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Structural and Theoretical Insights into Metal-Scorpionate Ligand Complexes
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The syntheses of the complexes [M(TmM¢)(CO),(NO)] (M =
Mo, W) by reaction of NOBF, with [M(Tm™¢)(CO);]" are re-
ported and their spectroscopic characterisation and crystal
structures are described. The analogous Cr complex could
not be prepared by this methodology. The complexes adopt
the expected pseudo-octahedral geometry. Complexes [M(L)-
(CO),(NO)] M = Cr, Mo, W; L = Cp, Tp and Tm™®) together
with the hypothetical [Mo(CO),(NO)]* cation were subjected
to DFT calculations. Geometry-optimised structures closely
parallel the crystallographic determinations and indicate that
the complex [Cr(Tm™¢)(CO),(NO)] is not inherently unstable.
The DFT calculations allow the assignment of the C-O and

N-O stretches in the IR spectrum and give insight into both
the M-NO bonding and the metal to tripodal ligand bonding.
The electron-donor strengths are confirmed to lie in the order
TmMe > Tp > Cp. A side reaction of the B-H moiety of the
TmMe anion with NO* results in the isolation of the dimethyl-
formamide adduct of (trismethimazolyl)borane, providing
further evidence that the reaction pathways of the TmR® li-
gands are more varied and less passive than in the chemistry
of the nitrogen-based scorpionates.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

While a ligand may grow in popularity on the basis of a
straightforward, high-yield preparation, and the ready syn-
thesis of a suite of interesting complexes, its full utility can
only be realised when a deeper understanding of the metal—
ligand interaction is attained. Such an understanding leads
in turn to an ability to predict the influence on a given
metal centre, the chemistry it will support and the chemical
frontiers which can be challenged by its use. Ground-break-
ing discoveries in chemistry, such as the first dihydrogen
species, [W(CO);(PiPr;),(H,)],[!! and the unexpectedly
stable alkyne complexes (e.g. [CpMo(CO)(RC=CR’),]")I*
are more easily rationalised in retrospect, when the various
supporting ligand-metal interactions are understood.

The character of the ligand is usually described in terms
of steric and electronic influences. Steric bulk can be readily
altered, and demands only that the modified ligand does
not preclude the formation of the principal metal-ligand
bond. The result is to constrain the remaining coordination
sites. Thus, with PEts;, the complex [Pt°(PEts)s] can be
formed, while with the bulkier phosphane PCys, only three
phosphanes are able to coordinate to the metal centre and

[a] Department of Pure & Applied Chemistry,
University of Strathclyde,
295 Cathedral St., Glasgow G1 1XL, UK
Fax: +44-141-552-0876
E-mail: j.reglinski@strath.ac.uk
m.d.spicer@strath.ac.uk
Supporting information for this article is available on the
WWW under http://www.eurjic.org or from the author.

Eur. J. Inorg. Chem. 2007, 1351-1360

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[Pt°(PCys)5] is formed.[’! Electronic properties are more
complex, although ultimately the main concern is usually
the donor strength. This can be influenced by inductive ef-
fects (basicity) and by the donor/acceptor properties of the
ligand. Furthermore, terms such as hardness and softness
and ligand-field strength can also be used in this context to
explain aspects of ligand behaviour. However, what is clear
is that these various steric and electronic factors rarely act
in isolation, but rather a complex inter-relationship exists
between them.

Many popular ligand systems are designed in such a way
that the user can tailor both effects. Foremost amongst
these ligand systems are the poly(azolyl)borate anions com-
monly known as the scorpionates.[*] Since their introduction
in 1966 there has been a steady evolution of these systems.
The introduction of steric bulk was quickly achieved, and
latterly more limited attention has been given to their elec-
tronic properties.”) We have sought to extend the scope of
the scorpionate ligands by developing “soft” tripodal sys-
tems such as the hydrotris(methimazolyl)borate anion
(TmMe)l%7] (Scheme 1), replacing the heterocyclic nitrogen
donors of hydrotris(pyrazolyl)borate anion (Tp) with thione
sulfur donors. Initially, studies using these ligands produced
results which were qualitatively in accordance with accepted
hard and soft acid/base concepts. For example, it was found
to be relatively simple to form soft scorpionate complexes
of copper(I),[>® but much more difficult to generate the
analogous copper(Il) species and to this day the simple
complexes of copper(Il) remain elusive.”) Furthermore, un-
like the nominally hard pyrazole based ligands, our thione
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donor ligands readily form a range of stable complexes of
the lower main group elements (e.g. Sb, Te and Bi).[' In
the face of these predictable observations, a number of intri-
guing anomalies began to appear in the behaviour of these
soft scorpionates, which did not support the view that their
chemistry could be explained purely on the basis of hard
and soft acid/base properties.
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Scheme 1.

