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Abstract: A joint experimental/computational effort to elucidate the mechanism of dihydrogen
activation by a gold(l)/platinum(0) metal-only frustrated Lewis pairs is described herein. We have
also investigated the drastic effects on H; activation derived from subtle ligand modifications.
The importance of the balance between bimetallic adduct formation and complete frustration has
been interrogated, providing for the first time evidence for genuine metal-only FLP reactivity in
solution. The origin of a strong inverse kinetic isotopic effect has also been clarified, offering
further support for the proposed bimetallic FLP-type cleavage of dihydrogen.

Introduction

Frustrated Lewis pair (FLP) chemistry has become a continuously growing area of research owing
to the ability of FLP systems to activate a wide range of small molecules.® Moving from
stoichiometric studies to catalysis has allowed the development of highly efficient hydrogenation
processes that do not require the presence of a transition metal.2 Other related catalytic
transformations such as hydrosilylation,® hydroboration,* hydroamination® or dehydrogenation®
were soon disclosed for FLP systems and, more recently, the catalytic spectrum has spread with
less conventional transformations,” including C-H functionalization reactions. In most cases, the
individual constituents of FLPs are based on main group elements, typically the lighter ones,
being phosphine-borane pairs the foremost and most paradigmatic examples. However, the
inherent limitations of these elements in terms of redox reactivity have precluded the discovery
of more sophisticated catalytic transformations on a regular basis. The incorporation of transition
metals and their toolkit of elementary reactions into FLP systems emerged as a promising
approach to extend their catalytic usefulness.® To this regard, pioneering work from the groups of
Wass® and Erker'® on zirconium-phosphine combinations was shortly followed by notable
examples designed around a variety of metals,!! demonstrating the potential of transition metal
frustrated Lewis pairs (TMFLPs) in small molecule activation and catalysis.

In this context, the design of frustrated systems in which the two components are based on
transition metals became an obvious target.'? Encouraged by this idea, we recently described the
first transition metal-only FLP (TMOFLP) by combining Au(l) and Pt(0) compounds as the acidic
and basic counterparts respectively (Scheme 1).2* This metallic pair is active towards the
activation of dihydrogen to yield a heterobimetallic dihydride (3a). As discussed later in more
detail, we observed a drastically different reactivity for the TMOFLP and for the individual Au(l)
and Pt(0) species, demonstrating the cooperative effect imparted by the two metals.
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Scheme 1. Dihydrogen activation by a Au(l)/Pt(0) transition metal-only frustrated Lewis pair
(TMOFLP) (NTfy (triflimide)= [N(SO.CFs3)2]).iError! Marcador no definido.

The variety of potential chemical pathways to account for the H; splitting depicted in Scheme 1
prevented us from providing a solid mechanistic picture during our preliminary investigations.*®

In fact, the mechanisms by which TMFLPs operate remain underexplored compared to
phosphine-borane and related main group designs. As an archetypical example, a vast amount of
work has emerged to gain fundamental mechanistic understanding of the heterolytic cleavage of
dihydrogen with traditional FLPs.}* Nonetheless, and despite being the simplest molecule to
activate, the precise mechanism remains a matter of intense debate.’® Focusing on metal-
containing systems, most relevant information derives from the concept of metal-ligand
cooperation, including prominent hydrogenation catalysts containing pendant Lewis acid or basic
sites, whose reactivity resembles that of TMFLPs.216 In the same vein, the mechanistic knowledge
regarding TMOFLPs is virtually nonexistent, albeit significant insights may be inferred from
polar heterobimetallic complexes.*’

