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Synthesis and structure of heterometallic clusters of early transition metals®
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In continuation of our recent studies on the reactivity of [(Cp*Nb),B4H,,0], I with metal carbonyls, we have carried out its
reactivity with [Fe,(CO),] that led to the formation of [(Cp*Nb),B,H,O0{H,Fe,(CO)¢BH}], 1. Compound 1 is a heterometallic
boride cluster in which [Nb,Fe,] core describes a butterfly framework with one boron atom lying in a semi-interstitial position.
Further, in an attempt to isolate the heterometallic metallaboranes of group 4, we have performed the thermolysis reaction of
[Cp,Hf(BH,),] with [Cp*IrBsHg] that led to the formation of arachno-[(Cp,Hf)(Cp*Ir)BsHg], 2, analogous to [(Cp,Zr)(Cp*Ir)BsHg].
Compounds 1 and 2 have been characterized by mass spectrometry, 'H, ''B and '3C NMR spectroscopy and the structural
types were unequivocally established by crystallographic analysis.
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Introduction

Synthesis of higher vertex clusters are of continuing im-
portance due to their fascinating geometry'=3 as well as their
applications in various fields*. Main group elements®, tran-
sition metals’ or the combination of both® are known to make
large cage geometries. Boron is not an exception to this. In
particular, boranes and metallaboranes of higher nuclearity,
even beyond icosahedron, are reported®'0. They are either
a single cage cluster!" or a fused geometry, where two or
more polyhedral clusters are fused either through vertex, edge
or face'?,

In metallaborane chemistry, there are many ways to ob-
tain cluster expansion®. Two of the main approaches are
insertion of metal carbonyl fragments into a preformed
metallaborane or the reaction of two preformed metal-
laboranes'15. Cluster electron counting rules along with
isolobal principle can back the formation of these clusters6:17.
Hence, having in hand a wide range of metallaboranes con-
taining group 4 to 9 transition metals'8-20, we have tried their
reactivity with various metal carbonyls2'-23, Not all, but many
of them resulted in the formation of fused clusters?223. In
this course, we have recently reported the synthesis of face

fused clusters from the reactivity of [(Cp*M),B,H;,0] (M =
Nb and Ta) with [Ru4(CO),,]?%0. Herein, we report the reac-
tivity of [(Cp*Nb),B,H O] with [Fe,(CQ)] as an extention of
the earlier work. In addition, we report the synthesis and struc-
ture of hetero-dimetallaborane having groups 4 and 9 transi-
tion metals.

Experimental

General procedures and instrumentation

General procedures and the instrumentation of all the
experiments were conducted under an argon atmosphere
using standard Schlenk techniques. Solvents were distilled
prior to use under argon. [Fe,(CO)g], [Cp,HfCl,] and [LiBH,]
of 2 M in THF were purchased from Aldrich chemicals and
used as received. [(Cp*Nb),B,H;o012%®, [Cp,Hf(BH,),1?*,
[Cp*IrCl,), %, [Cp*IrB3Hg]?6 and BH, THF2' were synthesized
as per the literature. Thin-layer chromatography was per-
formed on a 250 mm dia aluminium-supported silica gel plates
(Merck TLC plates). The NMR spectra were recorded on 400
or 500 MHz Bruker FT-NMR spectrometer. The residual sol-
vent protons were used as reference (8, ppm, CDCl5: 7.26;
CgDg: 7.16). Infrared spectra were obtained on a Jasco FT/
IR-1400 spectrometer. Mass spectra were recorded on a
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Bruker Micro TOF-Il mass spectrometer in ESI ionization
mode.

