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Mechanistic insight into cooperative catalysis with
pentanuclear nickel clusters: catalytic alkene
dimerization and silyl–silylene and silylyne
clusters

Junyang Liu, Kethya Sum and Samuel A. Johnson *

This work gives structural insights into potential intermediates relevant to the mechanism of stereo-

selective catalysis by pentanuclear Ni complexes, such as the previously reported stereoselective dimeri-

zation of norbornene to the C2 symmetric (Z) anti-(bis-2,2’-norbornylidene) by [(iPr3P)Ni]5H6 (1). Attempts

to generate a polymer by reaction of norbornadiene with catalytic 1 instead selectivity gave the exo-

trans-exo 2 + 2 cyclodimerized product, 1,4,4a,4b,5,8,8a,8b-octahydro-1,4:5,8-dimethanobiphenylene.

The reaction of cyclopentene with catalytic [(iPr3P)Ni]5H6 (1) gave a mixture of 1,1’-bi(cyclopentylidene)

and 1-cyclopentylcyclopentene as organic products. Catalysis terminated when 1 was fully converted to

the twisted trapezoidal pentanuclear cluster (iPr3P)4Ni5(C10H13)H5 (2). Complex 2 reacted with H2 to give

back 1. Attempts to functionalize the organic fragment in 2 with diphenylsilane instead gave

(iPr3P)4Ni5(SiPh2)(SiPh2H)H5 (3), which retains the twisted trapezoidal geometry. Complex 3 was also pre-

pared by direct reaction of Ph2SiH2 with 1. Triethylsilane reacts with 1 to give a new distorted pentagonal

cluster [(iPr3P)Ni]5(μ5-SiEt)H7 (4) from Si–H and multiple Si–C bond cleavages. The new structures

demonstrate the remarkable flexibility in the geometry of the persistent Ni5 core and provide insight into

the structures of intermediates in the reactions with [(iPr3P)Ni]5H6.

Introduction

The design of metal clusters for catalytic transformations of
traditionally unreactive bonds has received decades of
attention.1–9 In principle, cooperativity between multiple metal
centres could provide an approach for the facile activation of
traditionally-inert bonds under ambient conditions, though
such results are rarely achieved.10–18 Our group has previously
reported that the reactive intermediate [(iPr3P)Ni]5H4 is accessi-
ble from the reaction of [(iPr3P)Ni]5H6 (1) with alkenes.19,20

Supported by the electron rich and sterically demanding iPr3P
ligand, these clusters are capable of activating inert bonds,
such as C–H, C–C and CvC skeletal bonds.19,21–23 An example
of ethylene C–H and CvC bond activation that occurs at
−30 °C to give the carbide [(iPr3P)Ni]5H4(C) is shown on the
left of Scheme 1.22 With the internal alkene norbornene, cata-
lytic stereoselective dimerization to the C2 symmetric product
occurs at temperatures as low as 253 K, as shown on the right
of Scheme 1.19 It is unclear if the stereoselectivity occurs due
to steric interactions with the cluster, or attractive agostic

interactions, but a likely intermediate is shown on the right of
Scheme 1. This work examines the possibility of expanding
this alkene dimerization by intercepting such intermediates
and using appropriate reagents to catalytically generate new
C-heteroatom bonds.

Results and discussion
Catalytic [2 + 2] cycloaddition mediated by 1

Motivated by the previously reported catalytic stereoselective
dimerization of norbornene using 1 as a precatalyst,19

attempts were made to see if norbornadiene could be stereo-
selectivity polymerized via similar reactivity, as depicted in the
bottom of Scheme 2. The reaction of 10 equiv. of norborna-
diene with 1 at 253 K generated [Ni(iPr3P)]5H4 in situ, as moni-
tored by 1H NMR spectroscopy. Catalysis by [Ni(iPr3P)]5H4 at
253 K did not provide a polymer of norbornadiene, but instead
gave stereoselective [2 + 2] cyclo-dimerization as the major
organic product. The [2 + 2] cyclodimerization product was
purified by sublimation and identified as exclusively the exo-
trans-exo isomer, by comparison to the literature 1H and 13C
{1H} NMR spectra.24 The [2 + 2] cycloaddition dimerization of
norbornadiene mediated by nickel is known in the literature,
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but the stereoselectivity observed with 1 is exceptional. The
earliest reported example of norbornadiene dimerization used
(bipy)(COD)Ni as the catalyst at the 90 °C for 100 h.25 The reac-
tion gives primarily the alternate exo-trans-endo isomer, but
with other isomers in the mixture. The nickel mediated for-
mation of the exo-trans-exo isomer of cyclodimerized norborna-
diene has been reported, but all previous examples suffer from
poor selectivity, where polymers or a mixture of isomers are
observed.24,26–31 No selectivity towards a single isomer has
been reported, to the best of our knowledge. It is interesting

that complex 1 reacts so differently to the chemically similar
substrates norbornene and norbornadiene, but with stereose-
lectivities suggestive of similar cluster intermediates. This
likely rules out a simple monometallic site of reactivity, as has
been reported for catalytic intermolecular [2 + 2] cycloaddi-
tions using sterically encumbered Fe catalysts.32–36 It is plaus-
ible that there is an intermediate of the type shown on the
right of Scheme 2, where coordinating of the proximal alkene
to one of the metals in the [Ni5] core induces reductive elimin-
ation to give the [2 + 2] product. Related mononuclear com-

Scheme 1 Previous work on stoichiometric CvC bond cleavage of terminal alkenes and catalytic norbornene dimerization reactions of [(iPr3P)
Ni]5H4; the nature of the cluster fragment denoted [Ni5] in the plausible intermediate is unknown, but interactions in such an intermediate likely
drive the observed stereoselectivity.