An important aspect when studying mechanisms in FLP systems is the presence of acid-base
interactions. Avoiding the formation of a dative bond between the Lewis acid and the Lewis base
was once considered a sine qua non condition for FLP reactivity. However, a number of studies
demonstrate that the so-called ‘thermally induced FLPs’,*® in which the resting state is a Lewis
adduct, are competent for small molecule activation.’®?° In fact, these systems may even
outperform their fully frustrated versions in catalytic applications.?* Thus, a precise control of the
degree of frustration can be directly associated with catalytic efficiency (i.e. turnover
frequency).?? With this in mind and in the light of the FLP-like reactivity exhibited by
heterodinuclear complexes with an explicit M-M bond,'"?® we decided to investigate the effects
derived from finely tuning the balance between metal-metal bond formation?* and complete
metallic frustration in our gold(l)/platinum(0) system. To switch between the two extreme
scenarios we have targeted herein three Lewis acidic gold complexes stabilized by terphenyl
phosphines, PR:Ar’ (R = alkyl; Ar’ = CgH3-2,6-Ar,), whose steric parameters were recently
investigated by our group (Figure 1).% We provide a combined experimental and computational
investigation that includes isolation and reactivity studies of competent intermediates, kinetic
investigations and density functional theory (DFT) calculations with the aim of elucidating the
mechanism of dihydrogen activation by Au(l)/Pt(0) TMOFLPs (Scheme 1), paying special
attention to the effects of M-M interaction/frustration balance.



1a: R = Me; R'= Me
1b: R = Me; R' = 'Pr
1c: R =Cyp; R'= Me

Figure 1. Lewis acidic gold complexes stabilized by terphenyl phosphines used in this work
(Cyp = cyclopentyl).

Results and Discussion
Frustration versus Lewis adduct formation

To modulate the equilibrium between the formation of a dative Au«—Pt bond and complete
bimetallic frustration we examined the interaction between Pt(0) compound 2 and Au(l) triflimide
complexes la-c (Figure 1) bearing phosphines PMe,Ar®¥2 (1a), PMe,ArP**2 (1b) and
PCyp.Ar¥ (1c) (Cyp = cyclopentyl). Compounds 1a and 1c were readily prepared by the same
procedure previously reported for 1b.2° The steric shielding provided by these phosphines follows
the order PCyp,Ar¥2 > PMe,ArPPP2 > PMe,Ar¥'2 25 which has a direct impact on the reactivity
of their gold triflimide complexes with compound 2, as will be discussed in detail in the following
sections. For instance, when compound 1a, based on the less congested phosphine, is combined
with an equimolar mixture of 2, the corresponding bimetallic Lewis adduct 4a is readily formed
(Scheme 2). In contrast, compound 1b bearing the intermediate size phosphine (PMe,ArP"#r?),
seems to be in equilibrium between adduct formation and monometallic fragments. This dynamic
behavior is strongly affected by solvent, as previously investigated in detail for traditional FLP
systems.2” Thus, in CsDg solution, the *H and 3P{*H} NMR spectra of compounds
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Scheme 2. Solution equilibria for adduct formation vs full frustration in Au(1)/Pt(0) bimetallic
pairs as a function of ligand sterics and solvent conditions.



1b and 2 remained unaltered when mixed together, albeit using the more polar CD,Cl; resulted
in broadening of both of their *:P{*H} NMR signals, an observation that we attributed to the
existence of the aforementioned equilibrium.!® Thus, Lewis adduct formation appears slightly
favored under the more polar environment provided by CDCl,, as expected for the formation of
two ionic species (4b and NTf;). Moreover, we have now found that the addition of 10
equivalents of methanol results in rapid formation of 4b. This result parallels with the recently
described reactivity of the 4b:2 pair with germanium dichloride, which also leads to the formation
of 4b,?8 suggesting that the role of methanol may be facilitating triflimide solvation, promoting
the formation of the Au<«Pt bond.