It is of interest to compare the three 6e” face capping
ligands, Tm, Tp and Cp. While the relative hardness of
these ligands would be expected to lie in the order Tp >
Cp > TmMe, most quantitative results obtained placed the
ligands in a different order. Thus, in the complexes [Fe'l-
(L)»], there is a transition from low spin (Cp) to spin-cross-
over (Tp) to high spin (Tm™¢) magnetic behaviour, suggest-
ing that the spectrochemical series for these ligands lies in
the order Cp > Tp > Tm™Me!'!l This is further supported
by the cobalt chemistry of these ligands,'?! in which a tetra-
hedral (weak field) complex [Co(TmM®)X] is obtained with
TmMe, while the stronger field ligands Cp and Tp both form
sandwich complexes [Co'(L),].

Additionally, in our study of the group 6 species
(IMo(TmMe)(CO)(n*-C3Hs)] and  [W(Tm™Me)(CO), I3
we observed that the carbonyl stretching frequencies of the
iodo and m3-allyl species also lie in the order Cp > Tp >
TmMe¢, suggesting that Tm is in fact the strongest electron
donor of the three tripodal ligands and Cp the weakest. It
is notable that Tp, as the moiety which relies on ¢ interac-
tions, is found in the middle of this short series and not at
either of its termini. This has been further supported by
other observations. For instance, the reduction potentials of
the complexes [Co™(L),]* confirm that the Tm™®¢ complex
is the most difficult to reduce, consistent with Tm™¢ being
the strongest electron donor.l'? Furthermore, we found that
we were unable to stabilise tin(IT) complexes with the Tm™¢
ligand, obtaining only the tin(IV) adducts. In this situation
oxidation occurred even under anaerobic conditions,!'o™]

Me

thus supporting the idea that the TmM® ligand is an un-
usually strong electron donor.

It is clear that our appreciation of the TmR® ligand system
is as yet incomplete. We therefore decided to undertake
DFT calculations on an appropriate series of complexes in
an effort to extend our understanding of both the ligand
and the metal-ligand bonding interaction. The previously
studied group 6 (Mo, W) carbonyl complexes seemed ideal
for this purpose. However, the unusual geometries of the
[M(TmM®)(CO);1] and [M(TmM®)(CO),(n>-allyl)] complexes
seemed less than ideal and since the more regular octahe-
dral complexes [M(L)(CO),(NO)] (L = Cp, Tp) are well
known and several are structurally characterised, these were
chosen. Helpfully, both the CO and NO ligands report (by
their C-O and N-O stretching frequencies) on the elec-
tronic properties of the complexes. We have prepared the
TmMe analogues, characterised them crystallographically
and spectroscopically and have undertaken DFT calcula-
tions on each of the complexes. We report here the results
of this study.

Results and Discussion

Initially the study set out to produce the complete series
of group 6 species, [M(TmM¢)(CO),(NO)] (where M = Cr,
Mo or W), using established methods (Scheme 2). The mo-
lybdenum and tungsten complexes were isolated and crys-
tallised straightforwardly, albeit in poor yield. The reactions
were not optimised, and as discussed below, there is at least
one other product from the reaction, which is formed via a
competing reaction pathway. In contrast, we were unable to
isolate the chromium complex.['¥l In retrospect this result is
not particularly surprising, as the early reports of the prepa-
ration of the group 6 cyclopentadienyl complexes clearly
show that a unified synthetic strategy for these compounds
does not exist either.!!”]

Structural Analysis

The complexes [M(TmMe)(CO),(NO)] (M = Mo, W)
were characterised by X-ray crystallography to reveal the
expected structural motifs (Figure 1) in which the TmM® li-
gand caps one face of the coordination polyhedron, in keep-
ing with the known Tp and Cp analogues. The metals adopt
slightly distorted octahedral coordination geometries
(Table 1) and, as previously observed, the ligand bite angles
(S-M-S) are on average slightly greater than 90°, while the
adjacent angles range from 85.53° to 93.27° for molybde-
num and 86.25° to 94.28° for tungsten. Due to the lantha-
nide contraction and the more efficient overlap of the tung-
sten d-orbitals with those on sulfur, the M-S distances in

DMF/A N " [NO]BF, .
M(CO)y ———> M(CO):(DMF); ——— Na[M(Tm™*)(CO);] ——— [M(Tm™*)(CO),NO]

DMF = dimethylformamide, M = Mo, W

Scheme 2.
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Table 1. Selected bond lengths [A] and bond angles [°] for [TmM<M(CO),NO] (where M = Mo or W) obtained by crystallographic and

DFT methods.

