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[(L1)Au(u-H),MCp,I[BF,] complexes (M =
cavity-shaped tris-2-(4,4'-di-tert-butylbi-phenylyl)phosphine (L1)

Mo and W) featuring

have been isolated. The tungsten derivative showed a remarkably
fast reactivity in photolytic hydride transfer to generate the mono-
nuclear gold hydride (L1)AuH. Both bimetallic adducts trap Ag*
cations, forming unprecedented {Au(p-H)M(u-H)Ag} trimetallic
assemblies with destabilized Au—M interactions.

Heterobimetallic hydride complexes have been extensively
investigated over the past few decades owing to their peculiar
bonding features, as well as their applications in synthesis and
catalysis." In the context of gold chemistry, bimetallic
hydrides® are interesting targets because they show increased
thermal stability with respect to terminal mononuclear
hydrides® and can serve as platforms for broad structural
investigations.” More recently, these species have garnered
renewed interest in connection with hydride transfer/insertion
chemistry and different bimetallic combinations have been
produced with the aim of unlocking novel reactivity.’

In this respect, we reported that Mo and W metallocene
dihydrides are suitable donors for Au() and Au(m) cationic
species, forming stable bridging hydride and bimetallic inter-
actions that arise from the marked Lewis basicity of group VI
metals in the +IV oxidation state.® In the case of Au(i), hetero-
bimetallic adducts of the type [LAu(p-H),MCp,][X] (M = Mo or
W, L = N-heterocyclic carbene (NHC) or phosphine, and X =
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weakly coordinating anion) can be photolysed to produce
mononuclear gold hydrides and cationic metallocenium
species.” The outcome of this reaction depends on multiple
factors including ancillary ligands, group VI metals and inci-
dent wavelengths. Notably, quantitative hydride transfer is
achieved exclusively when NHCs are used to bind the gold
centre, as phosphine-based complexes tend to decompose
rapidly.

This behaviour is not unexpected, given the low stability of
(phosphine)Au(r) hydrides, which tend to decompose into Au
(0) and homoleptic compounds of the type [AuL,]".® To
address this limitation, we recently explored the encapsulating
effect of the cavity-shaped tris-2-(4,4"-di-tert-butylbiphenylyl)
phosphine ligand (L1, Fig. 1), which has already proven
effective in stabilizing unusual Au(i) n—ethylene and n-acety-
lene adducts.’ Although the resulting Au(i) terminal hydride,
(L1)AuH, still exhibited reduced thermal stability, it could be
accessed."’

Capitalizing on these results, we now report that [(L1)Au]" frag-
ments form stable bimetallic adducts with Cp,MoH, and
Cp,WH,, despite their congested environment. Importantly,
unlike other phosphine-based gold precursors, the resulting bi-
metallic adducts can be successfully used in assessing photolytic
hydride transfer. Moreover, the presence of the dangling biphenyl
rings has been exploited to introduce a third metal into the
cavity, showcasing how the flexibility of this ligand impacts the
reactivity of heterobimetallic bridging hydrides.

Monitoring the reaction between [(L1)Au(NCMe)|[BF,] and
Cp,MH, (M = W and Mo) by in situ NMR (CD,Cl,, 298 K)

hv

Faster and selective hydride transfer

(S uE---;M
“H T» Stabilization of trimetallic adducts
g
M =W or Mo

Fig. 1 Outline of this work.

This journal is © The Royal Society of Chemistry 2025


http://rsc.li/dalton
http://orcid.org/0000-0001-7630-8501
http://orcid.org/0000-0002-5481-1234
http://orcid.org/0000-0002-5155-1262
http://orcid.org/0000-0002-2679-8407
https://doi.org/10.1039/d4dt03150d
https://doi.org/10.1039/d4dt03150d
http://crossmark.crossref.org/dialog/?doi=10.1039/d4dt03150d&domain=pdf&date_stamp=2025-01-10
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt03150d
https://rsc.66557.net/en/journals/journal/DT
https://rsc.66557.net/en/journals/journal/DT?issueid=DT054003