Formation of the unsupported heterobimetallic compound 4b was confirmed on the basis of *H
and *'P{*H} NMR data. For the latter case, signals were recorded at 94.5 (*Jppt = 3159, 3Jpp = 2
Hz) and -34.2 (*Jeet = 1984, 2Jpp = 2 Hz) ppm, due to P(tBu)s and PMe,ArP""2, respectively.?® The
analogous complex based on PMe,Ar¥'? (4a) revealed similar *H and 3!P{*H} NMR patterns,
with characteristic *P{*H} NMR resonances at 96.4 (*Jee; = 3140, 2Jpp = 3 Hz) and -32.5 (1Jppt =
1933, 3Jpp = 3 Hz) ppm. As in compound 4b, the resonance due to the terphenyl phosphine appears
highly shifted to lower frequencies with respect to its gold precursor 1la (6 = -7.0 ppm). The
molecular formulation of 4a was further validated by single crystal X-ray diffraction analysis
(Figure 2), evincing a distorted T-shaped coordination at the platinum center. The P-Pt-P angle
of 169.97(3)° and Au—Pt bond distance of 2.561(1) A are slightly widened and shortened,
respectively, compared to 4b (P-Pt-P = 167.59(5)°; dauwrt = 2.575(1) A),? as expected for the
smaller xylyl-based terphenyl substituent on the phosphine.

Figure 2. ORTEP diagram of compound 4a; for the sake of clarity hydrogen atoms and
triflimide anion are excluded, while thermal ellipsoids are set at 50 % probability.

Conversely, the analogous reaction based on 1c does not provide any spectroscopic sign for the
formation of a new Au<—Pt dative bond even under more forcing conditions (up to 80 °C with
100 equiv. of methanol). This contrasts with previous examples based on related [Pt(0)(PR3)]2
species, which in all cases led to the formation of metal-only Lewis pairs.? Interestingly, while
combining 1a or 1b with Pt(0) precursor 2 results in a distinct bright yellow color of the resulting
solutions, the addition of 1c over benzene or chlorinated solutions of 2 did not alter the colorless
appearance of the mixture, which we attribute to the absence of adduct 4c. Thus, the steric
pressure exerted by the two cyclopentyl substituents in PCyp,Ar?2 is likely responsible for
guenching bimetallic Lewis adduct formation, which suggests a fully frustrated nature. These
findings are in perfect agreement with our DFT computational studies (owB97XD/6-
31G(d,p)[SDD], see Scheme 2), where the formation of the bimetallic adduct in CH.Cl, (SMD
model)¥® is clearly exergonic for the systems based on PMe,Ar*¥? (AG = -7.2 kcal-mol?) and
PMe,ArPPr2 (AG = -2.4 kcal-mol?), while for the latter the process turns to be endergonic when
changing the solvent to benzene, as observed experimentally. In contrast, accessing compound 4c
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based on PCyp.Ar™? is endergonic with respect to the monometallic fragments even in CH.Cl,
(10.8 kcal-mol™?) (see Sl for details).

Altogether, we have in hand a bimetallic pair where the M-M interaction/frustration balance can
be rationally tuned from expeditious M-M dative bond formation in PMe,Ar? to complete
frustration in PCyp,Ar¥2, through an intermediate and adjustable equilibrium situation in
PMe,ArPPr2 The effects of controlling this balance on the bimetallic reactivity and selectivity
towards dihydrogen activation are discussed in the following section.

Dihydrogen activation

The activation of dihydrogen has continuously been examined as the prime benchmark reaction
to demonstrate FLP behavior in main group systems. Similarly, we have investigated the
activation of the H—H bond by TMOFLP 1b:2 to confirm its FLP-like reactivity.’}jError!
Marcador no definido. We now extend these studies to the metal-only Lewis pair 4a, as well as
to the fully frustrated TMOFLP 1c:2, while providing a full mechanistic picture that highlights
the relevance of M---M interactions. Although the H—H bond in dihydrogen is somehow the
simplest covalent bond, we observe quite different product speciation for the three investigated
Au(1)/Pt(0) systems (Table 1), despite the fact that they only differ on the substituents of the
terphenyl phosphine.