[Mo(Tm™¢)(CO),NO] [W(TmM¢)(CO),NO] [Mo(Tp)(CO),NO] [Mo(Cp)(CO),NO]  [Mo(CO),NOJ*
Bond or angle  Exp. Calcd. Exp. Calcd. Exp. Calcd. Exp. Calcd. Calcd.
M-S3 2.5865(7) 2.680 2.5708(7) 2.671
M-S4 2.5594(6) 2.652 2.5480(7) 2.654
M-S5 2.5767(7) 2.693 2.5637(8) 2.697
M-N42 1.901(2) 1.837 1.892(3) 1.851 1.845 1.899 1.848 1.817
M-C40 1.957(3) 2.010 1.920(3) 2.014 2.022 1.957 2.004
M-C41 1.979(3) 2.007 1.973(3) 2.011 2.022 1.941 2.004
< M-N-O 176.8(2) 179.2 177.7(2) 179.5 179.1 177.85 175.8
N-O 1.163(3) 1.193 1.185(3) 1.198 1.190 1.167 1.189 1.166
< M-C-O 176.8(2) 179.5 177.3(3) 179.0 179.5 178.21 177.1
177.42) 178.5 177.5(3) 179.6 179.5 176.80 177.2
c-O 1.086(3) 1.167 1.157(3) 1.170 1.165 1.143 1.164 1.150
1.136(3) 1.166 1.148(4) 1.169 1.165 1.154 1.164
< S3-M-S5 92.18(2) 91.1 91.66(2) 90.4 N/A
< S3-M-$4 90.56(2) 90.1 90.24(2) 89.6
< S4-M-S5 89.29(2) 90.0 88.79(2) 89.7
< N42-M-C41 93.24(10) 91.8 92.71(12) 91.9 90.8 91.35 93.0
< N42-M-C40 90.07(10) 90.9 89.43(11) 90.9 90.8 91.79 93.1
< N42-M-S3 176.03(7) 175.2 176.00(8) 175.9
< C41-M-S$4 86.47(7) 88.4 86.93(8) 88.7
< C40-M-S5 93.34(7) 90.2 94.27(9) 90.8

the two complexes are similar, with the Mo-S distances in
the molybdenum complex being slightly longer than the
equivalent W-S distances. Consistent with the other struc-
tures obtained from the metal complexes of this ligand,[©-!3!
the methimazolyl rings of the TmM® ligand lie at a mean
angle of 33.5° to the imaginary H-B-M axis. This has the
effect of reducing the symmetry of the M(TmM¢) fragment
from Cj;, to approximately C; thus minimising the steric
strain in the eight-membered chelate rings.
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Figure 1. The X-ray crystal structure of [W(TmM¢)(CO),(NO)]. The
molybdenum complex (not shown) is isostructural with its heavier
congener. The atoms are labelled in a manner consistent with the
output from the DFT studies. Thermal ellipsoids are at 50%.

Due to the difficulty in identifying the occupants of the
positions associated with the carbonyl carbon atoms and
nitrosyl nitrogen in the X-ray structure, the nitrosyl nitro-
gen was placed in accordance with the results of the DFT
calculations (vide infra), i.e. cis to the shortest M-S bond.
This problem obviates any meaningful comparison with the
analogous Tp and Cp systems, which are beset by similar,
but irresolvable, problems. Metrical parameters for
[W(Tp)(CO),NO] and [W(Cp)(CO),NO] and the esds for
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[Mo(Cp)(CO),NO] are not available. Values for the
[Mo(CO),NO]* ion have been calculated in an attempt to
provide information that is independent of the facial ligand.

Although the X-ray crystal structures clearly confirm the
identity of the two species, ambiguity remains in that it was
not possible to distinguish crystallographically between the
C and N atoms of CO and NO. Consequently, the relative
positions of the 7 acid ligands cannot be established beyond
doubt. The problem of distinguishing between CO and NO
is also evident in the structures of the analogous CpMol!®]
and TpMol'7! complexes. Inspection of our structures re-
vealed in each case one of the M-S distances to be shorter
than the other two. Intuitively, the unique nitrosyl ligand
might be expected to occupy the site zrans to this bond with
the two carbonyl ligands being placed frans to the two
slightly longer M-S distances, reflecting the relative zrans-
effects of the M—CO and M-NO fragments.

In view of this ambiguity we were interested to apply
DFT methods in an attempt to resolve the dilemma.
Furthermore, calculations were expected to give insights
into a number of aspects of these complexes, including (i)
assignment of the CO and NO stretching frequencies in the
IR spectrum, (ii) the nature of the M-NO bonding, and
(iii) the nature of the metal to tripodal ligand bonds.

DFT Molecular Orbital Calculations

Thus, we have subjected [M(TmM¢)(CO),(NO)] (M = Cr,
Mo, W) and their Tp and Cp analogues to DFT analysis,
using the atomic coordinates retrieved from the respective
X-ray crystal structures (where available) as a starting point
for geometry optimisation (see Supporting Information).
While calculations were performed for all nine possible
complexes [M(L)(CO),(NO)] (M = Cr, Mo, W; L = TmMe¢,
Tp, Cp) only the data for molybdenum are presented in
1353
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Figure 2. Calculated structures of [Mo(L)(CO),NO] (from left to right, L absent, i.e. [Mo(CO),NOJ*, L = Cp, Tp, and TmM®),

detail here, together with the TmM¢ complexes of Cr and
W. The remaining data for the chromium and tungsten spe-
cies are deposited as electronic supporting information, and
show remarkably similar structural features and trends (for
supporting information see also the footnote on the first
page of this paper). Although we have been unable to pre-
pare the complex [Cr(TmM¢e)(CO),(NO)] the calculations
suggest there is no inherent instability of the complex pro-
vided an appropriate synthetic route can be devised. In ad-
dition, calculations on the fragment [Mo(CO),(NO)]*,
without the face capping ligand, were performed for com-
parative purposes.