Synthesis of 1

In a flame-dried Schlenk tube, [(Cp*Nb),B,H,,0], (0.1,
0.19 mmol) was dissolved in hexane (20 mL). To this
[Fe,(CO)g] (0.03 g, 0.08 mmol) was added and stirred for 18
h at room temperature. The solvent was removed in vacuo
and the residue was extracted through celite using a n-hex-
ane/CH,Cl, mixture (90:10 (v/v)). After removal of solvent,
the residue was subjected to chromatographic purification
using silica gel TLC plates. Elution with n-hexane/CH,Cl,
(80:20 (v/v)) yielded brown solid [(Cp*Nb),B,H,O{H,Fe,
(CO)gBH}, 1 (0.015 g, 10%).

1: MS (ESI*): m/z Calcd. for [CogHa,B3Nb,Fe,0;]":
792.97. Found: 792.56; ""B{"H} NMR (160 MHz. CDCls,
22°C): 5= 1485 (s, 1B), 31.3 (s, 1B), 4.3 (s, 1B) ppm; H
NMR (500 MHz, CDCl,, 22°C): & = 5.25 (br, 2BH,), 2.16 (s,
15H, Cp*), 1.97 (s, 15H, Cp*), -2.73 (s, 1H, Nb-H-B), -6.65
(s, 1H, Nb-H-B),—9.48 (s, 1H, Nb-H-B), -14.37 (s, 1H, Nb-H-
Fe), —18.08 (s, 1H, Nb-H-Fe) ppm; "3C{"H} NMR (125 MHz,
CDCls, 22°C): 6 =213.9 (C0O), 115.5, 114.7 (s, CsMeg), 12.7,
12.2 (s, CsMes) ppm; IR (CH,Cl,, em™1): T = 2359 (B-Hy,
2059, 2012, 2001 (CO), 1382 (B-0).

Synthesis of 2

A toluene solution of [Cp*IrBsHgI® (0.082 g, 0.22 mmol)
was added to a flame-dried Schlenk tube. To this, freshly
prepared [Cp,Hf(BHy),] (0.17 g, 0.50 mmol) was added at
0°C. The reaction mixture was heated at 80°C for 24 h in
presence of excess BH5 THF. The solvent was evaporated
under vacuum, and the residue was extracted with n-hex-
ane/CH,Cl, and the extract was filtered through celite. After
removal of the solvent, the residue was subjected to chro-
matography on silica gel TLC plates. Elution with a n-hex-
ane/CH,Cl, (70:30, v/v) mixture yielded pale yellow solid
[(Cp,Hf)(Cp*Ir)BsHg], 2 (0.031 g, 9%) along with arachno-
[(Cp,Hf)(Cp*Ir)B4H40] (0.086 g, 25%).

2: HR-MS (ESI*): Calcd. for [CoyHs3,B5HfIr+Na]*:
703.1932. Found: 703.1943. "'B{"H} NMR (160 MHz, C¢Ds,
22°C): 8 = 6.6 (s, 1B), -5.4 (s,1B), —15.4 (s, 1B) ppm; 'H
NMR (500 MHz, C4Dg, 22°C): 6 = 5.41 (s, 5H, Cp), 5.21 (s,
5H, Cp), 4.62 (br, 2BH,), 4.27 (br, 2BH,), 3.47 (br, BH,), 1.72
(s, 15H, Cp*), —0.03 (br, 1H, B-H-B), —4.58 (br, 1H, Hf-H-B),
~7.91 (br, 1H, Hf-H-B),—14.92 (s, 1H, Ir-H) ppm;"3C{'H}NMR
(125 MHz, C¢Dg, 22°C): 6 = 106.0, 103.9 (s, C5Hs), 99.5 (s,
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CsMeg), 9.6 (s, CsMes) ppm; IR (CH,Cly, cm™): b = 2440,
2468 (B-H,) cm™".

X-Ray structure determination

Crystallographic information for compounds 1 and 2 is
provided in Table S1 (ESI). The crystal data for 1 was col-
lected and integrated using a Bruker APEX-Il CCD
diffractometer at 296 K and 2 using D8 VENTURE Bruker
AXS at 150 K with graphite-monochromated MoK, radiation
(A =0.71073 A). The structures were solved by heavy atom
methods using SHELXS-97 for 1 and SHELXT-2015 for 228
and refined using SHELXL-2014 for 1 and SHELXL-2016
for 229, Molecular structures were drawn using Olex230. Crys-
tallographic data have been deposited with the Cambridge
Crystallographic Data Centre.