(PR2AMAU(NTT,) (1a-c) + [Pt(P'Bus),] (2)

Hz, CeDs

NTH"
“|+
PH('Bu);
Ar
Ar /E—Au—Pt
R
R P(BBu)s

o ]*NTE )
P(Bu)3 P(Bu);
I
H—Plt—H
P(Bu); P(Bu);

Product speciation (Yields (%))?

Entry Gold t [Au] [Au:Pt] [Pt]
1 5 3 4 2 6 7
1 5 min - - - 100
2 la 12 h - - 38 62
3 48 h - - 99 1
4 5 min - 99 <1 - 50 50
5 1b 12 h - <1 >95 - - <1
6 5 min 89 11 - - 47 11 42
7 le 18h - 95 - - g 14 48

aYields were calculated by *H and 3*P{*H} NMR spectroscopy relative to each of the metals (Au or Pt) as appropriate;
b Unknown Pt-containing species account for the remaining percentage of Pt in solution by 3P NMR
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Table 1. Product speciation during FLP-like activation of H, by 1:2 pairs

It is important to note that neither complex 2 nor gold precursors 1 evolved when their CsDs
solutions were exposed to dihydrogen (1 bar) even under harsher reaction conditions (80 °C, up
to 1 week) to those attempted with the metallic pairs. In stark contrast, TMOFLPs 1b:2 and 1c:2
readily react with H, (1 bar, 25 °C), with the former pair exhibiting faster H—H cleavage.
Complete consumption of 1b was observed by the time spectra were recorded rapidly after sample
preparation (< 5min) to yield a 1:1:1 mixture of the hydride-bridged digold compound 5b,
platinum hydride [Pt(P'Bus).(H)]* (6)** and unreacted 2 (Table 1, entry 4). Low-temperature *H
and *P{*H} NMR monitoring revealed the extreme reactivity of TMOFLP 1b:2 towards H,, since
H—H cleavage is observed even at -20 °C, with a half-life for compound 1b of ca. 120 min at
that temperature. The foregoing mixture evolved to the heterobimetallic dihydride 3b after 12
hours at 25 °C as the only discernible product by NMR spectroscopy (entry 5).

Although proceeding at a lower rate, TMOFLP 1c:2 built on PCyp,Ar¥'2 exhibited smooth
reactivity towards H; even after short reaction times, with conversion of one tenth of 1c and more
than half of 2 (entry 6) by the time NMR spectra were recorded (ca. 5 min). The formation of
platinum dihydride 7,22 which was not observed when combining 1b and 2, accounts for the
dissimilar conversion rate of Pt(0) complex 2 compared to Au(l) species 1c. This finding suggests
an unconventional catalytic role of gold for the hydrogenation of 2 towards 7.3® We demonstrated
this by exposing CsDs solutions of 2 to H, atmosphere (0.5 bar) under variable catalytic amounts
of 1c (Scheme 3). Intriguingly, best yields for the hydrogenated product (ca. 80% of 7) derived
from using 10 mol% of gold catalyst 1c, whereas increasing its amount to 30% had a detrimental
effect (only 17% of 7 formed) under otherwise identical conditions. This may result from a
complex series of solution equilibrium processes existing after FLP-like H—H bond cleavage
(see Scheme 4). For this system, the main gold containing species (ca. 95%) in the long term (18
hours) is the hydride-bridged digold compound 5c, while half of the platinum precursor was
converted into dihydride 7 after that time, accompanied by smaller amounts (ca. 10 %) of
unreacted 2 and monohydride 6, along with other unidentified Pt-containing species (entry 7). No
signals of a presumed heterobimetallic dihydride 3c were detected, likely due steric reasons on
account of PCyp,Arv2,

P(Bu P(Bu
JBYS e (530 mol %) (Bt
Pt > H—Pt—H
H, (0.5 atm)
P(‘Bu)s CgDg, 16 h P('Bu)s
2 1c (mol%) 7 (%) 7
5 23
10 80
15 72
3 17

Scheme 3. Catalytic hydrogenation of 2 mediated by 1c.