The three calculated structures for the molybdenum com-
plexes [Mo(L)(CO),(NO)] (Figure 2) are found to maintain
the same gross features as the crystallographic structures
presented in Figure 1 and Table 1. It is interesting that for
the TmM® complexes they indicate that the NO ligand
should lie cis- to the shortest M—S bond (rather than trans).
We have subsequently refined the X-ray data in light of this
observation to give acceptable convergence and structural
parameters. However, as expected there are some deviations
(up to 4% difference) between the crystallographically de-
termined and calculated bond lengths and angles in all
three species. These differences are seen most markedly in
the metal-coordination sphere, where calculated M-S dis-
tances are ca. 0.1 A longer than those observed experimen-
tally, and in the = acid ligands, where the M-C, M-N, C-
O and N-O distances do not exactly correlate. These differ-
ences presumably arise from a combination of factors not
least the uncertainty of placing the key atoms in the X-ray
structures (NO vs. CO), the approximations in the poten-
tials used for the heavier transition metals, and because the
calculations pertain to a gas-phase species in contrast to the
solid state structural data. Nevertheless, consistent trends
are observed giving confidence in the validity of the results.

Table 2. The experimental (CH,Cl,) and calculated CO and NO
nitrosyl complexes [M(L)(CO),NO] (M = Mo or W; L = Tm, Tp
frequencies (1600-2200 cm™) are reported.

One interesting feature of the DFT calculations is the
infrared frequencies obtained (Table 2), which clearly ident-
ify the single NO and two CO stretches observed in these
species. Correction factors are often applied to band fre-
quencies in order to obtain acceptable agreement between
experiment and theory. In this case no such correction was
deemed necessary, as the agreement between the observed
and calculated band frequencies is good. Indeed the dis-
crepancies are not appreciably worse than those observed
between the infra-red data obtained in the liquid and solid
phase. The major divergence between experiment and
theory is in the relative intensities of the bands (Table 2).
The calculations suggest that the intensities of the three
bands should be similar, but experimentally the vNO is sig-
nificantly (X2) more intense than the vCO.

The hypothetical [M(CO),(NO)]* fragment was gener-
ated to allow us to better inspect the influence of the fa-
cially capping ligand. The fragment itself is calculated to
have an v(NO) = 1804 cm!' and v(CO) = 2006 and
2062 cm ™!, which reflects the cationic nature of the species.
The effect of adding a tripodal ligand to this fragment is to

Table 3. Mulliken Charge Distribution on the nitric oxide ligand in
the series of compounds [ML(CO),NO] (where M = Mo or W; L
= Tm, Tp and Cp).

Molybdenum
Cp Tp Tm
Nitrogen -0.082 -0.102 -0.108
Oxygen —-0.148 —0.156 —0.166
Nitric oxide (sum) —-0.230 —0.258 —-0.274
Tungsten
Nitrogen —-0.155 —0.155 —0.159
Oxygen -0.158 -0.167 -0.180
Nitric oxide (sum) -0.313 -0.322 -0.339

stretching frequencies (calculated intensities in parentheses) for the
and Cp) and for the hypothetical [Mo(CO),NO]* ion. All calculated

[M(Tm™¢)(CO),NO] [M(Tp)(CO),NO] [M(Cp)(CO),NO] [Mo(CO),NOJ*
Obsd. Calcd. Obsd. Calcd. Obsd. Calcd. Calcd.
Mo vNO 1636 1682 (877) 1666 1702 (912) 1663 1702 (932) 1804
vCO 1915 1897 (863) 1933 1914 (970) 1937 1920 (1008) 2006
vCO 2006 1962 (787) 2025 1978 (678) 2020 1978 (613) 2062
obsd. calcd. obsd. calcd. obsd. calcd.
W vNO 1614 1669 (877) 1651 1688 (920) 1665 1693 (932)
vCO 1886 1855 (912) 1910 1902 (1028) 1925 1913 (1055)
vCO 1986 1954 (795) 2010 1968 (723) 2010 1971 (624)
1354 www.eurjic.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2007, 1351-1360
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lower the calculated stretching frequencies by ca. 100 cm™'.
This is consistent with the increased electron density at the
metal centre, transmitted through classical back-bonding to
the NO and CO =* orbitals. The fine detail reveals the rela-
tive effects of the individual tripodal ligands. On average,
the complexes with the Cp ligand have slightly higher
stretching frequencies than those with Tp, while the TmM¢
complexes consistently have the lowest stretching fre-
quencies by some 20-30 cm'. This implies that Tm™¢ is the
most electron-releasing of the three ligands. The trend in
IR stretching frequencies is mirrored by the changes in the

a) [Mo{CO(NO)

MO 14: -0.831 a.u.