Results and discussion

Reactivity of [(Cp*Nb) ,B 4H,,O] with [Fe,(CO)4]: Recently,
we have developed a new approach for the synthesis of
oxametallaboranes of group 5 metals, [(Cp*M),B,4H;,0] (M
= Nb and Ta)2%. These oxametallaboranes were found to
be very reactive towards metalcarbonyls to form higly com-
plex fused higher vertex clusters?3. In our ealier study, we
have performed the reactivity of [(Cp*Ta),B,H4,0] with
[Fe,(CO)q] to form a edge fused cluster [(Cp*Ta),B,H,0-
{H2Fe2(CO)6BH}]23a. Also, the pyrolysis of [(Cp*M),B4H440l,
(M= Nb or Ta) with [Ru3(CO),,] yielded heterometallic face-
fused clusters23. We now extend this work and carried out
the reactivity of [(Cp*Nb),B,H4o0], I with [Fe,(CO)g] that
yielded [(Cp*Nb),B,H,O{H,Fe,(CO)¢BH}], 1 (Scheme 1).
Cluster 1 was isolated as a brown solid by preparative thin-
layer chromatography (TLC) in 10% vyield. It was character-
ized spectroscopically as well as by single crystal X-ray dif-

fraction analysis.
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Scheme 1. Synthesis of 1.

The 1B NMR spectrum of 1 shows three resonances at
6 =-4.3,31.3 and 148.5 ppm with equal intensity. The reso-
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nances at 6 = 148.5 ppm is highly downfielded indicating
more number of connectivity with metals. The remaining
peaks are comparable to two of the chemical shifts observed
in the starting material, 123°. The TH NMR spectrum indicated
the presence of two Cp* environments at 6 = 2.16 and 1.97
ppm. The 13C NMR further confirms the presence of both
Cp* as well as CO ligands. The IR spectrum also exhibited
intense bands characteristic of terminal carbonyl groups at
2059, 2012 and 2001 cm~". All these spectroscopic data are
in good agreement with earlier reported,
[(Cp*Ta),B,H,O{H,Fe,(CO)sBH}|2%2. Further, mass spectro-
metric analysis of 1 also indicates the composition of 1 as
[Co6H37B3Nb,Fe,04]".

In order to confirm the spectroscopic assignmnets, the
solid state X-ray diffraction analysis was performed that shows
the structure of 1 as shown in Fig. 1. As per the expectation
compound 1 turn to be the Nb analogue of the reported Ta-
Fe boride cluster?32. The molecular structure of 1 can be

Fig. 1. Molecular structure and labeling diagram of 1. Selected bond
lengths [A] and angles [°]: Nb1-Nb2 2.9290(4), Nb1-Fe1
2.9769(5), Nb1-Fe2 2.9196(5), Nb2-Fe2 3.0359(5), Fe1-Fe2
2.7248(7),B1-01 1.417(4),Nb1-01 2.108(2), Nb1-B3 2.398(4),
Nb2-B3 2.213(4), Fe1-B3 1.921(4), B1-B2 1.718(6); Nb1-B1-
Nb2 78.34(12), Nb1-O1-Nb2 88.23(8), Fe1-B3-Fe2 87.19(16),
Nb2-B3-Fe1 165.1(2), Nb2-B3-Fe2 91.28(15), Fe2-Nb1-Nb2
62.541(12).

considered as a fusion of two trigonal bipyramidal (tbp) units;
[Nb,B, 0] tbp which is retained as such from the reactant, |
fused through the Nb-Nb edge to [Nb,Fe,B] tbp which re-
placed the [BQHG]Q‘ unitin I (Scheme 2). The fused structure
of 1 can be validated by Mingos’s fusion formalism'”. The

tbp tbp
Scheme 2. Cluster fusion of 1.

total cluster valence electron of 1 is 70 [2Cp*Nb (2x10 = 20
e)+3B(3x3=9¢e)+7H(7e)+ 0O (6e)+2Fe (2x8=16¢) +
6 CO (6x2 =12 e) = 70 cve] which is in exact match with the
electron count by fusion formalism of Mingos [tbp [Nb,B,0]
(42 e) + tbp [Nb,Fe,B] (62 e) — edge [Nb,] (34 e) = 70 cve].