Product speciation is considerably simplified with the less hindered system (1a:2) based on
PMe,Ar¥'2 which immediately yielded the metal-only Lewis pair 4a even in the presence of
dihydrogen. H—H bond activation proceeds at a considerably slower pace, with full conversion
to 3a reached after two days at 25 °C (entries 1-3), while no intermediates were detected by *H or
$1IP{*H} NMR methods. Overall, the rate of H—H bond cleavage follows the trend 1b:2
(PMe2ArPep2) > 1¢:2 (PCyp,ArY?) >> 1a:2 (PMe,Ar*¥?). As discussed later in deeper detail, this
trend supports the notion of a genuine FLP-type H—H cleavage, since the existence of a Au<—Pt
dative bond (1a; PMe,Ar*¥'2) handicaps H; activation, while forcing complete frustration by steric



clash (1c; PCyp.Ar®'?) somehow diminishes the rate of activation compared to the intermediate
interaction/frustration situation found for the 1b:2 pair based on PMe,ArPr2,
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Scheme 4. Proposed reaction pathways taking place after H-H cleavage by 1:2 pairs.

As aforementioned, we assume metal speciation after H splitting to result from a series of
equilibria that are likely controlled by steric reasons. We have not been able to spectroscopically
observe a gold monohydride species A (Scheme 4) that would arise from heterolytic H—H
cleavage, since it seems to be rapidly trapped by still unreacted gold triflimide 1 to yield digold
hydrides 5, as it also occurs when treating compounds 1 with SiEtsH (see Experimental Section).
Nevertheless, in the case of the less hindered 1a, direct access to heterobimetallic dihydride 3a is
kinetically favored. The reduced size of PMe.Ar*¥? may facilitate the approach of platinum
complex 6 to give the thermodynamic product, 3a. In turn, the reversible formation of compounds
5 would account for the slow formation (ca. 12 h) of 3b by trapping the continuously liberated
monohydride A (from 5b) by 2. However, the more sterically congested system based on
PCyp.Ar¥2 precludes the observation of 3c, likely due to steric reasons. Thus, we hypothesize
an alternative pathway involving hydride abstraction by cationic platinum 6 to produce 7 and
generate gold triflimide 1c. This would explain the catalytic role of gold for the hydrogenation of
Pt(0) 2. Overall, the prevalence of each of the interrelated reactions seems to be controlled by
steric reasons and is responsible for the product speciation observed with the three investigated
terphenyl phosphines.

The molecular formulation of compound 3a was ascertained by multinuclear NMR spectroscopy,
where distinctive *H NMR resonances at -1.75 (3Jup = 110 Hz, 23Jppe = 516 Hz) and -10.39 ppm,
due to the bridging and terminal hydride, respectively, were recorded. Both low-frequency signals
where flanked by %Pt satellites with coupling constants of 516 and 1030 Hz, respectively.
Besides, %Pt satellites accompanying the corresponding *'P{*H} NMR signals at 91.5 (*Jppt =
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2713 Hz, P('Bu)s) and 5.7 (3Jept = 208 Hz, PMe,Ar¥"?) evinced the presence of a Au---Pt
interaction in 3a. These data compared well with its related compound 3b (814 = -1.67 (3Jup = 112
HZ, l\]HPtZ 503 HZ), -11.39 (lJHptZ 1053 HZ); O31p = 90.0 (lJppt =2744 HZ), 7.2 (ZJPPt =200 HZ)).13
With regards to compound 5b, the main gold containing species for the PMe,ArP""? system after
short periods of time (Table 1, entry 4), we previously assumed a digold hydride-bridged
formulation.’* We made this statement exclusively based on NMR data, particularly on a
distinctive *H NMR signal at 2.83 ppm that appears as a triplet (2Jue = 99.5 Hz) and was attributed
to the bridging hydride. However, all attempts to isolate this compound in the past proved
unsuccessful due to formation of [Au(PMe.Ar°"?"?),]* with concomitant release of hydrogen and
appearance of gold nanoparticles (ti» at 25 °C = 3 h). In stark contrast, the steric shrouding
provided by PCyp,Ar*? allowed us isolate the first stable compound of type [Auz(u-H)(PRs).]*
(5¢c) authenticated by single-crystal X-ray diffraction (Figure 3). This compound was
independently prepared by reacting 1c and SiEtsH (see Experimental Section).®* A short Au-Au
distance of 2.748(1) A suggests the existence of a strong aurophilic interaction,®® being
comparable to other hydride-bridged digold complexes (2.70-2.78 A).iError! Marcador no
definido.”% In its *"H NMR spectrum, the bridging hydride appears as a triplet at 4.78 ppm and
features a strong coupling with the 3P nuclei (3Jup = 90.9 Hz), comparable to 5b and to a related
species based on P(‘Bu),(o-biphenyl)3* and thus further supporting our prior formulation.

