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Synthesis and Solution Structure of Heterobimetallic Rhenium-Iridium Polyhydride Complexes
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The reaction of [IrH,(Me,CO),(PPh;),]SbF¢ with ReH,(PPh;), or ReH,(dppf) (dppf = 1,1’-bis(diphenylphos-
phino)ferrocene) is extremely rapid and leads to the quantitative formation of the heterobimetallic polyhydride
complexes [L,Hs;Re(u-H);IrH(PPh;),]SbF, (L = PPh; (1), !/, dppf (2)), which have been characterized by IR and
variable-temperature 'H and 3'P NMR spectroscopy. The spectroscopic data for compounds 1 and 2 suggest that
they contain three bridging and four terminal hydride ligands. The coordination polyhedron about rhenium is a
dodecahedron, and that about iridium is an octahedron; the two polyhedra are fused by sharing a face containing
the three bridging hydride ligands, which is an equilateral (E) triangular face of the dodecahedron and a triangular
face of the octahedron. Compounds 1and 2 are most likely formed by a formal dinuclear H, elimination mechanism,
which involves initial displacement of the labile acetone ligands from [IrH,(Me,CO),(PPh;),]SbF; by the hydride
ligands of ReH,L, to give a transient hydride-bridged dinuclear #2-H; species which subsequently undergoes facile
H; elimination. The geometric factors favoring or disfavoring M(u-H),M’ (n = 3-5) bridging systems are discussed.

Introduction

Heterobimetallic complexes have been intensively studied? due
in part to the promise of enhanced stoichiometric or catalytic
reactivity as a result of the cooperation between the two
electronically different metal centers. Of particular interest are
heterobimetallic hydride complexes,’ some of which have been
shown to exhibit novel structures,* reactivity patterns,’ and
catalytic properties.

Dirhenium polyhydride complexes of the general type
L,H,Re(u-H),ReH,L;areunusualin having four hydride ligands
bridging the two rhenium centers,” whereas the diiridium
polyhydride complexes of the type [L,HIr(u-H);IrHL,]* have
three hydride ligands in the bridging positions.! We were
interested to see which structure would be adopted in a
heterobimetallic rhenium-iridium system. Here we report the
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synthesis and spectroscopic characterization of two heterobime-
tallic rhenium—iridium polyhydride complexes.

Results and Discussion

Synthesis of Heterobimetallic Rhenium-Iridium Polyhydride
Complexes. A variety of bimetailic hydride complexes have been
synthesized by coupling a hydride complex with a complex
containing labile ligands, as shown in eq 1, where the M’-H

MS,L, + MH,L’, =L M(u-H),MHL, +x8 (1)

bonds of M’H,L’,act as two-electron ligands displacing the labile
ligands S from MS,L,,.32 With this synthetic strategy, we have
synthesized two heterobimetallic rhenium—iridium polyhydride
complexes.

The addition of 1 mol equiv of ReH;(PPh;),® or ReH,(dppf)
(dppf = 1,1’-bis(diphenylphosphino)ferrocene)!?toa pale-yeilow
solution of [I]‘Hz(MCzCO)z(PPh;)z]SbF6ll in CH2C12 at room
temperature resulted in instantaneous evolution of hydrogenalong
with formation of a deep red or green solution, from which the
heterobimetallic rhenium—iridium polyhydride complexes
[L.H;Re(u-H);IrH(PPh;),]SbFs (L = PPh; (1), !/, dppf (2))
were isolated in excellent yields (>90%) as red and green solids,
respectively (eq 2).

[IrH,(Me,CO),(PPh,),]SbF, + ReH,L, —
(L,H,Re(u-H),IrtH(PPh,),]SbF, + H, + 2Me,CO (2)

L = PPh, (1), '/, dppf (2)
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Figure 1. (a) Sketch of the structure of compounds 1 (L = PPh,) and
2(L ='/,dppf). The lines connecting the ligands around the rhenium
atom are the selected edges of the dodecahedron and not chemical bonds.
(b) Representation of the bonding model in compounds 1 and 2 for the
purpose of electron counting.