The [Nb,Fe,B] tbp unit can be also considerd as a but-
terfly boride where the unique boron atom (B3) resides at
the semi-interstitial position of [Nb,Fe,] butterfly geometry
in which Nb2 and Fe2 occupies the wing tip and Nb1 and
Fe1 occupies the hinge position. The boride boron connects
the wingtip metal atoms with an angle of 165.14° where the
boron atoms project outwards from the plane containing Nb2-
Fe2. The internal dihedral angle for [Nb,Fe,] butterfly core is
108°, which is similar to its Ta-analogue, [(Cp*Ta),B,H,0-
{H,Fe,(CO)¢BH}] (108°) and agrees well with the ideal dihe-
dral angle 109° for a four atom arachno-butterfly cluster de-
rived from a closo-octahedrond!.

The observed bond parameters in 1 are quiet similar to
the reported Ta-analogue. The Nb-Nb bond distance of
2.9290(4) A is comparable to the distance in [(Cp*™Nb),-
(BoH40){Ru(CO),}y(BoH4){RU(CO)a}{u-H}4] (2.9373(10) A)
formed from the reaction of 1 with Rus(CO)4,2%. In both these
cases, Nb-Nb bond is significantly longer than that of |
(2.7458(8) A) and . This elongation of bond length might be
due to electron pulling from the other parts of the cluster
which is fused through the Nb-Nb bond. In addition, the bo-
ron-oxygen bond length of 1.417(4) A, is comparable to that
in 1 (1.454(17) A) and shorter than the other reported
oxametallaborane clusters?3032, The Fe-Fe bond distance
0f 2.7248(7) A falls in the range associated with a M-M single

bond33,

Synthesis and characterization of arachno-[(Cp ,Hf)-
(Cp*Ir)B3Hqg] 2: After having success with the isolation and
characterization of a series of hybrid clusters, [(Cp,M)-
(Cp*M")B,4Hyq], lla-d (lla, M = Zr, M" = Rh; llb, M= Zr, M = Ir;
llc, M = Hf, M* = Rh and Ild, M = Hf, M" = Ir) and
[(Cp,M)(Cp*M")B3Hg], (M = Zr, M = Ir)3*, we were inter-
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Scheme 3. Synthesis of 2.

ested to synthesise the Ir-Hf pentaborane(11) analogue.
Hence, we have carried out the pyrolysis of the intermediate
obtained from the metathesis of [Cp,HfCl,] and LiBH, THF
with [Cp*IrBsHg] in presence of borane at slightly higher tem-
perature and longer time than the earlier report. This led to
the formation of arachno-[(Cp,Hf)(Cp*Ir)BsHg], 2 along with
arachno-[(Cp,Hf)(Cp*Ir)B,H,,], lld (Scheme 3). Compound
2 was separated using thin layer chromatographic method
which enabled us to characterize 2 spectroscopically and
structurally in pure form. The details of charact-erization of
compounds 2 is discussed below.