M
o “

MO 17: -0.668 a.u.

b) Maicopno)

v d

MO 26: -0.437 a.u.

L & 5

MO 27: -0.435 a.u. MO 45: -0.203 a.u.

[Mo(CPNCO)(NO)]

MO 44: -0.214 a.u.

[Mo(Cp)(CO),(NO)]

gz"?f

MO 22: -0.606 a.u.

MO 28: -0.447 a.u.

[Mo(Tp)(CO)(NO)]

MO 82: -0.203 a.u.

MO 83: -0.1895 a.u.

calculated structural parameters. The N-O and C-O dis-
tances show an increase in the order Cp < Tp < Tm™¢
while the M-C and M-N distances decrease from Cp
through to TmM¢. The Mulliken charge distributions also
support this view (Table 3). In each case the negative charge
on the nitrosyl oxygen is found to increase Cp < Tp < Tm
for molybdenum and tungsten, respectively, indicative of
the expected decrease in overall cationic character of the
nitrosyl ligand. Thus the calculations, combined with the
experimental vibrational spectra, confirm Tm to be the
most electron-donating of the three face-capping ligands.

[Mo{Tp)CO)(NO)]

Mo(Tm"*){CO)(NO)]

MO 51: -0.439 a.u. MO 79: -0.419 a.u.

[Mo(Tm"™)(CO):(NO)]

MO 112: -0.203 a.u.

MO 113:-0.199 a.u. MO 119: -0.164 a.u.

Figure 3. Calculated MOs describing a) the metal to NO ¢ bonding and b) the metal to NO n back-bonding in [Mo(CO),(NO)]*, and
[Mo(L)(CO)»(NO)] (L = Cp, Tp and TmM®). The symmetry of the Tm™¢ adducts are lower than the corresponding Tp and Cp species.
Consequently the calculations reveal that TmM¢ has two m* molecular orbitals of suitable energy for each of those identified for Tp and

Cp.
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Although the nitrosyl stretching frequencies of
[M(L)(CO)>(NO)] (M = Mo, W; L = Tm™¢, Tp, Cp) place
them within the range observed for bent nitrosyl ligands
(1525-1690 cm™!), it is evident from the DFT calculations
and crystallographic studies, that the M—N-O moiety re-
mains linear (<KM-N-O 179° calcd.). The observed NO
stretching frequency in [W(TmM®)(CO),(NO)] at 1614 cm™!
is amongst the lowest values yet recorded for a linear NO
ligand (1600 cm !).l'8191 This prompted us to examine the
metal-nitrosyl bonding in more detail (Figure 3). In the ab-
sence of tripodal ligands, the description of the M-NO
bonding derived from the DFT calculations confirms the
accepted o donor, ® acceptor model. The NO ligand lies on
the z axis and the d.. orbital overlaps with nitrogen s and
p orbitals to form the ¢ bond. The n© component of the
bonding involves interaction of d,. and d,. orbitals with the
orthogonal sets of ©* orbitals on NO. Furthermore, there
appears to be significant overlap of the CO r* orbitals with
the d,, orbital. The calculated v(NO) is 1804 cm™!, clearly
in the region normally associated with linear NO ligands.

On addition of the facially capping ligands to the
[Mo(CO),(NO)]* fragment, the bonding picture is largely
maintained. However, in the cases of Cp and TmM¢ there
are significant interactions between the M—NO bonding or-
bitals and orbitals on the tripodal ligands. Furthermore, the
loss of the plane of symmetry in the case of the TmMe¢ li-
gand, further complicates the picture. We have selected the
major metal-ligand bonding orbitals in the [M(CO),-
(NO)]* fragment, identified the most closely corresponding
orbitals in the [M(L)(CO),(NO)] complexes and plotted
their energies (Figure 4). On complexation of the face-cap-
ping ligand the species becomes electrically neutral and thus
there is an increase in the orbital energies relative to the
positively charged [M(CO),(NO)]* fragment. It must be ar-

-

Tm
LN
o’ 2%
MO 51: -0.841 a.u.
4
Tp

o® o %
@

MO 33: -0.754 a.u.

o® 2%

MO 57: -0.675 a.u.

J."/Q ‘.-..
9

MO 36: -0.717 a.n.

gued that the overall effect of complexation of the ligand
will be to stabilise this fragment via the bond energies asso-
ciated with the formation of three extra M—S bonds. How-
ever, the rise in orbital energies reflects a destabilisation of
the metal/m acid bonding. This is consistent with the weak-
ening of C-O and N-O bonds in the accepted o-donor -
(acceptor) bonding model. The DFT calculations also allow
us an intriguing view of the key molecular orbital interac-
tions in the three metal fragments CpM, TpM and TmM
(Figure 3). Consistent with the work of Bergman et al.,*"
Joshi et al.,”!1 and Nemykin & Basu,??! the interactions
between Tp and the metal seem to be predominantly di-
rected through nitrogen-based ¢ donor interactions only
and that the influence of the ligand on the ancillary  acid
ligands is through these remote interactions. On the other
hand, the CpMo fragment indicates significant, direct w
overlap between the facially capping ligand and orbitals on

O -
[Mo(CO)LNOY +Cp +Tp

Energy/eV

20

25 -

Figure 4. Perturbation of the Mo-m acid ligand bonding on ad-
dition of tripodal ligands to the [Mo(CO),(NO)]* fragment.

