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The preparation and structural characterisation of three new
heterobimetallic hydride
electron W-H-Cu bonds is reported. These complexes have been
characterised by single crystal X-ray crystallography and
multinuclear NMR spectroscopy. The bonding in these complexes
has been analysed by DFT calculations.

complexes containing 3-centre,2-

Introduction

In the past few years, metal---metal cooperation has gained
increasing attention as an innovative strategy in catalysis.l‘4
The co-existence of two or more metals in a single active site
of a catalyst offers a means to control both activity and
selectivity.s'8 These studies have, in part, been inspired by
metalloenzymes which often use more than one 1% row

transition metal to achieve some remarkable chemical
transformations. For example, the NiFe hydrogenase enzyme
catalyses H* reduction and the microscopic reverse hydrogen
splitting. Key intermediates in the catalytic cycle for this
transformation are proposed to contain a 3-centre,2-electron
Ni—H—Fe motif.’

In the past few years, we have pursued a research
the reactivity of complexes
incorporating asymmetric 3-centre,2-electron M'=H-M? bonds
(M = Zr, Cu, Rh, Ru, Pd; M? = Al, Zn, Mg, Ca, Au).****
documented the reversible
coordination of M?>~H bonds to bent, two-coordinate, d* B-
diketiminate supported copper(l) fragments.w'u'B’14

a combination of X-ray diffraction,

programme investigating

As part of

these studies, we have

Based on
NMR spectroscopy and
computational data, these complexes have been formulated as

o-complexes of copper(l). The 3-centre,2-electron M—-H-Cu
bond includes a large ionic contribution and can be considered
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as a donor—acceptor interaction. This contribution stems,
primarily, from electron donation from the nz-coordinated
M?=H bond into a low-lying unoccupied orbital on the {Cul,} of
largely 4s character. In related work we showed that four-
coordinate boranes, BHzeL (L = NMej3, 2,6-lutidine), reversibly
bind to the same copper(l) fragments by an nz;nz-coordination
mode.”" Both nz- and nz;nz-coordination geometries have
been rationalised by molecular orbital theory.

Herein we report the preparation and properties of a series
of bis(o-complexes) formed from the addition of tungsten
dihydrides to bent d% copper(l) fragments. These new species
find rich precedent in the work of Caulton, Chaudret and
others who have prepared related complexes of the coinage
metals containing M3—H—Cu, M3—H—Ag, and M*~H—-Au linkages

(M3 = transition metal).lﬁ'22

Results and Discussion

The tungsten dihydride complex [(nS-CSHS)ZWHz] reacts with
the copper(l) complexes 1-2etol or 3ePPh; to give the
corresponding bis(c-complexes) 1-3eW in 43 — 57% isolated
yield (Scheme 1). These reactions occur with displacement of
either the toluene or phosphine ligand from the copper(l)

centre.
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Scheme 1 - Preparation of heterobimetallic complexes 1-3eW
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Figure 1 - X-ray structures of 1-3eW, selected bond lengths (A) and angles (°). 16W: Cu(1A)-W(1A) = 2.7369(6); Cu(1A)-H(1A)-W(1A) = 111.07(1.90); Cu(1A)—
H(2A)-W(1A) = 104.15(2.48) . 2eW: Cu(1)-W(1) = 2.7220(12); 3eW: W(1)—Cu(1) = 2.6263(10).

Single crystals of 1-3eW could be grown from
toluene/n-heptane mixtures at -35 °C, and in the case of 1eW
and 3eW, afforded data of high enough quality to locate the
positions of the hydrides from the difference electron density
map (Figure 1). The metal---metal distances in these
complexes (1eW, 2.7369(6) A; 2eW, 2.7220(12) A; 3ew,
2.6263(10) A) are beyond the sum of the radii defined by
Pauling (2.47 &) 2 and Pyykké (2.49 A).** For comparison, the
Cu---W bond in [(ns-CsHs)W(CO)Z{Cu(PPh3)2)}] is 2.721(1) A and
is supported by semi-bridging carbonyl Iigands.25 The most
striking structural distinction between complexes 1-3eW lies in
the torsion angle created by the plane containing the {Cul,}
fragments and the plane containing the {WH,} moiety. In the
solid state, this varies from planar to almost orthogonal,
whereby these extremes represent square planar and
tetrahedral geometries at Cu(l) respectively (1eW, 44°; 2eW,
79°; 3eW, 0°).