Scheme 2 Stereoselective [2 + 2] dimerization of norbornadiene catalyzed by [Ni(iPr3P)]5H4.
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plexes cannot access such coordination of the proximal
alkene37,38 without cleavage of one of the M–C bonds in these
fragments.39 It is unclear how many phosphine and hydride
ligands or even the geometry such an [Ni5] intermediate would
feature. Further internal cyclic alkenes were investigated in
attempt to get further insight.

Dimerization of cyclopentene

When [(iPr3P)Ni]5H6 (1) was added to an excess cyclopentene at
253 K, 1H NMR spectroscopy showed the rapid stoichiometric
formation of cyclopentane and [(iPr3P)Ni]5H4. The reaction
continued to catalytically generate a mixture of two isomers of
dimerized cyclopentene (C10H16), bicyclopentylidene and
1-cyclopentylcyclopentene, as shown in Scheme 3. The 1H and
13C{1H} spectra of this product mixture were assigned by com-
parison to literature spectra.40,41 Catalysis terminated upon the
formation of [(iPr3P)4Ni5](C10H13)H5 (2), where a C10H13 XL2
ligand bridges three of the proximal nickel centres. At room
temperature the reaction is complete within seconds. Although
stoichiometric H2 loss is needed to form 2, it was not
observed, presumably because it is rapidly consumed by the
hydrogenation of cyclopentene. The reaction of 2 with H2 in

the presence of added iPr3P regenerates 1 essentially quantitat-
ively, by NMR spectroscopy. Mechanistically, to generate 2
from the plausible catalytic intermediate shown in the upper
right of Scheme 3, cleavage of one or both of the β-disposed C–
Ha bonds in the C10H16 moiety is needed, along with reductive
C–H bond elimination to give the isomers of the organic pro-
ducts. However, the C–Hb bonds are presumably also proximal
to the Ni5 core, and activation of this bond either prior to reduc-
tive elimination, or after elimination of H2 instead of C10H16

would give a reasonable route to complex 2, albeit after many C–
H bond cleavage and reductive elimination steps to give the
correct geometry; Species such as this give insight into how the
five Ni centres could cooperatively function in the catalytic reac-
tions with alkenes. Note that in the plausible intermediate
shown on the top right of Scheme 3, an interaction of C–Hb

with the Ni5 core, shown with a red arrow, resembles the pro-
posed interactions proposed for the stereoselective [2 + 2] dimer-
ization of norbornadiene shown in Scheme 2.

The organic mixture of isomers of C10H16 was easily iso-
lated by filtering the sample through a silica plug. The conver-
sion of 1 to 2 was nearly quantitative by 1H and 31P{1H} NMR
spectroscopy. Complex 2 was readily crystallized from

Scheme 3 Catalytic dimerization of cyclopentene and the conversion of 1 to 2.
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n-pentane at −40 °C and isolated in 65% yield. Single crystal
X-ray diffraction was used to determine its solid-state struc-
ture. Two ORTEP depictions of the structure of 2 are shown in
Fig. 1. The hydrides were located in an electron-density differ-
ence map, and their positions were refined.

Cluster 2 adopts a geometry that is unprecedented for a
pentanuclear nickel cluster, with the Ni5 core adopting a
slight-twisted trapezoidal geometry, capped by four terminal
iPr3P ligands. There are three μ2-hydrides, H(1)–H(3), between
the outer four Ni atoms, and also two μ3-H, H(4) and H(5),
each on the opposite side of the Ni5 plane bridging between Ni
(1)–Ni(2)–Ni(5) and Ni(3)–Ni(4)–Ni(5). The [(iPr3P)4Ni5]H5 frag-
ment has an approximate C2 symmetry. The C10H13 moiety
acts as a XL2 type ligand bonded to Ni(1), Ni(4) and Ni(5). The
C–C bond lengths of the bound carbons range from 1.418(8) to
1.447(9) Å in 2, which suggest a delocalized XL2 ligand with
significant backbonding. The C(6)–C(7) distance of 1.447(9) Å
is suggestive of the least double-bond character.