The reaction of eq 2 is extremely rapid with no intermediate
species observed by 'H and 3'P NMR spectroscopy, and the
formation of compounds 1 and 2 is quantitative,. When the
reaction was carried out in CD,Cl, in a sealed NMR tube, the
TH NMR spectrum of the reaction mixture exhibited a singlet
resonance at 6 4.60 assigned to free H; and a singlet resonance
at & 1.99 assigned to free acetone, in addition to the resonances
from compound 1 or 2. The reaction is irreversible, because no
deuterium incorporation occurs for 1 and 2 when the reaction
mixture is maintained in the presence of D, for several days at
room temperature.

Characterization of Heterobimetallic Rhenium-Iridium Poly-
hydride Complexes. Compounds 1 and 2 are air-stable both in
solid state and in solution, and their identities were established
by IR and variable-temperature 'H and 3!P spectroscopy and
elemental analysis. The IR spectrum (Nujol mull) of each of
compounds 1 and 2 shows a »(Ir-H) band (2166 cm~! for 1 and
2169 cm-! for 2) and three »(Re-H) bands (1999, 1902, 1818
cm-! for 1 and 2024, 1910, 1810 cm-! for 2). As in the case of
L,H;Re(u-H)ReH,L," and [L,HIr(u-H);IrHL,]*,2 nostretching
bands due to the bridging hydride ligands can be located with
confidence. This is not surprising because these bands may be
hidden under other ligand resonances or they may be too weak
and broad to be detected.!2

The variable-temperature 'H and ¥'P NMR spectroscopic data
for compounds 1 and 2 (vide infra) are most consistent with a
structure shown in Figure 1a. Green et al.!? have introduced an
electron-counting convention for hydride-bridged compounds in
which a bridging hydride ligand is considered as a two-electron
donor to a second metal and the bonding is represented by a
half-arrow notation. Using this convention, the bonding model
for compounds 1 and 2 can be described by Figure 1b. With the
formal cationic charge assigned to the Ir center, compounds 1
and 2 can be regarded as complexes of Re(V) and Ir(III). This
designation leads to an 18-electron count at both metal centers.
The most common coordination geometry about Re(V) is eight-
coordinate dodecahedral,<!¢ and that about Ir(III) is six-
coordinate octahedral.!> These two coordination geometries are
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Figure 2. (a) The two mutually orthogonai BAAB trapezoids that
constitute the dodecahedral coordination geometry. (b) The equilateral
(E) polyhedral face. (c) The isosceles (I) polyhedral face.

consistent with but not uniquely defined by the spectroscopic
data for compounds 1 and 2.

The dodecahedral coordination geometry has an S axis which
divides the coordination sites into two inequivalent sets, A and
B.'6 Figure 2 shows the two mutually orthogonal BAAB
trapezoids that constitute the dodecahedral coordination geometry
and the two types of triangular polyhedral faces, equilateral (E)
and isosceles (I). In the ReHL, dodecahedral fragment, the
two bulky L ligands are expected to occupy the sterically less
hindered B sites. Because the two L ligands are inequivalent as
shown by 3'P NMR spectroscopy at low temperature (videinfra),
they must occupy two B sites that are in two different and
orthogonal trapezoids (see Figure 1a). A possible explanation
for this arrangement is that the ReHL, fragment organizes itself
in such fashion in order to minimize the steric repulsion between
the bulky L ligands and the incoming IrH(PPh,),* unit. In the
case of compound 2, this arrangement is also dictated by the bite
angle (95-103°) of the dppf ligand!” which is far smaller than
the angle (140-156°) between the two B sites within the same
trapezoid but very close to that (typically ~100°) between the
two Bsites that are in two different and orthogonal trapezoids.3<.!4
Similar arrangements are also adopted in K(THF),ReH¢(PPhs),,*
(n°-CsHs)2(THF) Y (u-H),ReH4(PPhs),,% and Me,Al(u-H),-
RCH4(PMCPI’I2)2.‘4°