‘ J,_,,o\
o’ 2%

MO 67: -0.551 a.u.

% 9%
9

MO 41: -0.555 a.u.

Figure 5. A selection of DFT derived orbitals depicting delocalisation through the Tm™¢ and Tp Ligands.
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the m acid ligands (NO, CO) indicating that strong syner-
gistic bonding operates through the metal centre. The mo-
lecular orbitals generated for Tm are more complex than
both Cp and Tp, in part because of the lower symmetry
and in part because there are significantly more atoms. The
sulfur-metal interaction is also considerably more complex
than the corresponding nitrogen—metal interaction in Tp
complexes. This arises from the presence of predominantly
p orbital lone pairs based on sulfur. The m interaction of
the sulfur p orbitals with the metal to © acid backbonding
orbitals (e.g. MO 113, Figure 3) suggests that the sulfur do-
nor has a direct influence on the nitric oxide ligand. This
observation may go some way to explaining why the M—
NO fragment remains linear but has a very low stretching
frequency.

The DFT calculations also give us an insight into the
behaviour of the B-H and the heterocyclic moieties in Tm
and Tp. As reported by Joshi et al. for Tp systems,?!! the
Tm ligand also shows extensive delocalisation of the hetero-
cyclic rings through boron (Figure 5). In effect each of these
ligands has an extended © system which allows electronic
communication throughout the ligand. Thus the calcula-
tions suggest that the substituents placed on the methima-
zolyl nitrogen (methyl in TmM®), and on the bridgehead bo-
ron atom, will have a significant influence on the donor
properties of the ligand, perhaps greater than has hitherto
been recognised.

Thus the DFT calculations confirm that the electron-do-
nor properties (TmM®¢ > Tp > Cp) of these three face-cap-
ping ligands are dominated by their bonding mode. The ¢
donor, n donor bonding of Tm is consistent with the lowest
CO and NO stretching frequencies in these complexes, but
also with the weak field behaviour observed in other sys-
tems.['I-12] Likewise, the simple ¢ donor Tp to metal inter-
actions and the weak m acceptor properties of Cp are also
consistent with the ordering of their properties. It is clear
that the term “soft” in relation to the Tm® ligands is useful.
However, this label effectively disguises the view that these
ligands can be exceptionally strong electron donors.

An Alternative Reaction Pathway

The overall yields of the reactions conducted in this work
were low. This was in part due to the lack of priority in
optimising them. However, it was also evident that the ni-
trosonium cation was not restricted to reacting at the metal
centre alone. As a small oxidising agent it is also capable
of reacting at the reducing borohydride group, producing a
simple borane (Scheme 3), which is trapped by the DMF to
produce the novel, neutral DMF adduct of tris(methimazo-
lyl)borane (Figure 6). Although this species was only a
minor by-product from the reaction containing molybde-
num, it was a significant proportion of the product from the
tungsten reaction. The boron-centred molecule maintains
many of the structural features of the Tm anion. The three
sulfur atoms revert to a position above the BN3 plane, with
the methimazoles adopting a Cs-symmetric propeller con-
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formation around the B-O axis reminiscent of the orienta-
tion in the crystal structure of the free parent Tm™e
anion.[” The presence of the large DMF unit does however
somewhat reduce the angle that the heterocyclic rings adopt
to the main B-O axis. Oxidation of the anion and removal
of the small negatively charged hydride leaves the borane
with less electron density to distribute around the B(mt)s
moiety, an effect which is evident in the C=S bond lengths,
which are much shorter (i.e. have greater double-bond char-
acter) than those in the parent TmM¢, If the parent Tm™¢
anion is considered to be a facially capping six electron do-
nor analogous to Cp and Tp, then this new DMF adduct,
being neutral, can be considered as an arene analogue.
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Figure 6. X-ray crystal structure of the dimethylformamide adduct
of tris(methimazolyl)borane. Thermal ellipsoids are at 50 %.

While the B-H moiety rarely reacts in Tp chemistry, it is
not uncommon for it to do so in Tm® chemistry. Hill has
identified two related products which stem from the same
reaction profile, namely a cyclic species and an elegant
series of metal boratranes.[>) We have observed additional
species in these reactions and, because these “degradative”
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pathways are of interest in themselves, they will be dis-
cussed in greater detail in a subsequent report. In conclu-
sion the data supports the view that TmM® is a strong =
donor and that its character, i.e. its softness, is tempered by
the nature of the bonding in the complex. This observation
sets it apart from the anionic tripodal phosphanyl borate**
and thioalkyl borates83%1 and as such we can expect to
continue seeing greater diversity within this sub grouping
of the scorpionate species.