A comparison of 2 to the previously reported cyclopenta-
dienyl complex [(iPr3P)4Ni5](η5-C5H5)H5,

23 shown in the
bottom right of Scheme 3, reveals how a complex with the
same valence electron count of 68 e− and also featuring a
capping XL2 donor can give a different cluster geometry.
The flexibility of the Ni5 core appears remarkable in this
regard in comparison to typical cluster chemistry, where elec-
tron counts are generally related to a predictable cluster geo-
metry, with exceptions mostly for the M(I)/M(I/0) coinage
metals.42

Based on the X-ray structure, complex 2 should have four
phosphine environments, but the 296 K 31P{1H} NMR spec-
trum in C6D6 shows a total of eight peaks with nearly equal
intensities at room temperature, as shown on the bottom of
Fig. 2. The variable-temperature 31P{1H} NMR in d8-toluene
suggests a dynamic equilibrium between two isomers, 2 and
2′. As the temperature is lowered, four of the resonances
increase in intensity while the other four decrease. Returning

Fig. 1 Top: ORTEP depiction of 2. Isopropyl substituents of the phosphines and hydrogen atoms except hydrides are omitted for clarity. Bottom:
Top view of 2 showing the twisted-trapezoidal geometry of Ni5 core and the chelation of the C10H13 fragment in blue, with all isopropyl substituents
and hydrogens omitted for clarity. Selected bond lengths (Å) and angles (°): Ni(1)–Ni(5): 2.544(1), Ni(4)–Ni(5): 2.480(1), Ni(1)–Ni(2): 2.567(1), Ni(2)–Ni
(5): 2.479(1), Ni(3)–Ni(5): 2.447(1), Ni(2)–Ni(3): 2.507(1), Ni(3)–Ni(4): 2.604(1), Ni(1)–C(2): 2.176(5), Ni(1)–C(3): 1.996(6), Ni(5)–C(2): 2.237(7), Ni(5)–C
(1): 1.947(6), Ni(5)–C(6): 2.099(5), Ni(4)–C(7): 2.004(5), C(1)–C(2): 1.43(1), C(2)–C(3): 1.432(9), C(1)–C(6): 1.418(8), C(6)–C(7): 1.447(9). Ni(1)–Ni(5)–Ni
(4): 157.95(4).
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to room temperature returns the two isomers in a near 1 : 1
ratio. Heating above 298 K resulted in the decomposition of 2.

A Van’t Hoff plot was constructed from the relative inte-
gration of peaks in the variable-temperature 31P{1H} NMR
spectra of 2. This plot begins to curve at 216 K, likely due to
the slowed exchange of isomers due to low temperature pre-
venting equilibrium from being established. The plot from
236–296 K is reasonably linear and gave an estimated ΔH of
+2.2 kcal mol−1 and ΔS of +7.1 cal mol−1 K−1 for the conver-
sion of 2 to 2′. The latter corresponds to a –TΔS of −2.1 kcal
mol−1 at 298 K, giving a net ΔG298 K of 0.1 kcal mol−1, and
accounting for the near equal fraction of the isomers at room
temperature. The ΔS value of +7.1 cal mol−1 K−1 is too low for
a dissociative reaction that produces a gaseous molecule like
H2, which would be anticipated to have a ΔS closer to 27 cal
mol−1 K−1.43

The room-temperature 1H NMR of 2 and 2′ features many
overlapping multiplets, consistent with the presence of a pair
of isomers. The two isomers are anticipated to give a total of
16 CH3 and 8 CH environments for the iPr3P ligands alone,
and 26 total environments for the pair of C10H13 moieties. The
hydride region of the 1H NMR of 2 features broadened peaks
at room temperature, but at low temperature is easily assigned
as two isomers, each with five hydride environments. These
are well resolved at 216 K, as shown in Fig. 3. The similar mul-
tiplets observed at proximal shifts in the 216 K 1H NMR
spectra for 2 and 2′ suggest that they are structurally similar;

the peak of 2 at δ −10.81 features a doublet of doublets in its
best resolved spectrum with nearly identical couplings to the
peak of 2′ at δ −9.38, and the peak at of 2 at δ −13.03 with a
distinct by unresolved multiplicity that is very similar to the
adjacent peak of 2′ at δ −14.58.

Limited information on the exact identities of the pair of
isomers 2 and 2′ in equilibrium in these solution form the was
obtained from its variable-temperature NMR, though the simi-
larities in 31P and hydridic 1H NMR resonances suggest they
are structurally quite similar. Also, the temperature depen-
dence of the fraction of 2 and 2′ down to temperatures as low
as 216 K suggests a moderate barrier to exchange between the
two isomers. Both these must be considered in hypothesizing
a reasonable structure for the additional isomer observed by
NMR. Three isomers were considered viable alternatives to the
isomer identified by X-ray crystallography, as shown in
Scheme 4. Given the approximate C2 symmetry of the Ni5H5

moiety in 2, and the two enantiofaces of the π-ligand in 2,
there should be an enantiomeric pair of diastereomers from
switching the approximate C2 chirality of the Ni5H5 moiety,
labeled 2a. This requires some modest barrier mechanism for
the μ3-H ligands to reside on the opposite face. Isomer 2a
could alternatively arise from binding the opposite enantioface
of the η5-C10H13 moiety, though this mechanistically seems un-
likely to occur via a low barrier. Isomers 2b and 2c, could be
generated from 2 and 2a by reductive C–H elimination at the
Ni(4)–C(7) bond, followed by activation at the opposite side of

Fig. 2 Variable-temperature 31P{1H} NMR spectra of 2 revealing the equilibrium between two isomers, labeled here as 2 and 2’.