The two coordination polyhedra in each of compounds 1 and
2 can only be fused if they share congruent faces. In the
dodecahedral ReH¢L, unit described above and shown in Figure
la, the three sterically least encumbered hydride ligands for
bridging to the IrH(PPh;),* unit are H,, Hy,, and Hy, which occupy
one A site and two B sites. However, it must be recognized that
these hydride ligands form an I face (see Figure 2c) which does
not match an equilateral triangular face of the octahedron. We
therefore believe that bridging is most likely to occur with the
hydride ligands Hy, Hy, and H,, which occupy one B site and two
A sites and thus form an E face (see Figure 2b) that closely
matches an equilateral triangular face of the octahedron.
Therefore, as has been observed with many other hydride-bridged
bimetallic complexes,>-% the conventional coordination geometries
about the both metal centers are preserved in compounds 1 and
2, with the three bridging hydride ligands disposed in positions
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Figure 3. Variable-temperature 'H NMR spectra of [(PPh;);H3Re(u-
H)31rH(PPhs3),]SbFs (1) in CD,Cl, at 250 MHz in the hydride region.
The T, values (ms) are written on the peaks for the spectrum at 183 K.

which satisfy the normal coordination geometries of both metal
centers.

The hydride region of the variable-temperature 'H NMR
spectra of compound 1 in CD,Cl, at 250 MHz is shown in Figure
3. The spectrum at 298 K consists of a broad resonance at §
—5.46 (6 H) and a triplet resonance at § —-18.13 (3Jpy = 21.8 Hz,
1 H). The broad resonance is assigned to the three terminal
hydride ligands (H,, Hy, H,) bound to the rhenium and the three
bridging hydride ligands (Hy, H., H;) which are rapidly ex-
changing. Similar exchange between bridging and terminal
hydride ligands has been observed with L,H,Re(u-H),ReH,L,.”
The triplet resonance has a chemical shift within the range
observed® for the terminal hydride ligands in [L,HIr(u-
H),IrHL,]* and thus is assigned to the terminal hydride ligand
(H,) bound to the iridium. While the triplet resonance shows
almost no change down to 183 K, lowering the temperature causes
the broad resonance to undergo decoalescence. Thus, when the
sample is cooled to 233 K, the broad resonance decoalesces into
a broad resonance at 4 —4.71 (4 H) assigned to H,, Hy, H,, and
H; and a doublet at § —6.42 (3Jpy = 66.5 Hz, 2 H) assigned to
H4 and H, which are trans to one PPh; ligand and so give rise
to the doublet. Upon further cooling to 183 K, the resonance at
6 —4.71 splits into a broad resonance at § —3.61 (1 H) assigned
to Hyand a broad resonance at § 4.35 (3 H) assigned to H,, Hy,
and H,, while thedoublet resonance at §—6.42 remains unchanged.

The 3'P{'H} NMR spectrum of compound 1 at 298 K shows
twosinglet resonances of equal intensity at 4 34.1 and 18.8 which
are assigned to the PPh; ligands bound to rhenium and iridium,
respectively. When the sample is cooled to 183 K, the former
splits into two broad resonances at § 37.3 and 33.0, while the
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latter does not change significantly. The assignment of the 3'P
resonances was established by selectively 3! P-decoupled 'H NMR
experiments: at 298 K, decoupling the 3'P resonance at § 18.8
leads to collapse of the triplet Ir-H resonance at § —18.20 into
a singlet resonance, while decoupling the 3'P resonance at § 34.1
has no effect on the Ir—H resonance; at 183 K, decoupling the
3P resonance at & 18.5 leads to collapse of both the doublet
resonance at 6 —6.42 (Hy and H.) and the triplet Ir-H resonance
at 6 —18.13 into singlet resonances, while decoupling the 3'P
resonances at & 37.3 or 33.0 has no appreciable effect on either
of the two hydride resonances.

Mathieu et al.* recently reported the synthesis of the first
heterobimetallic n2-H, complexes from the protonation of cor-
responding neutral precursors. We wondered whether the broad
hydride resonance at § —4.35 (3 H) observed for compound 1 at
183 K arises from an 2-H, ligand and a terminal hydride ligand
which are rapidly exchanging. 'H NMR spin-lattice relaxation
times (7)) of hydride resonances have been shown to provide
useful structural information about transition-metal hydride
complexes as to whether they contain one or more nonclassical
n>-H, ligands.!3® The T values of the hydride resonances of
compound 1 at 183 K are shown in Figure 3. The T value of
the broad resonance at § —4.35 is 320 ms, which is comparable
tothe values observed under the same conditions for the resonances
of other classical terminal and bridging hydride ligands within
the same molecule and thus rules out the presence of an 52-H,
ligand.