Open Access Article. Published on 05 December 2024. Downloaded on 5/18/2025 7:56:23 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

revealed that novel heterobimetallic complexes form immedi-
ately upon mixing.” The presence of a single hydride signal in
the 'H NMR spectrum at &y = —9.35 for Mo and &y =
—11.08 ppm for W, coupled with *'P (*Jyp = 29.6 and 37.8 Hz
for W and Mo, respectively), was particularly indicative of the
formation of [(L1)Au(p-H),MCp,][BF,] adducts 1 (M = W) and 2
(M = Mo; Scheme 1). Consistently, "H NOESY NMR showed the
presence of dipolar coupling between the metallocene dihy-
dride signals and the aromatic protons of the biaryl units
(Fig. S6, ESIt).

The bimetallic complexes are stable at RT and were isolated
in good yields (74% and 88% for 1 and 2, respectively) by reac-
tion scale-up and purification by recrystallisation. The spectro-
scopic fingerprints of the metallocene in 1, including the
"H-"%W scalar coupling (“Jwu = 74.0 Hz), appear very similar
to those previously reported for analogous [(R3P)Au(p-
H),MCp,]" cations,” as does the *'P NMR shift (5p = 46.0 ppm).
The same NMR trends are observed for complex 2. Similarly,
the spectroscopic properties of the phosphine ligand are
unaffected by the coordination of the metallocene in both 1
and 2.

Slow diffusion of pentane into dichloromethane solutions
of complexes 1 and 2 resulted in single crystals suitable for
X-ray diffraction analysis. The solid-state molecular structures
(Fig. 2 for 1 and Fig. S467 for 2) confirm that the metallocene
donors perfectly fit into the [(L1)Au]’ cavity, establishing a
quasi-linear P-Au-M arrangement (a P1-Aul-W1 angle of
176.76(4)° and a P1-Aul-Mo1 angle of 176.67(3)°). The two bi-
metallic adducts appear isostructural, with a metal-metal dis-

‘Bu Bu BF, Bu BFy
NCMe CpMH,
AgBF, -NCMe
_— _—
P 3 CHel, P 3 CH,Cl, 3
| 25°C | 25°C |
Au Au Au
| | o ! \H
c Bu NCMe Bu \i/ ‘Bu
Cp2

M =W (1) or Mo (2)

Scheme 1 Synthesis of bimetallic complexes 1 (Au—W) and 2 (Au—Mo).

Fig. 2 Left: molecular structure of 1. Hydrogen atoms, solvent mole-
cules and anions are omitted for clarity. Thermal ellipsoids are set at
50% probability. Selected bond lengths [A] and angles [?]: Aul-W1:
2.7523(5), Aul-P1: 2.278(1), P1-Aul-W1: 176.76(4), and Cpcentroia—W1—
Cpcentroia: 141.68. Right: CPK representation of the solid-state structure
of [1]*.
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tance that is only marginally longer in 2 (Aul-W1 = 2.7523(5)
A and Aul-Mo1 = 2.7779(5) A). Consistent with the NMR
results in solution, there are no notable differences between
the structural parameters of 1 and 2 and those previously
reported for [(RyP)Au(p-H),MCp,]".” While this may appear
surprising at first, the space filling representation of the struc-
ture of 1 (Fig. 2) clearly shows that the high flexibility of the
biaryl arms of the phosphine encapsulates the metallocene
fragment with an optimal geometry, fitting the cyclopentadie-
nyl rings into the cone described by the tert-butyl phenyl
groups and leaving enough space for the bridging hydride
interactions.

Photolysis experiments were performed by exposing diluted
THF-dg solutions of 1 and 2 to broadband UV light
(280-385 nm, Xe lamp). These irradiation conditions were
found to be the most effective in achieving a faster and more
selective generation of terminal (NHC)AuH species.” Unlike
other phosphine-based [(R;P)Au(u-H),WCp,]" species, the
irradiation of a 0.6 mM solution of 1 does not lead immedi-
ately to reductive decomposition. Instead, monitoring the reac-
tion by "H NMR revealed that a clean photolysis of the bi-
metallic hydride occurs, leading to the generation of terminal
(L1)AuH and [Cp,W(H)THF|[BF,] (Scheme 2). The formation of
the terminal gold hydride was corroborated by the presence of
the characteristic doublet at 8y = 3.27 ppm in the 'H NMR
spectrum, with a *Jyp of 221.2 Hz (Fig. 3, right), and at &, =
34.0 ppm in the *'P NMR spectrum, which resolves into sing-
lets upon selective decoupling from *'P and 'H, respectively.'®