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2026 Dalton Trans.

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 4
:4

6:
00

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt02642c


the resultant cyclopentyl group, and were also considered as
options for a second isomer. Analogues using Me3P in lieu of
iPr3P, were used as model complexes, due to difficulties in
optimization of all the possible conformers of the iPr3P moi-
eties. DFT geometry optimizations and vibrational analyses
were performed with the BP86 functional and Def2SVP basis
set. The isomer with the smallest energy difference to 2·PMe3
is 2a·PMe3, with a Gibbs Free Energy difference of 3.4 kcal
mol−1, as shown in Scheme 4. The other isomers, where the
dicyclopentyl fragment binds to Ni5 differently are calculated
to have higher energy differences, with 6.9 kcal mol−1 and
4.8 kcal mol−1 for 2b·PMe3 and 2c·PMe3, respectively.

Reaction of 2 with Ph2SiH2

Since 2 does not react further with excess cyclopentene, its iso-
lation opens an avenue to the latent functionalization of the
dimerized cyclopentene framework to construct new
C-heteroatom bonds, and potentially novel catalysis.

Diphenylsilane was added to complex 2 in an attempt to
achieve silylation of the η5-C10H13 moiety. An immediate reac-
tion was observed to give (iPr3P)4Ni5(SiPh2)(SiPh2H)H5 (3), as
shown in Scheme 5. Although no hydrosilylation product was
observed upon working up the reaction mixture, the reaction
did liberate the previously observed isomers of C10H16, bicyclo-
pentylidene and 1-cyclopentylcyclopentene. Alternatively,
cluster 3 can also be synthesized from 1 with two equivalents
of diphenylsilane and the liberation of hydrogen gas as the by-
product; however, it is vital that Ph2SiH2 is added dropwise to
keep its concentration low during the reaction, otherwise the
previously reported45 dinuclear complex [(iPr3P)Ni(μ-SiHPh2)]2
was observed as a byproduct.

Crystals of 3 were grown from a concentrated n-pentane
solution at 233 K. The structure of 3 is reminiscent of 2, with
the Ni5 core adopting the same twisted trapezoidal geometry,
as shown in Fig. 4. Complex 3 has four iPr3P ligands attached
to the outside four nickels and three μ2-hydrides. There are

Fig. 3 Hydride region of the variable-temperature 1H NMR of 2 and 2’. The small resolved second-order multiplet near −15 ppm is a trace amount
of [(iPr3P)Ni]4H4(μ4-O).44

Scheme 4 DFT calculated structure of Me3P analogues of isomers of 2 and their relative energies. Red denotes the key structural differences.
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two μ3-bridging hydrides on each side of the plane of penta-
nuclear core with each hydride connecting two outer nickels to
the nickel in the centre. There is bridging diphenyl silyl
moiety with the Si–H engaged in bonding, and a bridging
SiPh2. Hydride and Si–H atoms were located in an electron-
density difference map, and their locations were refined. A
DFT optimization of the structure of 3 supports our crystallo-
graphic assignment of Ni–H and Si–H hydrogen locations. The

DFT calculations gave similar Ni(1)–Si(1) and Ni(5)–Si(1) bond
distances of 2.231 and 2.239 Å for the bridging silylene, which
compares well to the crystallographically determined distances
of 2.211(1) and 2.245(1) Å. Unlike the heavier congeners Pd
and Pt,46–48 there are no simple nickel μ2-silylenes bearing two
hydrocarbyl substituents to directly compare bond distances,
though there are a few related nickel silylenes with similar
bonding metrics.49–53 The bridging silyl in 3 features a longer
Ni(4)–Si(2) distance, calculated as 2.343 Å, which compares
well to the experimental value of 2.332(1) Å, and a shorter Ni
(5)–Si(2) distance of 2.184(1) Å. The Ni–Si(2) distances are
within the ranges observed previously for related secondary
silyls with bound SiH moieties bridging Ni centres.45,54–59

Four slightly broad singlets are featured in the 298 K 31P
{1H} NMR spectrum of 3, at δ 48.2, 58.8, 68.4 and 74.4. The
hydride region of the 298 K 1H NMR shows evidence of rapid
fluxional exchange of a pair of extremely broad hydridic reso-
nances centred at δ −9 and a second obscured by another
sharper resonance at δ −15. The remaining 3 hydridic reso-
nances are only slightly broadened and in a 1 : 2 : 1 ratio. Only
on cooling below 263 K is a spectrum observed that is consist-
ent with the number of hydride resonances expected from the
solid-state structure of 3, as shown in Fig. 5. The 193 K 1H
NMR features resonances at δ −3.43 (d, JPH = 15 Hz, 1H), δ
−8.46 (d, JPH = 65 Hz, 1H), δ −14.38 (br s, 1H), δ −15.07 (2H),
and δ −22.32 (br s, 1H). The peak integrating to 2H has a
slight asymmetry, which is consistent with a pair of partially
overlapped resonances. The resonances proved too broad to
observe the 29Si satellites of the Si–H environment.