As shown in Figure 4, the hydride region of the 'H NMR
spectrum of compound 2 at 298 K in CD,Cl, exhibits a pattern
similar to that of compound 1. The broad resonance at § —4.85
(6 H) is assigned to the three terminal Re—H and the 3 bridging
H ligands, and the triplet at 6 ~16.81 (3Jpy = 21.3 Hz, 1l H) is
assigned to the terminal Ir-H.- When the sample is cooled to 183
K, the broad hydride resonance at §—4.85 splits into five resonances
of relative intensities 1:2:1:1:1, while the triplet resonance at &
—16.81 becomes a broad resonance.

The 3'P{'H} NMR spectrum of compound 2 at 298 K shows
two singlet resonances of equal intensity at 6 28.4 and 22.1. The
former is assigned to the dppfligand bound to rhenium, while the
latter is assigned to the PPh; ligands bound to iridium. When
the sample is cooled to 183 K, each resonance splits into a pair
of broad resonances of equal intensity. As for compound 1, the
assignment of 'P resonances has been established by selective
3IP-decoupled 'H NMR spectroscopy.

Both the 'H and 3'P NMR spectroscopic data suggest that
compound 2 is less fluxional than compound 1. Clearly, the
replacement of the two PPh; ligands in compound 1 by the
chelating diphosphine ligand dppf in compound 2 leads to an
increasein therearrangement barriers. We have previously shown
that dppf is particularly effective in slowing down the fluxional
processes in polyhydride complexes.!©

Geometric Factors Favoring or Disfavoring M(u-H) M’ (n =
3-5) Bridging Systems. Up to now there have been examples of
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Figure 4. Variable-temperature '"H NMR spectra of [(dppf)H3Re(u-
H)3IrH(PPh;);]SbF¢ (2) in CD,Cl; at 250 MHz in the hydride region.

bimetallic compounds with up to four bridging hydride ligands.
Although M(u-H),M’ (n = 1-3) systems are fairly common,
M(u-H):M’ systems arestill relatively rare.”-2 Many transition-
metal complexes adopt a coordination polyhedron with triangular
faces, and thus it is feasible to form an M(u-H);M’ arrangement
without unduly distorting the normal geometries of the both metal
centers. One of the factors that may make M(u-H),M’ systems
sorareisthat only therare square antiprism in eight-coordination
and the four-legged piano stool in (n’-CsRs)MH, systems appear
to have a square face suitable for accommodating an M (u-H),;M’
arrangement. The fact that bimetallic compounds with five
bridging hydride ligands remain elusive?! may be related to the
fact that no transition-metal complexes adopt a coordination
polyhedron with a pentagonal face suitable for forming an M(u-
H)sM’ arrangement. Hoffmann et al. have probed the possible
existence of M(u-H)sM’ systems using extended Huckel calcu-
lations and concluded that although there is no a priori electronic
reason that an M(u-H)sM’ system cannot exist, its existence may
be precluded by undue steric demands.?2

Mechanism for the Formation of Heterobimetallic Rhenium-
Iridium Polyhydride Complexes. A common feature of the
reaction chemistry of polyhydride complexes is their ability to
generate a reactive intermediate species containing a vacant
coordination site by elimination of H, through thermolysis,
photolysis, or acidolysis.2* The rate of thermal elimination of H,
from complexes ReHL, with monophosphine ligands is usually

(21) Green, M. A_; Huffman, J. C.; Caulton, K. G. J. Am. Chem Soc. 1982,
104, 2319.
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low,72.2425 and complexes ReH-L, with a chelating diphosphine
ligand do not eliminate H; even at elevated temperatures.’10:25.26
In spite of this, the reaction between ReH,L; and [IrH;-
(Me,CO),(PPh;),]SbFs (eq 2) proceeds rapidly even at room
temperature. Thus, elimination of H, from ReH-L, to form
ReHsL, as an intermediate which subsequently reacts with
[IrH;(Me,CO),(PPh;),)SbFs can be precluded as a mechanism
for the formation of compounds 1 and 2.