'H and F NMR spectra show a series of defined
resonances for 1-3eW in benzene-dg solution and no evidence
for fragmentation in the copper and tungsten monometallic
complexes was obtained at 298K. We have previously shown
that related copper o-complexes are weakly bound and are in
equilibrium with the arene solvates in solution. '3
benzene-ds, a sharp singlet with characteristic tungsten
satellites can be observed upfield in the "H NMR spectra (1eW;
-12.4 ppm, 20W; -12.2 ppm, 3eW; -13.5 ppm). A small increase
in the 1JW_H coupling constants is recorded across the series
(W; 72.0 Hz < 1eW; 72.3 Hz < 2eW; 75.7 Hz < 3eW; 76.4 Hz). A
comparison of the IR spectra of W with those measured for 1-
3eW confirmed that the W—H stretching frequencies could not
be observed in the case of the heterobimetallic complexes.26 It
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is likely these absorptions are shifted to the fingerprint region
and overlap with those of the ligand systems.

Reaction of 2eW with PCy; results in ligand exchange
between [(n°-CsHs);WH,] and PCys, and was confirmed by
independent in-situ synthesis of 2ePCy; (Scheme 2). Initial
attempts to eliminate H, from these heterobimetallics has
proven unsuccessful. Photolysis (400 W Hg lamp) led to no
reaction and attempts to deprotonate 1eW with LiCH,SiMes
led to the crystallisation of an unusual lithium organocuprate
which incorporates two coordinate tungsten dihydride
moieties (see ESI for further details). DFT calculations suggest
that H, elimination from these heterobimetallic complexes to
form {L,Cu—WCp,} is significantly endergonic with AG®, = +39
to +45 keal mol™.

PCy, R Ar

R 'Ar “ ,
=N, Ho ) toluene —\ H %
4 '-C :‘ \W —_—— v . —P ~
N THEN, 25°C «“_N,cu RERAN
\ 30 mins \ J
R Ar R Ar

2W 2PCy,

Scheme 2 —Reaction of 2eW with PCy;

Further experiments suggest that the hydrides of 2eW do not
undergo chemical exchange with external dihydrogen. The
reaction of 2eW with 1 atm. D, was followed by 'H NMR
spectroscopy. While at room temperature no exchange was
observed, the use of elevated temperatures (80°) led to the
slow decomposition of the complex 2¢W with no evidence for
H/D exchange.
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The structure and bonding of 1-3eW have been scrutinised by
calculations. DFT calculations using the solid-state structures
as an input gave geometries that are in good agreement with
experimental data.”’ These data confirmed the position of the
hydride atoms and all in cases the nz;nz-coordination mode. In
line with the previous findings, the analyses show that the
dominant bonding in 1-3eW is through the metal-hydride
interactions rather than significant metal---metal interactions.
NBO calculations show that the o-donation from the two
W-H bonds to Cu is much greater than the components of the
back-donation. The back-donation comprises of donation from
a filled copper d-orbitals to the two 6*W—H orbitals and a low-
lying vacant d-orbital of the tungstenocene dihydride moiety.28
The
interaction.

latter component signifies a weak metal---metal
Both Wiberg bond

perturbation analysis suggest that the weak metal---metal

indices and second-order

interaction in 3eW is the most significant of the series and is
greater than 1-2eW (Figure 2). In order to benchmark, and
qualify, the amount of back-donation observed in 1-3eW
further NBO calculations were performed on the copper
ethylene adducts 1-3-C2H4.29 Significantly more back-donation
is observed in the case of 1-3eC,H,.

(a)

1: 0.10/0.10
U= W
2:0.100.10  {. 941
3: 0.100.10 2:0.11 o(W-H Cuto Cuto
R Ar 3:0.13 to Cu W-H)
4
Nl
=N, ~ H 1: 80/80 33 5
(LU =WCh, 26060 | 44 8
’ X 3: 106/107 | 56 16
1: 0.65/0.65
2: 0.64/0.64
3: 0.67/0.67
(b)
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N,A’ H H toCu | nx(C=C)
" ot 1: 84 a5
x7 5 2295 | 37
H H 3: 89 35

Figure 2 — Selected bonding metrics on 1-3eW obtained from DFT
calculations. a) Wiberg bond indices and data from second order
perturbation analysis of 1-3eW. b) data from second order
perturbation analysis of 1-3eC,H,, values in kcal mol™.