Reaction of 1 with Et3SiH

In addition to disubstituted silanes, the reactivity of 2 with the
trisubstituted silanes Et3SiH was also explored, with the
thought that a substrate with a single Si–H bond would not be
able to form a complex analogous to 3, and thus offer an alter-
nate opportunity at catalytic functionalization. Although the

Scheme 5 Synthesis of 3 from reaction of 2 (top) and 1 (bottom) and H2SiPh2.

Fig. 4 ORTEP drawing of solid-state structure of 3 at 30% ellipsoid
probability. Hydrogen atoms excepts hydrides and carbon atoms of iPr3P
are omitted for clarity. Selected bond distances (Å): Ni(1)–Ni(2): 2.4982
(9), Ni(2)–Ni(3): 2.5052(7), Ni(3)–Ni(4): 2.4917(7), Ni(1)–Ni(5): 2.4535(7),
Ni(2)–Ni(5): 2.6654(9), Ni(3)–Ni(5): 2.4797(8), Ni(4)–Ni(5): 2.5568(7), Ni
(1)–Si(1): 2.211(1), Ni(5)–Si(1): 2.245(1), Ni(5)–Si(2): 2.184(1), Ni(4)–Si(2):
2.332(1).
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reaction between 2 and an excess amount of Et3SiH in C6D6

did not yield any new complexes even over the course of hours,
all the Et3SiH was converted to Et3SiD by H/D-exchange with
the solvent, with minimal decomposition of 2.

As a test for their compatibility for future catalytic reactions,
Et3SiH was added to 1. Their reaction in n-pentane at 298 K
led to the formation of a new 70 e− cluster, [(iPr3P)Ni]5(μ5-SiEt)
H7 (4) (36% isolated yield), through both Si–H and Si–C bond
activation, with ethane and ethene as by-products, as shown in
Scheme 6. Cluster 1 was completely consumed within three
hours in the presence of excess Et3SiH. Although the for-
mation of 4 was observed with one equivalent of Et3SiH, an
excess amount of Et3SiH was needed to speed up the reaction
due to the modest stability of 4 in solution under these con-
ditions. The competing reaction between 1 and the ethene by-
product also generated the known cluster [(iPr3P)Ni]5H4C.

22

Though [(iPr3P)Ni]5H4C is inert towards Et3SiH under the reac-
tion conditions, its formation decreased the yield of 4.

The solid-state structure of cluster 4 was determined by
X-ray crystallography and a ORTEP depiction is shown in
Fig. 6. Cluster 4 adopts a bent pentagonal geometry with Ni
(2)–(5) forming a trapezoidal plane and Si(1) sits above the
plane with Ni(1) on the opposite side. Si(1) is bonded to all
five nickels ligand, with one ethyl group attached. Seven
hydrides were located in electron density map and their posi-
tions were refined. Five hydrides are μ2-bridging on the out-
skirts of the pentanuclear core. Two are μ3-bridging, on the
opposite face to Si(1). None of the hydrides are close enough

to Si(1) to propose a Si–H bonding interaction. The structure
of 4 was also optimized by DFT calculations, and the final
hydride positions matched the experimental crystallographic
assignment. Bridging silylynes are not without precedent,
though only a handful have been characterized, which include:
μ3-silylyne clusters with Pt,60 Ru,61 and Fe;62 μ4-silylyne clusters
with Pt63 and Co;64–66 and a μ6-silylyne cluster with Pd.67 We
could not find a structurally characterized μ5-SiR moiety in the
literature for comparison to 4.

A single resonance at δ 49.9 in the 298 K 31P{1H} NMR
demonstrates the rapid fluxionality of cluster 4 in solution.
The 298 K 1H NMR of complex 4 similarly has a single set of
iPr3P CH3 and CH resonances. The 1H resonances of the ethyl
group are observed at δ 1.59 (CH3), and δ 2.06 (CH2) as triplets
and quartets, respectively; the latter also overlaps with the
methine CH resonance of iPr3P at δ 2.09; their peak shape was
simulated to confirm the assignment. Despite the rapid
exchange of the iPr3P environments, there are two hydride
resonances at δ −11.83 (5H) and −18.84 (2H) in the 298 K 1H
NMR, which are broad singlets with peaks widths at half
height of 220 and 180 Hz, respectively. The exchange process
is consistent with the solid-state structure, where the equi-
valent pair of μ3-bridging hydrides on the bottom of the
cluster, H(3) and H(4), do not exchange with the five μ2-brid-
ging hydrides, but the (iPr3P)Ni moieties all undergo facile
exchange.