Compound 2 was isolated as yellow solid in 9% yield.
The "B NMR peaks at § =-15.4, -5.4 and 6.6 ppm in 1:1:1
ratio confirm the presence of three boron environments. Fur-
ther, the TH NMR spectrum of 2 shows one type of Cp* pro-
ton at 6 = 1.72 ppm and two kinds of Cp protons at 6 = 5.41
and 5.21 ppm with equal intensity. In addition, the 'H NMR
shows resonances at upfield region at & = -0.03, -4.58 and
—7.91 ppm along with a sharp peak at 6 =-14.92 ppm. The
13C NMR spectra further supports the presence of one kind
of Cp* and two types of Cp protons. The ''B{'H} and "H
NMR spectra are having very similar pattern to that of re-
ported [(Cp,Zr)(Cp*Ir)BsHg] which suggests 2 as an anlogous
compound in which Zr atom is replaced by a Hf. The mass
spectrometric analysis of compound 2 confirms its composi-
tion as CyyHg,B3Hflr.

In order to confirm the spectroscopic assignments and
elucidate the crystal structure of compound 2, an X-ray dif-

Fig. 2. Molecular structure and labeling diagram for 2. Selected bond
lengths (A) and angles (°): Ir1-Hf1 2.9317(5), Ir1-B21 2.205(10),
Ir1-B22 2.145(8), Ir1-B23 2.228(10), Hf1-B22 2.581(9), Hf1-
B23 2.590(10), B21-B22 1.852(14); Ir1-B23-Hf1 74.5(3), Ir1-
B22-Hf1 76.1(3), Ir1-B21-B22 63.1(4).

fraction analysis was undertaken. Light yellow block-shaped
crystals suitable for X-ray diffraction analysis were grown by
cooling a concentrated hexane solution of 2 to 0°C. Com-
pound 2 crystallizes in the triclinic space group P-1 and con-
tains four molecules in the unit cell. The solid-state X-ray
structure revealed that compound 2 is the first metal ana-
logue of arachno-BsH,; with an incorporated Hf atom. As
shown in Fig. 2, the molecular structure of 2 can be viewed
as an arachno structure which can be derived from two ver-
tex removal from its parent closo-pentagonal bipyramid ge-
ometry as shown in Scheme 4. Compound 2 have eight skel-

Ru

ﬁz E\Ru
[Cp*Ru},(CO),B;H;]

Ir

Scheme 4. Schematic generation of observed geometry of 2 from a pentagonal bipyramid.
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triangle butterfly

Scheme 5. Cluster fusion of 2.

eton electron pairs (sep) as {Cp*Ir} and {Cp,Hf} are two-elec-
tron fragments, hence consistant with the Wade’s skeleton
electron count of arachno-[BgH,4] (n+3)®. On the basis of
the Mingos fusion formalism!”, cluster 2 can be seen as a
fusion of [IrHfB,] butterfly (42 e) and [IrHfB] triangle (38 e)
through an edge of [IrHf] (34 e) as shown in Scheme 5 to
afford cve of 46 (42 + 38 — 34 = 46 cve) which corraborates
with the electron count for the formula [(Cp,Hf)(Cp*Ir)BsHo]
[CpyHf (14 €) + Cp*Ir (14 ) + 3B (3x3=9¢) +9H (9 e) =46
cvel.

Comparing the structures of the reactant, [(Cp*Ir)BsHq]
and 2; the only difference observed among them is the pres-
ence of Cp*Hf unit which is inserted into the B-B bond of the
earlier. The observed framework structure of 2 is compa-
rable with that of [{Cp*Ru},(CO),BsH,1* (Scheme 4). The
locations of the BH, units and the positions of the metal cen-
ters make these structures different. In compound 2, the metal
centers are four and three-connected; however, in
[{Cp*Ru},(CO),B3H] they are four and two-connected. The
bond parameters of 2 is in agreement with its Zr analogue,
lll. In addition the Ir-Hf distance of 2.9317(5) A in 2 is similar
to that in lid.

Conclusions

In this article, we have described the synthesis of two
heterometallic metallaborane clusters 1 and 2 employing two
different strategies. Compound 1 is derived from the reac-
tion of an oxametallaborane with [Fe,(CO)g], while compound
2 was an arachno-pentaborane(11) analogue synthesized
from reaction of two preformed metallaboranes of group 4
and 9. Both the compounds 1 and 2 are edge fused clusters
which obey Mingos’s fusion formalism.
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