Figure 3. ORTEP diagram of compound 5c; for the sake of clarity hydrogen atoms (except the
gold hydride) and triflimide anion are excluded and cyclopentyl substituents have been
represented in wireframe format, while thermal ellipsoids are set at 50 % probability.

As discussed in the introduction, the mechanism of H-H bond cleavage for a variety of
cooperative systems has been extensively investigated.’>! In the context of heterobimetallic
designs, three main scenarios can be envisaged. Those are represented in Scheme 5 with regard
to our Au(l)/Pt(0) pairs. In the first, dihydrogen is added across the Au—Pt bond to yield two
monometallic hydrides which, after rapid rearrangement, would lead to the final heterobimetallic
dihydride 3 (Scheme 5a). Alternatively, the H—H bond could be cleaved by the cooperative
action of the two independent metallic fragments, that is, by a truly FLP-type mechanism (Scheme
5b). As before, the resulting monohydrides could readily evolve towards 3. The third possible
route involves the orthogonal reactivity of a metal fragment that initially activates the dihydrogen
molecule and subsequently evolves to the final heterobimetallic compound in the presence of the
second metal fragment (Scheme 5c). In principle, this mechanism may operate both in the
presence or absence of a Au—~Pt bond.
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Scheme 5. Cooperative H; activation involving (a) traditional bimetallic activation across a M-
M bond; (b) transition metal-only FLP activation and (c) orthogonal reactivity.

We had tentatively proposed a genuine FLP pathway as in Scheme 5b for the pair 1b:2,* though
we did not have enough data to unambiguously discern between the three alternatives described
in Scheme 5. We have now investigated the potential role of these mechanisms in deeper detail
by a combined experimental/computational approach. We have particularly focused on the pair
1a:2, which reacts with H (1 bar, 25 °C) at a considerably slower rate and thus facilitates kinetic
analysis. It is important to remark that this is the only pair in which the existence of the Au<«Pt
bond is unequivocal under all experimental conditions. In fact, we observed that hydrogen
activation with 1a:2 proceeds at a slower rate when using an excess of either the Au(l) or Pt(0)
fragments (Figure 4), suggesting the need to access the independent Au(l) and Pt(0) fragments
for the H—H cleavage to take place (as in Scheme 5b). When an excess of 0.5 equiv. of the
platinum precursor 2 is added, the appearance of heterobimetallic dihydride 3a is decelerated
(Figure 3, green line), while formation of trans-[Pt(P'Bus)2(H)2] (7) becomes noticeable. At
variance, the latter species is absent when using a 1:1 mixture of 1a and 2 under the same
conditions. Interestingly, after ca. 6 hours at room temperature the excess of Pt(0) precursor 2 is
fully converted to compound 7, after which time the kinetic profile parallels the one that results
from an equimolar ratio of Au(l)/Pt(0). Likewise, the kinetic profile derived from using an excess
(0.5 equiv) of Au(l) evinces a detrimental effect on the H; activation rate (orange line). These
findings further support the notion of a genuine FLP mechanism which requires the initial
cleavage of the Au<«Pt bond in 4a. This would also explain why gold precursors 1b and 1c, for
which no metallic Lewis adducts with [Pt(P'Bus),] are observed under identical conditions —i. e.
not involving an energetic penalty for M—M bond cleavage— do activate H» considerably faster.
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Figure 4. Reaction profile of hydrogen activation (1 bar, 25 °C) by 1a:2 to yield 3a at variable
Au/Pt ratios monitored by *H and *!P{*H} NMR (lines drawn to guide the eye).