Upon cooling complex 4 to 253 K, decoalescence into 3
peaks in the hydride region of the 1H NMR is observed, with

Fig. 5 Hydride region of the variable-temperature 1H NMR spectra of 3.
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peaks at δ −7.9 (br, 1H, W1/2 = 720 Hz), δ −12.9 (br, 4H, W1/2 =
240 Hz) and δ −18.7 (br, 2H, W1/2 = 60 Hz). With further
cooling to 210 K, the 1H NMR slow exchange limit is reached,
which gives a spectrum consistent with the solid-state struc-
ture of 4; there are four hydride environments, at −7.62 (s,
1H), −12.84 (s, 2H), −13.06 (s, 2H) and −18.55 (d, 2H, 2JPH =
66.2 Hz). Coupling between the hydride environments was not
resolved. The slow-exchange limit 31P{1H} NMR was observed
at 210 K, and has three environments at δ 54.9, 50.0 and 44.2,

in a 2 : 1 : 2 ratio. Moving the {1H} decoupling frequency away
from the hydride region reveals that the resonance at δ 54.9
shares the large 2JPH = 66.2 Hz observed in the 1H NMR. The
253 K 31P{1H} NMR decoalesces into two peaks at 253 K, which
can be modelled by an exchange between the environments at
δ 50.0 and 44.2 that is ten times faster than with the environ-
ment at δ 54.9. Taking the solid-state structure into consider-
ation, it seems most likely that the more slowly exchanging 31P
environment at δ 54.9 are P(2) and P(5), which point toward

Scheme 6 Top: Synthesis of [(iPr3P)Ni]5(μ5-SiEt)H7 (4). Bottom: Catalytic H/D exchange of C6D6 Et3SiH mediated by 4-d7.

Fig. 6 ORTEP drawing of solid-state structure of 4 at 30% ellipsoid probability, top view (left), side view (right). Hydrogen atoms except hydrides
and carbon atoms of iPr3P are omitted for clarity. Selected bond distances (Å): Ni(1)–Ni(2): 2.4170(5), Ni(1)–Ni(5): 2.4196(6), Ni(2)–Ni(3): 2.4707(5), Ni
(3)–Ni(4): 2.6703(6), Ni(4)–Ni(5): 2.4713(6), Si(1)–Ni(1): 2.3589(5), Si(1)–Ni(2): 2.3584(6), Si(1)–Ni(3): 2.2462(6), Si(1)–Ni(4): 2.2497(6), Si(1)–Ni(5):
2.3600(6).
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the same face of the cluster as the SiEt moiety, whereas the δ

44.2 peak are P(3) and P(4), which more rapidly exchange with
P(1) at δ 50.0. This assignment is also consistent with the large
66.2 Hz coupling being from 2JP(2)H(3) and

2JP(5)/H(4), as these
are the only nearly trans-disposed phosphines and hydrides.

Complex 4 undergoes slow H/D exchange with deuterated
aromatic solvents such as benzene-d6. All seven hydrides can
be substituted by deuterides over the course of a day at room
temperature, as shown on the bottom of Scheme 6. In
addition, 4-d7 also catalyzes the conversion of Et3SiH to Et3SiD
in C6D6 at room temperature, as evidenced by the dis-
appearance of both the Si–H signal and the 3JHH coupling of
the Si–H to the ethyl CH2 in the 1H NMR spectrum of 4-d7 in
C6D6 with added Et3SiH.

Conclusion

This work shows a variety of ways that clusters can unlock novel
reactivity, with the stereoselective dimerization of norbornene
by 1 dramatically changing to stereoselective [2 + 2] cyclodimeri-
zation with the substrate norbornadiene. This reaction gives a
rare example of a cluster catalyzed transformation whose selecti-
vity has not been matched by a mononuclear species. A surpris-
ing aspect of this study is the remarkable persistence of the Ni5
core, despite changes geometry, electron count, and formal
cluster oxidation state. This is demonstrated by the cluster geo-
metry adopted by 2, which gives insight into the different struc-
tural motifs available and the influence of multiple metals on
the availability of distal sites of activation. Attempts to extend
this to catalytic functionalization with organosilanes failed, but
yielded the unique clusters 3, which remarkably shared a
similar Ni5 cluster geometry to 2. Although clusters 2 and 3
share similar electron counts it should be noted that an analo-
gous clusters such as [(iPr3P)4Ni5](η5-C5H5)H5,

23 with identical
electron counts maintain a square-based pyramidal Ni5 geome-
try. The presence of ligands that can only bridge between
metals, like the C10H13 XL2 donor in 2, clearly play an important
role is the favoured geometry.

Complex 4 featured its own unique cluster geometry,
achieved after multiple Si–C bond cleavages. Complexes 3 and 4
add to the scarce examples of multinuclear complexes bearing
silyl, silylene and silylyne ligands through cooperative multiple
Si–H, Si–C bond activations in literature. The successful syn-
thesis and isolation of such complexes provides an entry point
to new stoichiometric and potentially Ni catalyzed reactions that
utilize silanes,68–74 and a foundation upon which to understand
the bonding in these species. Future work will examine the
potential for catalysis from these complexes.

Experimental
General considerations

General experimental considerations. Unless otherwise
stated, all reactions were carried out in an inert atmosphere

under standard Schlenk or glovebox techniques. Benzene-d6,
and toluene-d8 were degassed by three freeze–pump–thaw
cycles, and subsequently dried by running through a column
of activated alumina. Anhydrous solvents and reagents were
purchased from Millipore Aldrich (Sigma Aldrich), or
Oakwood Chemicals. Silane reagents were degassed by three
freeze–pump–thaw cycles and dried by standing over 4 Å mole-
cular sieves for 24 h prior to use. 1H, 13C{1H}, 29Si{1H} and 31P
{1H} NMR spectra were recorded on a Bruker AMX
Spectrometer operating at either 300 MHz or 500 MHz with
respect to proton nuclei. The compound [Ni(iPr3P)]5H6 (1) was
synthesized according to reported procedures.21 Additional
experimental details and spectra are provided in the SI.