Experimental Section

Unless otherwise stated all experiments were carried out using stan-
dard Schlenk techniques and commercially available chemicals.
Hexane, THF and diethyl ether were dried and distilled from potas-
sium under dinitrogen. Dichloromethane was dried and distilled
from calcium hydride under dinitrogen. Dimethylformamide was
dried with molecular sieves (4 A) prior to distillation at reduced
pressure. NMR analysis was carried out with a Bruker AMX 400
operating at 400 MHz for proton and 100 MHz for carbon. Infra-
red spectra were recorded as potassium bromide discs or in solution
(dichloromethane) with a Nicolet Avatar 360 FT-IR spectrometer.
Sodium hydrotris(methimazolyl)borate (NaTmM¢) was prepared
using published methods.[”!

Preparation of [Dicarbonyl(nitrosyl)hydrotris(methimazolyl)borato]-
molybdenum: Hexacarbonylmolybdenum (0.26 g, 1.0 mmol) was
dissolved in dimethylformamide (20 mL) under dinitrogen. The re-
action mixture was refluxed gently for 20 h whereupon the solution
became very dark in colour. The solution was cooled to room tem-
perature and NaTmM¢ (0.40 g, 1.1 mmol) added. The solution was
stirred for 24 h after which time an equimolar amount of ni-
trosonium tetrafluoroborate (0.12 g, 1.0 mmol) was added. The
solution was stirred for a further 2 h during which time gas evol-
ution (CO) was evident. The DMF was removed by vacuum distil-
lation and the product extracted into THF (3 X40 mL), filtered

Table 4. Crystallographic data.

through celite and stored at —20 °C overnight. The solution sepa-
rated into a black tar and an orange liquor. The liquors were re-
filtered and reduced in volume and returned to the freezer at
—20 °C. Over a 48-h period a crop of red crystals formed. These
were collected by aspirating the liquors from the Schlenk tube thus
leaving the desired material in the flask. Crystals suitable for X-ray
analysis were removed from the sample prior to drying at reduced
pressure overnight. Yield: 0.08 g, 15%. C4H;{BMoN;0;S;
(533.26): caled. C 31.53, H 3.02, N 18.39; found C 32.13, H 3.87,
N 18.57. '"H NMR (400 MHz, [D¢]DMSO): 6 = 7.34 (dd, 2 H,
-CH=), 7.30 (d, J/ = 2.1 Hz, 1 H, CH), 7.04 (d, / = 2.1 Hz, 1 H,
CH), 7.02 (d, /= 2.1 Hz, 1 H, CH), 6.97 (d, J = 2.1 Hz, 1 H, CH),
3.61 (s, 3 H, CH3), 3.56 (s, 3 H, CH3), 3.50 (s, 3 H, CH3) ppm. IR
(KBr disc): ¥ = 2468 (weak, BH), 1995 (strong, CO), 1898 (strong,
CO), 1630 (strong, NO), 736 (m, C=S), (CH,Cl,): ¥ = 2006 (strong,
CO), 1915 (strong, CO), 1636 (strong, NO) cm ™.

Preparation of Dimethylformamido(trismethimazolyl)borane and
[Dicarbonyl(nitrosyl)hydrotris(methimazolyl)borato|tungsten: Hexa-
carbonyltungsten (0.70 g, 2.0 mmol) was dissolved in dimethyl-
formamide (20 mL) under dinitrogen. The reaction mixture was re-
fluxed gently for 20 h whereupon the solution became very dark
green. The solution was cooled to room temperature and NaTmM¢
(0.75 g, 2.0 mmol) added. The solution was stirred for 48 h after
which time an equimolar amount of nitrosonium tetrafluoroborate
(0.24 g, 2.0 mmol) was added. The solution was stirred for a further
4 h during which time gas evolution (CO) was evident. The DMF
was removed by vacuum distillation and the product extracted into
THF (3X40mL), filtered through celite, reduced in volume by
60% and stored at —20 °C overnight whereupon a crop of pale
orange crystals formed. These were collected by aspirating the
liquors from the Schlenk tube. Crystals for X-ray analysis were
removed from the sample prior to drying at reduced pressure over-
night. These were found to be an intriguing and significant side
product. Yield: 70 mg, 8%. C,;sH,,BN;0S; (423.38): calcd. C
42.54, H 5.24, N 23.16; found C 41.22, H 3.90, N 23.46. '"H NMR
(400 MHz, CDCl;): 6 = 8.70 (s, 1 H, -CHO), 6.68 (d, J = 2.3 Hz,
3 H, CH), 6.46 (br. s, 3 H, CH), 3.59 (s, 9 H, CH3), 3.32 (s, 3 H,