As part of our Kinetic studies, we found of interest to investigate the kinetic isotopic effect derived
from using deuterium instead of hydrogen. For the sake of reproducibility, we performed these
experiments with crystalline samples of compound 4a and the reactions were performed in
triplicate. The Kkinetic profiles were monitored by 'H and 3P{!H} NMR using
hexamethylbenzene, triphenylphosphine oxide or PPh; as internal standards and after exposure to
H or D2 (2 bar) at 25 °C (see Figure S1 in the Supporting Information). To our surprise, we found
a strongly inverse KIE of 0.46 £+ 0.04. Puzzled by this result we performed low-temperature NMR
kinetics (-20 °C) for the activation of H, with the 1b:2 couple and found an analogous strong
inverse KIE that accounts for 0.50 £ 0.02, suggesting that both systems may share a common
mechanism. Inverse KIEs are rather uncommon in the context of FLPs®” and bimetallic systems,*®
though a very recent report from Mankad and Ess revealed an akin inverse KIE of 0.6 for the
heterobimetallic trans-hydro(deutero)genation of alkynes using a polar ruthenium-silver complex
containing a Ru—Ag bond.* For that system, formation of a terminal ruthenium hydride with
low-energy binding modes that contributes to an inverse equilibrium isotopic effect (EIE) is
proposed to be responsible of the measured inverse KIE. In contrast to the Ru/Ag system where
an inverse EIE preequilibirum is responsible for an overall inverse KIE, here we propose that our
system has an inverse KIE effect in the rate-limiting transition state.*

We have considered the three scenarios for H—H cleavage shown in Scheme 5 for the less
hindered system 1a:2, for which the formation of a Lewis adduct, 4a, was confirmed
experimentally. As discussed above, our calculations are consistent with this observation and
indicate that 4a is 5.2 kcal-mol™ (AG®) more stable than the FLP in benzene (2.5 kcal-mol™* more
stable than the separated metal fragments; Scheme 2). Interestingly, the anion (NTf>) plays a key
role in the reactivity of the pair as it assists the cleavage of both the Au—Pt bond of 4a (AG* =
14.4 kcal-mol*; see Figure S3) and the H—H bond by the FLP, as we shall see later. Regardless,
metal-metal cooperativity was also confirmed to be instrumental in H activation. Firstly, while
H. oxidative addition to 2 yields the cis-Pt(II) dihydride through an accessible energy barrier (AG*
= 24.4 kcal-mol™), the step is endergonic and cis/trans isomerization to form 7 is not feasible
(AG* = 46.6 kcal-mol?). This agrees with the absence of reactivity between H, and 2 alone. On
the other hand, whereas orthogonal reactivity, route ‘¢’ in Scheme 5, in the presence of the Au
fragment does not facilitate H, activation by Pt (see Sl for details), it does decrease the barrier for
cis/trans isomerization by ca. 18 kcal-mol?, to 30 kcal-mol?, to yield the heterobimetallic
dihydride 3a, albeit the barrier remains too high to be consistent with our experimental results.*
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Regarding route ‘a’, addition of Hz across the Au—Pt bond of adduct 4a*? yields an intermediate,
B (see Figure 5), in which the expected pair of monometallic dihydrides (PR2Ar’)AuH (A), and
6 are connected by a dihydride bond. The energy barrier for this transformation (AG* = 27.8
kcal-mol?) is only slightly lower than that found for the Au-assisted cis/trans isomerization at
cis-Pt(P'Bus)2(H)2. Interestingly, the corresponding transition state, TSn_n,nb, features long Au—
Pt and Pt—H distances of 3.14 and 2.03 A respectively. AIM analysis of the electron density*
confirms bond critical points (bcps; see SI) connecting the H, atoms, and one H atom to each
metal at the TS, but no bcp was found connecting the metal centers. Another transition state was
located when exploring route ‘b’, TSn_n, rLp, Which corresponds to a truly FLP-type activation,
resulting from the lateral attack of the donor Pt atom of 2 to a H, molecule coordinated in the
expected side-on fashion to the acidic (R:Ar’P)Au* fragment. 15044 Despite having different
origins, this TS has a geometry comparable t0 TSn_nnm With longer metal-metal and Pt—H
distances (4.14 and 2.78 A), but similar H—H distances and atom connectivity (AIM), in addition
to comparable relative energy, AG* = 28.9 kcal-mol .
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Figure 5. Transition states for heterolytic H—H cleavage. Notice the inclusion of explicit NTf,
in TSy—n, rLpand TS v—n, FLp.