Synthesis of 2. To a stirring n-pentane solution of [Ni
(iPr3P)]5H6 (1) (1 g, 0.91 mmol) was added dropwise a solution
of excess cyclopentene (680 mg, 9.98 mmol) at 298 K, as
shown in Scheme S1. The reaction mixture was stirred for an
additional 30 min before the volatiles were removed under
vacuum. To isolate 2, which appeared to be formed nearly
quantitatively from 31P{1H} NMR, the crude was dissolved in
minimal amount of n-pentane and crystalized at 233 K to
afford crystalline solid (65%, 635 mg). The crystals were suit-
able for single-crystal X-ray diffraction studies. Multiple crys-
tals provided the same unit cell and structure, despite the
clear presence of two isomers in slow-exchange in the solution
NMR spectra; there is no indication that a second isomer crys-
tallizes from solution under these conditions. It should be
noted that although the cocrystallized pentane observed in the
X-ray structure can be removed under vacuum, trace amounts
of the organic catalysis products, C10H16, are difficult to fully
remove from the samples via a single recrystallization. 1H
NMR (298 K, benzene-d6, 500 MHz): δ −21.10 (br s, 1H),
−17.96 (br s, 2H associated with isomer 2a), −16.17 (br s, 2H),
−15.12 (br s, 1H), −10.80 (br s, 1H), 0.65 (m, 1H), 0.73 (m, 1H),
1.04 (dd, 9H, J = 13, 6.7 Hz), 1.05 (dd, 9H, J = 13, 6.7 Hz), 1.12
(dd, 9H, J = 12, 7 Hz), 1.17 (dd, 9H, J = 13, 6.7 Hz), 1.19 (dd,
9H, J = 13, 6.7 Hz), 1.25–1.39 (overlapping dd, 90 H), 1.52 (dd,
9H, J = 13, 6.7 Hz), 1.57 (m, 1H), 1.72 (d of sept, 3H, J = 7.6,
7 Hz), 1.77 (d of sept, 3H, J = 7.6, 7 Hz), 1.82 (d of sept, 3H, J =
7.6, 7 Hz), 1.89 (m, 1H), 2.01 (d of sept, 3H, J = 7.6, 7 Hz), 2.31
(d of sept, 3H, J = 7.6, 7 Hz), 2.31 (d of sept, 3H, J = 7.6, 7 Hz),
2.38 (dt, 1H, J = 11.6, 7 Hz), 2.54 (m, 2H), 2.58 (d of sept, 3H,
J = 7.6, 7 Hz), 2.82 (dd, 1H, J = 11.8, 7 Hz), 2.87 (dd, 1H, J = 7.6,
3 Hz), 2.96 (dt, 1H, J = 24, 4 Hz), 3.02 (dd, 1H, J = 14, 5 Hz),
3.54 (dt, 1H, J = 20, 5 Hz), 3.98 (m, 1H). 31P{1H} NMR (298 K,
benzene-d6, 121.5 MHz): δ 40.8 (m, P), 43.8 (m, 2P) 52.5 (m,
1P), 63.3 (br s, 1P), 67.6 (br s, 1P). 63.1 (m, 1P), 69.4 (m, 1P).
13C{1H} NMR (298 K, benzene-d6, 125 MHz): δ 20.3 (d, J =
2.3 Hz), 20.3 (d, J = 3.5 Hz), 20.4 (d, J = 2.8 Hz), 20.6 (d, J = 2.9
Hz), 20.6 (d, J = 3.7 Hz), 20.7 (d, J = 2 Hz), 20.7 (d, J = 3.3 Hz),
20.8 (s), 20.9 (d, J = 4.6 Hz), 21.1 (d, J = 4.2 Hz), 21.1 (d, J =
4.2 Hz), 21.2 (d, J = 5 Hz), 21.3 (d, J = 4 Hz), 21.3 (d, J = 4.2 Hz),
21.5 (d, J = 4 Hz), 21.5 (d, J = 4.7 Hz), 23.6 (d, PCH, J =
13.5 Hz), 24.9 (d, PCH, J = 13.4 Hz), 26.1 (d, PCH, J = 11 Hz),
26.2 (d overlapped, PCH, J = 14 Hz), 26.2 (d overlapped, PCH,
J = 12 Hz), 26.6 (d, PCH, J = 12.5 Hz), 26.8 (d, J = 14.2 Hz), 27.3
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(s, CH2), 27.4 (s, CH2), 27.6 (d, PCH, J = 13.6 Hz), 29.3 (s), 30.9
(d, J = 6 Hz), 31.4 (d, J = 6.5 Hz), 32.4 (s), 34.6 (s), 35.2 (s), 35.3
(s), 36.3 (s), 36.4 (s), 37.8 (s), 39.1 (d, J = 7 Hz), 50.9 (d, J = 4.6
Hz), 59.1 (s), 62.2 (m), 71.8 (s), 83.6 (s), 83.8(s), 84.8(s). Anal
calc for C46H102Ni5P4 (1072.68 g mol−1): calc: C, 51.51; H, 9.58
found: C, 51.96; H, 9.72.