Strikingly, the photolytic hydride transfer is over ten times
faster than that reported for [(IPr™®)Au(u-H),WCp,][BF,] (IPr™

— +  [CpaWH(THF)][BF4]
FI’ 3 THF-dg F|’ 3
o Xe
SN
H ! H H 4
\i/ Bu 1 Bu
Cp2

Scheme 2 Outcome of the photolysis of 1 (280-385 nm, THF-dg, and
298 K).

HNMR
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Fig. 3 Concentration versus time profile for irradiation with UV light in
THF-dg of 1 (left); comparison between the 'H NMR and H{*!P} NMR
spectra of (L1)AuH, highlighting the hydride shift (right).
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= C{(N'PrCMe),}).” After 20 min, 50% of 1 is converted into the
terminal hydride (L1)AuH (Fig. 3, left), while (IPr™¢)AuH
formed in 45% yield only after 200 min under the same con-
ditions. This is most likely ascribed to the steric congestion
around the bimetallic core, which not only facilitates splitting,
but also may disfavour any reversible association between
metal fragments formed upon photolysis. (L1)AuH exhibits
limited stability and therefore it does not accumulate over
50%. Its degradation leads to free phosphine (6p = —29.0 ppm),
probably due to a reductive elimination pattern supported by
the presence of a small amount of H, (6; = 4.54 ppm). This is
somewhat related to the decomposition of gold methyl com-
plexes via ethane release and likely involves multimetallic
intermediates.'” Kinetically, the mixture follows a typical con-
secutive reaction pathway, where 1 decreases and the free
ligand increases over time, while (L1)AuH accumulates for the
first 20 min and is completely consumed in less than 1 hour
(Fig. 3, left).

Surprisingly, complex 2 proves to be photostable and no
hydride transfer occurs upon irradiating a 0.6 mM THF-dy
solution over 30 min. After 2 hours of irradiation, the "H NMR
spectrum shows only 15% degradation, with no trace of gold-
hydride formation. Instead, the generation of (L1)AuCl was
observed, where the chloride atom probably derives from
traces of dichloromethane (Fig. S35, ESI{).

These results highlight that the hydride transfer reaction is
affected by the nature of group VI metals, consistent with our
previous findings.” In particular, the efficiency of hydrogen
transfer is related to the nature of the HOMO-LUMO tran-
sition and, specifically, to the presence of partial 6*(M-H)
character in the excited state. It is reasonable that in the
molybdocene complex, such antibonding character is
somehow depressed and the complex does not undergo photo-
lysis. These observations showcase the peculiar role played by
the bulky phosphine, which allows us to observe both com-
plete and arrested hydride transfer in this series of
compounds.

Encouraged by these results, we also investigated whether
this ligand would stabilise multimetallic interactions with a
third metal. To this end, Ag" was chosen as an electrophilic
cation prone to forming metallophilic interactions with both
Au and W. Besides, it has potential for triggering electron
transfer reactions due to its high reduction potential and to
enable cooperative effects within the context of gold
catalysis."?

The addition of solid AgBF, to a CD,Cl, solution of 1 or 2
leads to the formation of new trimetallic bridging hydride
adducts (3 and 4, Fig. 4, left) over 10 minutes at RT, as
suggested by in situ NMR spectroscopy. However, these species
rapidly decompose, resulting in a black precipitate along with
the known trimetallic [(L1)Au(p*-Cl)Ag,]*" species (Fig. S25,
ESIt).> The reaction was replicated by adding 0.5 equiv. of
AgBF, at a time, revealing that 2 equiv. of silver are required to
achieve the quantitative formation of the trimetallic com-
pounds (Fig. S17, ESI}), possibly owing to the presence of an
equilibrium reaction.
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Fig. 4 Synthesis of trimetallic Au—Ag—M bridging hydrides 3 (M = W)
and 4 (M = Mo) (left); *H and *H{*'P} NMR spectra in CD,Cl, of 3 at
—80 °C zoomed in on the hydride shift (right).