Caulton, Chaudret, and co-workers have studied the modifi-
cation of the structure and reactivity of transition-metal poly-
hydride complexes with metallic Lewis acids.2’ They have shown
that interaction of a polyhydride complex with a Lewis acid reduces
the electron density at the metal center, which in turn increases
the tendency of the complex to undergo an intramolecular
reductive coupling of two hydride ligands to form an n%-H; complex
and thus facilitates loss of H,. Inthis respect,complexes ReH-L,
have been shown to react with a range of metallic Lewis acids
such as [Cu(CH;CN),]PF¢, AgPF, and Agl.27<28 The complex
[IrH»(Me,CO),(PPh;),]SbFs contains very labile acetone ligands
which undergo rapid exchange with free acetone and other
ligands,'!2? and the 14-electron fragment [IrH,(PPh;);]* has
been shown to be a versatile Lewis acid that can accommodate
awidevariety of ligands.3® It is thus conceivable that the hydride
ligands of ReH,L, may displace the labile acetone ligands to give
a transient dinuclear 72-H; complex [L,H;(n?-H;)Re(u-H),-
IrH,(PPh;),]SbF, and subsequently a terminal iridium hydride
ligand displaces the »2-H, ligand by moving into a bridging
position, giving the observed product [L,H;Re(u-H);-
IrH(PPh,);]SbFs. This mechanism is in accord with the
observation that, under the same conditions used for
[IrH,(Me,CO),(PPh;),]SbFs, complexes [IrH,S,(PPh;),] SbF;
(S = MeCN, 2,2’-bipyridyl) do not react with ReH,(PPh;), or
ReH-(dppf), because MeCN and 2,2’-bipyridyl, which are more
tightly bound and dissociate far more slowly than acetone,!!:?
cannot be displaced by the hydride ligands of ReH7L,. Howarth
et al. have also shown that the reaction of [IrH,;(Me,CO),-
(PPh3),]PFs with MH;(n’-CsHs), (M = Mo or W) requires
dissociation of the acetone ligands.?!

Conclusion

The cationic heterobimetallic rhenium—iridium polyhydride
complexes [L,H;Re(u-H);IrH(PPh;),]SbFs (L = PPh; (1), !/,
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dppf (2)) can be readily synthesized from the reaction of
[IrH,(Me,CO),(PPh;),}SbFs with ReH,(PPh3), or ReH(dppf).
The spectroscopic data for compounds 1 and 2 indicate that they
contain three bridging hydride ligands as in the diiridium
complexes [L,HIr(u-H);IrHL,]*, not four as in the dirhenium
species LoH,Re(u-H);ReH,L;. The coordination polyhedron
about rhenium is a dodecahedron and that about iridium is an
octahedron; the two polyhedra are fused by sharing a face
containing the three bridging hydride ligands, which is an
equilateral (E) triangular face of the dodecahedron and a
triangular face of the octahedron. Compounds 1 and 2 are most
likely produced by a formal dinuclear H; elimination mechanism,
which involves initial displacement of the labile acetone ligands
from [IrH,(Me,CO),(PPh,),}SbF; by the hydride ligands of
ReH;L,to give a transient hydride-bridged dinuclear n2-H, species
which subsequently undergoes facile H; elimination.

Bimetallic compounds with three bridging hydride ligands are
common because many transition-metal complexes adopt a
coordination polyhedron with triangular faces which are suitable
for formation of an M(u-H);M’ arrangement without unduly
distorting the normal geometries of the both metal centers. The
M(u-H),M’arrangement is relatively rare because only the square
antiprism in eight-coordination and the four-legged piano stool
in (n5-CsRs)MH, have square faces suitable for this arrangement.
Bimetallic compounds with five bridging hydride ligands are
unknown because no transition-metal complexes adopt a coor-
dination polyhedron with a pentagonal face suitable for forming
an M(u-H)sM’ arrangement.

Experimental Section

General Procedures. All manipulations were performed under a dry
N, atmosphere by standard Schlenk-tube techniques. Diethyl ether,
hexane, and tetrahydrofuran were distilled from Na/Ph,CO; dichlo-
romethane was distilled from CaH,. All solvents were stored under N,
over 4-A molecular sieves. ReH7(PPhs),,° ReH;(dppf),!° and [IrH.-
S,(PPh3);]SbFe (S = Me,CO, MeCN, 2,2-bipyridyl)!! were prepared
according to the literature methods.