Synthesis of 3. To an n-pentane solution (3 mL) of 2
(100 mg, 0.09 mmol) was added an n-pentane solution (2 mL)
of Ph2SiH2 (34 mg, 0.18 mmol) and stirred for 1 h at 298 K
before it was pumped dry under vacuum. The solid crude was
then redissolved in minimal amount of n-pentane to crystalize
at 233 K yielding 88 mg of 3 (73%).

Alternative synthesis of 3 from 1: to a stirring n-pentane
(7 mL) solution of [Ni(iPr3P)]5H6 (1) (500 mg, 0.45 mmol) was
added dropwise an n-pentane solution (3 mL) of Ph2SiH2

(166 mg, 0.9 mmol), a precipitate immediately formed, along
with noticeable gas liberation from the solution. The mixture
was stirred for another 5 min prior to filtration and the solid
was dried under vacuum to obtain essentially pure 3 (399 mg,
0.31 mmol, 68%). Crystals of 3 suitable for single-crystal X-ray
diffraction studies were grown from a concentrated toluene solu-
tion of 3. 1H NMR (298 K, benzene-d6, 500 MHz): δ −22.65 (br s,
W1/2 = 63 Hz, 1H), −15.06 (br s, W1/2 = 57 Hz, 1H), −9.40 (br s,
W1/2 = 860 Hz, 1H), −4.12 (br s, W1/2 = 59 Hz, 1H), 0.96–1.53
(overlapping br s, 72 H), 1.88–1.99 (overlapping br s, 12 H).
13C{1H} NMR (298 K, benzene-d6, 125 MHz): δ 20.8 (overlapping
br s, 24 C), 23.5 (br s, 3C), 25.1 (br s, 3C), 26.2 (br s, 3C), 27.2 (br
s, 3C), 126.6 (br s), 127.3 (s), 136.8 (br s), 137.3 (s). 31P{1H} NMR
(298 K, benzene-d6, 202 MHz): δ 48.2 (br s, W1/2 = 57 Hz, 1P),
58.8 (br s, W1/2 = 39 Hz, 1P), 68.4 (br s, W1/2 = 54 Hz, 1P), 74.4
(br s, W1/2 = 40 Hz, 1P). Anal calc for C60H110Ni5P4Si2 (1305.07 g
mol−1): calc: C, 55.22; H, 8.50 found: C, 54.91; H, 8.39.

Synthesis of 4. To a stirring n-pentane (7 mL) solution of [Ni
(iPr3P)]5H6 (1) (500 mg, 0.45 mmol) was added dropwise an
n-pentane solution (3 mL) of Et3SiH over the course of 15 min.
The reaction mixture was stirred for 3 hours at 298 K and the
reaction progress was monitored by NMR spectroscopy using ali-
quots from the reaction mixture. The solvent and excess Et3SiH
was removed under vacuum and crude 4 was redissolved in
minimal n-pentane and cooled in a −40 °C freezer inside the glo-
vebox to afford crystals of 4 suitable for single crystal X-ray diffrac-
tion studies. The mother liquor was reduced to afford a second
crop with a total yield of 189 mg (0.16 mmol, 36%). 1H NMR
(298 K, benzene-d6, 500 MHz): δ −18.83 (br s, W1/2 = 146 Hz, 2H),
−11.82 (br s, W1/2 = 176 Hz, 5H), 1.37 (dd, J = 12.2 Hz, 7.1 Hz, 90
H), 1.58 (t, J = 7.7 Hz, 3H), 2.07 (q, J = 7.7 Hz, 2H), 2.09 (sept, J =
7.1 Hz, 15H). 13C{1H} NMR (298 K, benzene-d6, 125 MHz): δ 13.9
(s, SiCH2CH3 1C), 20.9 (d, PCH(CH3)

3JCP = 2.4 Hz, 30C), 24.9 (d,
PCH(CH3)

3JCP = 9.1 Hz, 15C), 28.4 (s, SiCH2CH3 1C). 31P{1H}
NMR (298 K, benzene-d6, 202 MHz): δ 49.9 (br s, W1/2 = 107 Hz,
5P). Anal calc for C47H117Ni5P5Si (1158.87 g mol−1): calc: C, 48.71;
H, 10.18 found: C, 48.34; H, 9.99.

Computational details

All calculations were performed using Gaussian 16 C01.75

Geometry optimizations, vibrational frequency and single

point energy calculations were performed using the BP86 func-
tional with the Def2SVP basis set. The energies of the species
are summarized in Table S4. The nature of all stationary
points was confirmed by the number of imaginary frequencies;
all minima were assessed to have zero imaginary frequencies.
Optimized XYZ coordinates are included in the SI.

Data availability

Supplementary information (SI): detailed syntheses, character-
ization data and NMR spectra, and select crystallographic data
and computational details, Cartesian coordinates for the DFT
optimized structures (XYZ). See DOI: https://doi.org/10.1039/
d5dt02642c.

CCDC 2371929–2371931 (3, 2 and 4) contain the sup-
plementary crystallographic data for this paper.76a–c
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