QTAIM calculations reveal that even though the metal---metal
interaction across 1-3eW is indeed weak, bond critical paths
between Cu and W can be seen in the case of 1eW and 3eW
(Figure 4).

This journal is © The Royal Society of Chemistry 20xx
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Figure 3 — QTAIM calculations on 1-3eW.

The acuteness of H-M—H angle of metallocene complexes has
been used as a crude metric to assess the possibility of metal--
-metal interactions in donor—acceptor complexes. A more
obtuse H-M-H angle may indicate increased metal---metal
interaction. For example, Bergman and co-workers have
shown that upon coordination of PhsAl to [Cp*Ir(PMes)(H),]

the H—-Ir-H angle widens by 20°%°

This result has been
interpreted as evidence for metal-metal bonding in the adduct
[Cp*Ir(PMes)(H),(AlPh3)]. Consistent with the NBO and QTAIM
analysis, the calculated structures reveal a small increase in
the H-W—-H bond angle across the series (1eW ~ 2eW < 3eW),
suggesting a more significant Cu---W interaction in the latter
(1eW; 81.7°, 2eW; 81.2°, 3eW; 84.3°).

The presence of weak M---M’ bond character in 1eW and
3eW is in contrast to similar complexes containing a three-
centre,two-electron M—H-M’ interactions. Sadighi and co-
workers concluded that a symmetrical, cationic complex
containing a {Cu—H—Cu}" moiety is characterised by an open
three-centre interaction. In this instance, the only metal---
31

Our

containing

metal interaction occurs through the bridging hydride.

own investigations into neutral complexes
asymmetric {Au—H—Cu} groups have led to similar conclusions,
with the main difference to the {Cu—H—Cu}" analogue being the
asymmetry of the electron density in the three-centre core.™
Furthermore, QTAIM analysis on related main group adducts in

which [(Y]S-C5H5)2WH2] is coordinated to either BF; or AlMe;
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indicates that no bond critical point is observed between the
two metals.*?

Further bonding analysis provides an explanation for the
structural variation in the single crystal diffraction studies of 1-
3eW. While borane adducts of these copper fragments have,
to date, demonstrated solid state structures that are strictly
tetrahedral at copper, the tungsten analogues appear to adopt
a variety of geometries between the extremes of tetrahedral
and square planar in the solid state. The lack of a geometric
preference can be understood by inspecting the frontier
(fMOs)
considering them in combination with the NBO analysis. The

molecular orbitals of the {Cul,} fragment and
dominant bonding interaction involves donation into an orbital
that is largely 4s-based approximately

symmetric. This interaction will be retained regardless of the

and spherically
torsion angle between the two metal fragments. Moreover,
back-donation from copper to the tungsten fragment, while
weak, is possible from two orthogonal filled orbitals on the
{Cul,} fragment and as such is possible in both square planar
and tetrahedral geometries (Figure 4).

L L

‘, H AN H
L(CuiH>[W] —_— /CuiH>[W]
T,eCu Sq. planar @ Cu
selected fMOs of {Cul ,}
a4
N
AT

e A
e

Figure 4 — Comparison of tetrahedral and square planar geometries at
copper(l)

Single-point calculations in which a N—Cu---W-C torsion angle
was varied incrementally from +90° to -90° were performed on
1eW. These calculations show that the difference between the
minimum and maximum energy on the potential energy
is only AE(SCF) = +19 kcal the
interconversion of tetrahedral and square planar geometries

surface mol™. Hence,
at copper should be facile. The preference for the observed
solid state conformers of 1-3eW is likely a result of weak
secondary interactions in the coordination sphere and crystal
packing effects (Figure 3). Similar calculations on related
copper(l) bis(o-borane)
planar geometry is in fact a transition state,

complexes show that the square
but that
interconversion of the isomers is equally, if not more, facile

with AE(SCF) = 5 kcal mol™.™®
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Conclusions

In summary, we report the preparation and characterisation of
three new heterobimetallic hydride complexes containing Cu—
H-W bonds. In all cases an nz;nz-coordination mode is
observed with the tungsten dihydride acting as a chelating
ligand for copper(l). Multinuclear NMR spectroscopy data are
consistent with these complexes being robust under ambient
conditions in solution, although ligand exchange, likely by a
dissociative mechanism, can be observed upon addition of an
external phosphine ligand. Computational analysis of the
bonding shows that the dominant interaction in the W—H-Cu
3-centre,2-electron core can be found between the tungsten
and hydride atoms with weaker bonds between the copper
and hydride atoms and the two metals. The calculations, in
combination with solid state structures suggest that the
tetrahedral and square planar

interconversion between

geometries at copper(l) is facile.

