactions when attempting to synthesise mixed metal systems.
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In devising synthetic routes to heterometallic
complexes, we can envisage at least three strategies:

1) synthesis of a ‘functionalised’ complex {Mo-
(NO)}-R—-OH, SH or NH, and reaction of this
species with [Mo{HB(Me,pyz);{NO)X,] or a
related tungsten complex, or indeed any compound
having an affinity for an OH, SH or NH, group;
such a reaction leading to {Mo(NO)}-R-—-OM’,
{Mo(NO)}—R—SM’ or {Mo(NO)}-R—NHM":

2) oxidative addition of a ‘functionalised’ com-
plex {Mo(NO)}-R—X, where X =halide, to low-
oxidation state complexes, and formation of a new
M'—C bond; such a reaction leading to {Mo(NO)}—
R—M'—X: and

3) nucleophilic  displacement of halide from
{Mo(NO)}-R—X by [M']™, again leading to forma-
tion of a new M'—C bond; such a reaction leading to
{Mo(NO)}-R-M'.

Other strategies are obviously possible, but only
these three have been studied by us so far.

We have already shown that it is possible to make
[Mo{HB(Me,pyz);}{NO)INH(CH,),OH] and [Mo-
{HB(Me,pyz);}(NO)I(NHCsH,QH)] (Q=0, S or
NH). By reaction of these with [Mo{HB(Me,pyz);}-
(NO)I,] or with [W{HB(Me,pyz); {NO)Cl,], accord-
ing to strategy 1, it has been possible to make [Mo-
{HB(Me,pyz)3(NO)I}NH(CH,),, OMoI(NO){HB(Me,-
pyz)s}] and [Mo{HB(Me,pyz);}(NO)I(NHCH,Q)-
WCI(NO){HB(Me,pyz)s}] [21].

Formation of the p-halo-substituted anilido com-
plex [Mo{HB(Me,pyz);}(NOYNHCsH,X)], espe-
cially where X = I, has allowed us to exploit strategy
2. Thus the molybdenum p-iodoanilide reacted with
[Pd(PPh3),] and [Pt(PPh;),(C,Hs)] apparently
giving the purple [Mo{HB(Me,pyz);}(NO)INHC¢H,-
M(PPh;),1]. However, oxidative addition did not
occur with [If(CO)PPh;),Cl], which is not surpris-
ing [21].

The same p-iodoanilido complex reacted with
LiPPh, or with Na[Fe(CO),(n-CsHs)] giving the
benzidino complex [Mo{HB(Me,pyz);} {NO)I(p-NH-
CsHy-)], and neither [Mo{HB(Me,pyz);}{(NO)I(NH-
C¢H4PPh,) nor [Mo{HB(Me,pyz);}(NO)INHC;H,Fe-
(CO)2(n-CsHs)] [24]. However, reaction with [Mo-
(CO)3(n-CsHs)]~, according to electrochemical ev-
idence [25], apparently afforded [Mo{HB(Me,-
pyZ)sHNO)INHC H,Mo(CO)3(n-CsHs)]. Thus strat-
egy 3 can only be exploited with caution, and the
formation of complexes derived from benzidine raises
some interesting questions. For example, is benzidine
complex formation a radical process, and how does
this relate to the general redox chemistry of [Mo-
{HB(Me,pyz);}(NO)IX] ?

In conclusion, the general methods of preparing
bimetallic complexes based on tris(3,5-dimethyl-
pyrazolyl)borato derivatives of molybdenum and
tungsten, whether of homo- or hetero- type, are
relatively clear, and need only to be developed to
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their fullest extent. However, there remains the
fascinating question as to the influence of the elec-
trochemical behaviour of the [M{HB(ME,pyz);}-
(NO)] group on the reactivity of the partner metal
(M) system. We have already found that medium or
strong reducing agents generally cause total disrup-
tion of the Mo{HB(Me,pyz)s:}(NO)X moiety [26].
However, a full understanding of electron transfer
reactions in this type of system, and its possible ap-
plication in certain types of catalysis is the future
direction of our research.
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