'H and 3'P NMR spectra were recorded on Bruker WM 250 and WM
500 spectrometers; 'H chemical shifts were measured with the residual
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solvent resonance as reference; 3'P chemical shifts were measured with
external 85% H3PO, as reference. 'H NMR T, measurements were
carried outat 250 MHz by the inversion-recovery method using a standard
180°-7-90° pulse sequence. IR spectra were recorded ona Nicolet 5-SX
FT-IR spectrometer. Microanalyses were carried out by Desert Analytics
Co., Tucson, AZ.

[(PPhs);H3Re(u-H)3IrH(PPh;y)2JSbF, (1). To a solution of [IrH,-
(Me;CO),(PPh;);]SbFs (145 mg, 0.135 mmol) in CH,Cl; (5 mL) was
added ReH,(PPh;); (101 mg, 0.141 mmol). Gas evolution occurred
immediately. The resulting red solution was concentrated in vacuo toca.
0.5 mL. Addition of Et,O (15 mL) resulted in the precipitation of
[(PPh;);H;Re(u-H):IrH(PPh;);])SbFs (1) as a red solid, which was
filtered off, washed with benzene (3 X 4 mL) and Et;0 (3 X 10 mL),
and dried in vacuo. Yield: 208 mg (92%). Anal. Calcd for
C72H57F61rP4ReSb: C, 51‘77; H, 4.04. Found: C, 51.61; H, 4.14. IR
(Nujol): »i-py 2166 cmY; wrey 1999, 1902, 1818 cm-!. 'H NMR
(CD,Cl,, 298 K): § 7.0-7.4 (c, 60 H, Ph), -5.46 (br s, 6 H, Re-H and
u-H), -18.13 (t, 2Jpy = 21.8 Hz, 1 H, Ir-H). 'H NMR (CD,Cl, 183
K): §7.0-7.5 (c, 60 H, Ph), -3.61 (brs, 1 H, p-H), 4.35 (br s, 3 H,
Re-H), —6.60 (br d, 2Jpy = 65.0 Hz, 2 H, ¢-H), ~16.77 (t, 2Jpy = 21.8
Hz, 1 H, Ir-H). *'P NMR (CD,Cl,, 298 K): § 34.1 (s, 2 P, Re~P), 18.8
(s,2 P, Ir-P). *'P NMR (CD,Cl,, 183 K): 837.3 (s, 1 P, Re-P), 33.02
(s, 1 P, Re-P), 18.5 (s, 2 P, Ir-P).

[(dppf)H;3Re(u-H)3IrH(PPh3)2}SbFs (2). This complex was prepared
analogously to 1 by using [IrH,(Me,CO),(PPh;),]SbFs (132 mg, 0.123
mmol) and ReH-(dppf) (96 mg, 0.128 mmol) and was isolated as a green
solid. Yield: 194 mg (93%). Anal. Caled for CyoHgsFsFelrP,ReSb:
C, 49.45; H, 3.85. Found: C, 49.59; H, 3.99. IR (Nujol): i,y 2169
cm!; vre-n 2024, 1910, 1810 cm!. 'H NMR (CD,Cl;, 298 K): 6 7.1-
7.6 (¢, 50 H, Ph), 4.31 (s, 4 H, Cp), 4.00 (s,4 H, Cp), 4.85 (brs, 6 H,
Re-H and u-H), -16.81 (t, 2Jpy = 21.3 Hz, 1 H, Ir-H). 'H NMR
(CD,Cl,, 183 K): 8 7.2-7.8 (¢, 50 H, Ph), 4.38 (brs, 4 H, Cp), 4.10 (br
s, 4 H, Cp), -2.50 (brs, 1 H), 4.20 (brs, 2 H), -5.74 (brs, 1 H), -6.66
(brs, 1 H),-7.49 (brd, 2Jpy = 74.5 Hz, 1 H), -16.27 (brs, | H, Ir-H).
3P NMR (CD,Cly, 298 K): &27.56 (s, 2 P, Re-P), 21.18 (s, 2 P, Ir-P).
3P NMR (CD,Cl,, 183 K): 4 30.3 (s, 1 P, Re-P), 25.8 (s, 1 P, Re-P),
22.9 (s, 1 P, Ir-P), 20.7 (s, 1 P, Ir-P).
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