To limit decomposition effects, the reaction was performed
at 273 K. The spectroscopic data show that the hydride signals
of the trimetallic adducts are low-frequency shifted with
respect to those of 1 and 2 (6y = —12.51 ppm and A§ = —1.43
for 3 and 6y = —11.79 ppm and A§ = —2.44 for 4). Jyp values
are also lower (19.3 and 27.9 Hz for 3 and 4, respectively),
while the *'P NMR chemical shift is high-frequency shifted
with respect to those of the precursors (§p = 53.8 ppm and AS
= 7.8 for 3 and p = 41.0 ppm and A§ = 4.6 for 4). Upon lower-
ing the temperature to 193 K, the hydride resonance splits into
two distinct doublet signals (§y = —12.17 and —13.27 ppm for
3 (Fig. S11, ESIf) and 6y = —11.98 and —12.32 ppm for 4
(Fig. S20, ESIt)) that show two significantly different coupling
constant values. Only the high-frequency shifted signal
resolved into a singlet upon performing a '"H{*'P} NMR experi-
ment (Jpy = 40.3 and 53.4 Hz for 3 (Fig. 4, right) and 4,
respectively), while the second resonance retained its multi-
plicity. This observation is attributed to scalar coupling
between the hydride and '*’Ag/'*’Ag nuclei (Jagu = 75.6 for 3
and 78.9 Hz for 4) and indicates that the two hydride moieties
have an asymmetric configuration, where one is interacting
with *'P via the Au centre and the other is bound to Ag only.
Most likely, this configuration is highly fluxional, leading to
averaging in the '"H NMR spectrum at higher temperatures.
Consistently, also the Cp and the ortho-H of the 4-tert-butyl-
aryl ring split into two different resonances at 193 K (see the
ESIT), confirming that the reaction with Ag" removes the sym-
metry of the bridging hydrides.

Single crystals of 3 were obtained by slow diffusion of
pentane into a concentrated dichloromethane solution. The
X-ray diffraction analysis confirmed the assignment proposed
by NMR and showed that an Ag" cation binds both Au and W
at the same time, with Ag---Au and Ag---W distances of
2.7150(9) and 3.090(1) A, respectively. The original linearity of
the P-Au-W arrangement is not perturbed, with a P1-Au1-W1
angle of 175.63(6)°. The silver cation also establishes a weak
interaction with a [BF,]” anion (d(Ag2-F1) = 2.532(8) A) and a
phenyl ring of the ligand (d(Ag2-C11) = 2.65(1) A and d(Ag2-
C12) = 2.45(1) A). Evidently, the presence of the dangling
diphenyl ring acts as a stabilizing factor for Ag coordination,
showcasing again the unique properties of the cavity-shaped
ligand L1."?

This journal is © The Royal Society of Chemistry 2025
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The presence of the three metals in close proximity makes
locating the hydride moieties by X-ray diffraction extremely
difficult. For this reason, we performed a conformational ana-
lysis starting from the X-ray structures (see the ESIT for details).
Taking into account the NMR fingerprints, we hypothesized two
possible scenarios (Fig. 5): (i) an outside approach of the Ag
atom to the bimetallic core, where the pre-existing Au(p-H)W
bridging hydride interactions are not broken or (ii) an inside
approach where Ag inserts into one of the Au bridging hydride
bonds. Our calculations suggest that the inside structure is
more stable by over 5.6 kcal mol™" (Fig. 5), and therefore we
propose that the new trimetallic species 3 and 4 arise from the
insertion of an Ag cation into one bridging hydride, in full
agreement with the observed spectroscopic pattern.