Experimental

General Experimental Procedures

All manipulations were carried out using standard Schlenk-line
and glovebox techniques under an inert atmosphere of argon
or dinitogen. A MBraun Labmaster glovebox was employed,
operating at < 0.1 ppm O, and < 0.1 ppm H,0. Solvents were
dried over activated alumina from an SPS (solvent purification
system) based upon the Grubbs design and degassed before
use. Glassware was dried for 12 h at 120 °C prior to use.
Benzene-dg and toluene-ds were stored over 3A molecular
sieves and distilled prior to use. NMR-scale reactions were
conducted in J. Youngs tap tubes and prepared in a glovebox.
All heating mentioned was done using silicone oil baths. 1H, 19
and 13C, NMR spectra were obtained on BRUKER 400 MHz or
500 MHz machines unless otherwise stated; all peak intensities
are derived internal standard peak with values quoted in ppm.
Data was processed using the MestReNova or Topspin
software. PCys, [(ns-C5H5)2WH2] and LiMe,CH; were purchased
from Sigma Aldrich. 1-2etol
according to known literature procedures.13 D, 99.95% atom D

and 3ePPh; were prepared

was purchased from sigma Aldrich and passed through an
Agilent oxygen/moisture trap before use.

leW

In a glove box, 1,etol (61 mg, 0.055 mmol, 1 equiv.) was
weighed into a vial and dissolved in toluene (1.5 mL). Similarly,
[(T]S-CSHS)ZWHZ] (38 mg, 0.11 mmol, 2 equiv.) was weighed and
dissolved in toluene (1.5 mL). The solution containing [(ns-
CsHs),WH,] was added dropwise over 5 minutes to the stirred
solution of 1,etol. The reaction mixture was stirred for 30
minutes at 25 °C. The red solution was filtered using a glass
fibre and the concentrated in vacuo to % of its original volume
before n-heptane (1.5 mL) was added. The reaction mixture
was left at -35 °C overnight to give dark red crystals of 1eW (46
mg, 0.05 mmol, 49 %). "H NMR (CeDs, 298 K, 500 MHz) & -12.4
(s, 2H, Yw_p = 73.6 Hz, W—(H),—Cu), 2.17 (s, 6H, Ar-Mec,), 2.32
(s, 12H, Ar—Mec,), 3.65 (s, 10H, Cpyw), 6.26 (s, 1H, CHc,), 6.81 (s,

This journal is © The Royal Society of Chemistry 20xx



4H, Ar-Hc,); C{"H} NMR (C¢De, 298 K, 125 MHz) 6 19.2, 21.0,
22.2,74.3, 83.6 (sept, Jep = 5.4 Hz), 122.7 (q, Yer = 288.3 Hz),
129.0, 130.4, 132.6, 147.2, 151.7 (q, Yer = 24.2 Hz); *°F NMR
(CeDs, 298 K, 470.4 MHz) 6 -64.0. Elemental analysis calc. for
Ca3H3sCuFgN,W: C, 48.28; H, 4.30; N, 3.41. Found: C, 48.39; H,
4.20; N, 3.54.