[Mo(TmM¢)(CO),(NO)]-2THF [W(TmMe)(CO),(NO)]-2THF [B(mt);(DMF)]!
Empirical formula C22H3zBlMON705S3 C22H32B1N7O5S3W C|5H2281N70|S3
M,, 677.48 765.39 423.40
T [K] 123 123 123
Crystal system monoclinic monoclinic monoclinic
Space group P2i/n P2y/c P2y/c
a[A] 9.23550(10) 9.2298(2) 7.5076(1)
b [A] 17.4571(2) 17.4031(3) 12.6102(2)
¢ [A] 17.8692(3) 17.8360(4) 25.2145(5)
a [deg] 90 90 90
p [deg] 85.3340(10) 94.6830(10) 92.976(1)
y [deg] 90 90 90
V4 4 4 4
v [A3] 2871.41(7) 2855.38(10) 2384.35(17)
Healed. [mm1] 0.721 4311 0.329
F(000) 1392 1520 888
Crystal size [mm] 0.38X0.3X0.24 0.5%0.4x0.04 0.4x0.4%0.3
Radiations Mo-K, Mo-K, Mo-K,
Reflections measured 12788 12008 8960
Unique reflections 6532 (R, = 0.0415) 6468 (Riy: = 0.0224) 5255 (Ri = 0.0267)
Parameters 359 351 249
RN [I>26(1)] 0.0356 0.0252 0.0483
R, (all reflections) 0.0708 0.0480 0.1388
GOF 1.037 1.074 1.050

[a] mtH = 1-methylimidazole-2-thione (methimazole). [b] R = X||F,| — [FJI/Z |F,). [c] R, = {Z[w(F,> — F2)JZ[w(F,2)?]} 2.
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CHj3), 3.25 (s, 3 H, CH3) ppm. '3C NMR (100.6 MHz, CDCl5): 6
=165.1 (-CHO), 164.5 (C=S), 121.1 (CH), 118.3 (CH), 40.4 (CH3),
36.4 (CH;), 34.8 (CH;3) ppm. IR (KBr disc): vV = 1679 (strong,
C=0), 736 (m, C=S) cm .

The aspirated coloured liquors were placed in a clean vessel and
the solvent reduced to a minimum and the vessel returned to the
freezer. Overnight a crop of red crystals formed which were iden-
tified as the desired product. Yield 0.21g, 17%.
C14HBN;05S;W-0.25THF (621.17): caled. C 28.18, H 2.84, N
15.34; found C 28.17, H 2.55, N 15.64. '"H NMR (400 MHz, [Dg]-
DMSO): 0 = 6.89 (dd, 2 H, -CH=), 6.86 (s, 2 H, CH), 6.85 (d, J
=2.1Hz, 1 H, CH), 682 (d, J = 2.1 Hz, 1 H, CH), 3.75 (s, 3 H,
CHs;), 3.72 (s, 3 H, CH3), 3.69 (s, 3 H, CH;) ppm. IR (KBr disc):
¥ = 2475 (weak, BH), 1975 (strong, CO), 1871 (strong, CO), 1612
(strong, NO), 739, (m, C=S), (CH,Cl,): ¥ = 1986 (strong, CO),
1886 (strong, CO), 1614 (strong, NO) cm .

X-ray Crystallography: Crystals were coated in mineral oil and
mounted on glass fibres. Data were collected at 123 K with a Non-
ius Kappa CCD diffractometer using graphite-monochromated
Mo-K, radiation. The heavy atom positions were determined by
Patterson methods and the remaining atoms located in difference
electron density maps. Full matrix least-squares refinement was
based on F?, with all non-hydrogen atoms anisotropic. While hy-
drogen atoms were mostly observed in the difference maps, they
were placed in calculated positions riding on the parent atoms. The
structure solution and refinement used the program SHELX-97(23]
and the graphical interface WinGX.1?®l The structure of B(mt);-dmf
contained severely disordered solvent molecule (THF), which was
compensated for by use of the SQUEEZE algorithm.?7l A sum-
mary of the crystallographic parameters is given in Table 4.

Density Functional Theory (DFT) Molecular Orbital Calculations:
Calculations were performed using the Gaussian 98 program.?8]
The molecular species were subjected to geometry optimisation at
the DFT?Y level and the 6-311G** basis setl*”] for the atoms C, N,
0O, S, B and H. For molybdenum and tungsten, the Stuttgart RSC
1997 ECP basis set, augmented by a diffuse s and p functions with
a common exponent of 0.005, was used.[3!l Preliminary calculations
were carried out on [Mo(Cp)(CO),(NO)] using four different DFT
functionals namely BLYPP?l  B3LYP, BP86,31  and
MPWI1PWO91.34 The best agreement with respect to the experimen-
tal carbonyl and nitrosyl infra-red frequencies was obtained using
the BLYP functionals and hence these were used for the rest of the
molecules.

Supporting Information (see also the footnote on the first page of
this article): X-ray crystallographic data in CIF format and results
of DFT calculations (calculated MO orbitals).

CCDC-625101 (for [B(mt)3;(DMF))), -625102 (for [Mo(Tm™¢)(CO),-
NOJ)) and -625103 (for [W(TmM¢)(CO),NO]) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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