Next we performed preliminary studies to assess the impli-
cations of silver insertion on the reactivity of 3 and 4 compared
to 1 and 2. In line with previous studies, 1 and 2 were unreac-
tive towards H, (or D,), MeCN, pyridine (py), C,H,;, CO and
CO, under relatively mild conditions (25 °C; 1 equiv. or 1 bar).
On the other hand, trimetallic species 3 and 4 are much more
reactive (Fig. 6), even though no bimetallic cooperativity could
be triggered. In particular, the addition of H, (1 bar) to a
CD,Cl, solution of 3 or 4 leads to the regeneration of 1 or 2,
along with traces of (L1)AuCl and other unidentified species.
In the case of 1, the formation of [Cp,WH;][BF,] was observed,
suggesting that a heterolytic H, splitting pathway may be
active (Fig. S36, ESIt). However, no gold hydride was inter-

H161
5.6 kcal/mol H162

w v

H161Z\
0 kcal/mol
w v

H162

Fig. 5 Left: molecular structure of 3. Hydrogen atoms, solvent mole-
cules and anions are omitted for clarity. Thermal ellipsoids are set at
50% probability. Selected bond lengths [A] and angles [?]: Aul-Ag2:
2.7150(9), W1-Ag2: 3.090(1), Aul-W1: 2.8541(5), Aul-P1: 2.311(2), Ag2—
F1: 2.532(8), Ag2—-C11: 2.65(1), Ag2—C12: 2.45(1), P1-Aul-W1: 175.63(6),
and Cpcentr—W2—-Cpcentr: 138.28. Right: calculated conformational ener-
gies for the “outside” silver insertion (+5.6 kcal mol™) or insertion into a
bridging hydride bond (0 kcal mol™) structure.

Bu " |BFe My pMH, + (L1)AUC + [CpWHSIBFS]
O MeCN _ ((L1)AUNCMe][BF,] + unidentified Ag/M species
3 BY o [(L1AU(PY)IBF4] (5) +[pyHIBF4]
AL O Caty [(L1AU(CoHA)IBF 4] + [(L1)Ag(H20)I[BF 4] (6)
Ag H \H
I RN £0 [L1)AU(CO)BF]
H—MCp, SRS D R Y 4
M =W (3) or Mo (4) | None of the substrates tested react with the

| bimetallic bridging hydrides 1 and 2.
i At i A IR 4

Fig. 6 Reactivity overview of trimetallic bridging hydrides (3 and 4).
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cepted. The addition of an excess of acetonitrile regenerates
instead of [(L1)AuNCMe][BF,] (Fig. S39, ESI}{) and other bi-
metallic Ag/M species that undergo degradation.

In the case of pyridine, 3 and 4 react with a stoichiometric
amount of the base, affording [(L1)Au(py)][BF,] (5) and
[pyH][BF,] (6 = 14.48 ppm), possibly arising from partial
hydride oxidation (Fig. S40 and S41, ESI{)."* Finally, 3 and 4
also react with C,H, and CO, affording the known gold(i)
n-C,H, or CO adducts (Fig. S43 and S45, ESIf). In the case of
ethylene, small traces of an aqueous silver complex [(L1)Ag
(H,0)]" (6) were also found, probably due to the presence of
adventitious water. Overall, these studies demonstrate the acti-
vating effect of the occluded silver atom within the bimetallic
structures 1 and 2, offering an alternative approach for increas-
ing the reactivity of otherwise inert bimetallic structures.

In summary, we have synthesized and characterized hetero-
bimetallic bridging hydride compounds of the type [(L1)Au(p-
H),MCp,][BF,] (M = W(1) and Mo(2)) by using the exception-
ally bulky tris-2(4,4"-ditert-butylbiphenylyl)phosphine ligand.
These complexes proved highly reactive under UV light
irradiation, with hydride transfer reaction rates that are 10
times faster than previous NHC-based analogues. Besides, the
addition of AgBF, affords exotic trimetallic adducts upon
silver insertion into one bridging hydride. These trimetallic
species unlocked the reactivity towards small molecules of the
otherwise inert bimetallic adducts, paving the way for the
generation of functional multimetallic cooperative systems
beyond two metals.

Data availability

All data are available within the manuscript and ESI.{
Crystallographic data for 1, 2, 3, 5 and [Ag(py).][SbFs] have
been deposited at the CCDC under 2392134-2392138.F
All other datasets supporting this article have been
uploaded as part of the ESL.{
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