2 W

In a glove box, 2etol (62 mg, 0.11 mmol, 1 equiv.) was weighed
into a vial and dissolved in toluene (1.5 mL). Similarly, [(ns-
CsHs),WH,] (38 mg, 0.11 mmol, 1 equiv.) was weighed and
dissolved in toluene (1.5 mL). The solution containing [(T]S-
CsHs),WH,] was added dropwise over 5 minutes to the stirred
solution of 2etol. The reaction mixture was stirred for 30
minutes at 25 °C. The orange solution was filtered using a glass
fibre and the concentrated in vacuo to % of its original volume
before n-heptane (1.5 mL) was added. The reaction mixture
was left at -35 °C overnight to give yellow crystals of 2eW (64
mg, 0.08 mmol, 69 %). "H NMR (C¢Ds, 298 K, 500 MHz) & -12.2
(s, 2H, Yy = 72.2 Hz, W—(H),—Cu), 1.73 (s, 6H, Ar-Mec,), 3.76
(s, 10H, Cpw), 4.98 (s, 1H, CHcu);
13C{"H} NMR (CeDs, 298 K, 125 MHz) 6 23.8, 73.6, 97.6, 129.5
(m), 135.7 (m), 138.3 (m), 141.5 (m), 165.4; °F NMR (CgDs,
470.4 MHz, 298 K) 6 -166.2 (m, 2F), -165.2 (m, 4F), -150.8 (m,
4F). Elemental analysis calc. for C,;H,9CuFoN,W: C, 40.09; H,
2.37; N, 3.46. Found: C, 40.20; H, 2.35; N, 3.56.

3eW

In a glove box, 3¢PPh3 (67.7 mg, 0.11 mmol, 1 equiv.) was
weighed into a vial and dissolved in toluene (1.5 mL). Similarly,
[(T]S-CSHS)ZWHZ] (38 mg, 0.11 mmol, 1 equiv.) was weighed and
dissolved in toluene (1.5 mL). The solution containing [(ns-
CsHs),WH,] was added dropwise over 5 minutes to the stirred
solution of 3ePPh;. The reaction mixture was stirred for 30
minutes at room temperature. The red solution was filtered
using a glass fibre and the solvent removed in vacuo to give
the crude as an orange solid. The crude was triturated with n-
hexane (3 mL) giving 3#W as a red crystalline solid (39 mg, 0.05
mmol, 48 %). "H NMR (CeDs, 298 K, 500 MHz) & -13.5 (s, 2H,
Ywen = 76.4 Hz, W—(H),—Cu), 2.07 (s, 3H, Ar—Me,), 2.19 (s, 6H,
Ar—-Mec,), 3.99 (s, 10H, Cpw), 6.20 (s, 1H, CHcy), 6.69 (s, 2H, Ar—
Hel); “C{*H} NMR (C¢Dg, 298 K, 125 MHz) 5 18.8, 20.9, 75.6,
85.4, 120.5 (q, Jer = 286.6 Hz), 120.5 (q, Yer = 288.4 Hz),
128.4, 128.8, 133.4, 145.6, 155.1 (q, Jer = 26.2 Hz), 170.3 (q,
%Je_r = 30.9 Hz); *>F NMR (C¢Dg, 298 K, 470.4 MHz) 6 -74.7 (3F),
-65.9 (3F). Elemental analysis calc. for CygH3oCuFgNOW: C,
40.96; H, 3.44; N, 1.99. Found: C, 40.77; H, 3.52; N, 2.05.

Ligand Exchange

In a glovebox, 2¢W (6 mg, 0.007 mmol) was dissolved in C¢Dg
(500 pL) and transferred to an NMR tube with J Youngs
adapter. Similarly, PCy; (2 mg, 0.007 mmol) was dissolved in
CeDg (100 pL) and added to the tube containing the copper
complex. The reaction was followed via 1H, %k and *'P NMR
spectroscopy whereby 2ePCy; and [(7]5-C5H5)2WH2] were
observed in-situ. The presence of 2ePCys was confirmed by
reaction of one

independent in-situ characterisation via

This journal is © The Royal Society of Chemistry 20xx

equivalent of 2etol and PCys. "H NMR (CeDs, 298 K, 400 MHz) &
1.28 (m, 33H), 1.64 (s, 6H), 5.01 (s, 1H); *°F NMR (CgDs, 298 K,
376.5 MHz) & -149.9 (m, 4F), -164.4 (m, 4F), -165.5 (m, 4F);
31p{*H} NMR (CgDg, 298 K, 162.0 MHz) & 20.8 (s).

H/D Exchange

In a glovebox, 2¢W (19 mg, 0.023 mmol) was dissolved in C¢Dg
(600 pL) and transferred to an NMR tube with J Youngs
adapter. The tube was freeze-pump thawed on a Schlenk line
three times before being exposed to an atmosphere of D,. The
reaction was followed via ‘H NMR spectroscopy. No H/D
exchange was observed before the onset of decomposition of
2eW at 80 °C.
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