In view of the high energy barriers of the above mechanisms, and considering recent studies
highlighting the key role of triflimidate and triflate counteranions in related bond activation
processes,* we explored the role of NTf, in H—H cleavage. When the counter anion was allowed
to interact with the acidic Au center at the transition state, TS’w—nrLp, the energy barrier
decreased by ca. 10 kcal-mol™ to 21.3 kcal-mol™ (Figure 5). This transition state features Au—H
(1.85 A) and Au—Pt (4.28 A) distances similar to TSy_n, rip, in addition to longer H—H
distances and a short Au---NTf;” contact. Also, AIM analysis revealed an atom connectivity
related to that of TSn_n, rLp, (With one additional bcp connecting the Au and N atoms; Figure
S10, Table S3). We propose here an FLP-type H—H cleavage which is concomitant with
dissociation of the Au—NTf, bond of the Lewis acidic fragment.*® In addition, the intermediate
preceding this TS is an encounter complex, Intu—n FLp, in which the H2 molecule approaches both
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the metal centers of 1a and 2 in an end on fashion (Au—H-—H and Pt—H-—H angles 136° and
176°, Figure 6). Side on coordination of H» to the acidic fragment of an FLP, with the basic
fragment populating the high-lying o*(H—H) orbital, has been associated to high-energy “late”
transition states for Hy splitting by phosphine-borane pairs, whereas low-energy “early” transition
states feature “linearized” La—H—H—Lg motifs. Inefficient orbital overlap in the latter is
compensated by polarization of the H—H bond in a strong electrostatic field generated by the
acid and the base.™ In our case, H---H distances suggest that TS’n_nrip is a “geometrically
later” TS than TSn_n, rLe. We must take into account the extended orbital set of the acidic and
basic fragments in TMOFLPs that lead us to attribute, at least partly, the end on geometry at
TS’u_nrLp to the engagement of the Au atom in the Au—N bond.* This discussion relates to the
two somehow antagonistic views on H; activation by FLPs, one advocating that an orbital-based
interaction, mainly populating of the o*(H—H) by the base, leads to destabilization of the H—H
bond in an electron transfer process, and the other attributing the main role to polarization of the
H. molecule within the electric field of the Lewis pair.#>5%7 |t is however likely that both
mechanisms contribute to a certain extent to the reaction. Our NBO analysis of the encounter
complex, Inty—n e, and TS’n—n ree discloses a synergistic transfer of electron density from one
d orbital on the Pt to the o*(H—H) orbital and a second donor—acceptor interaction of similar
energy between the o(H—H) orbital and an empty orbital (of s character) on the Au center (Tables
S1 and S2; Figures S8 and S9). This relay of electron density occurs as the H—H bond becomes
polarized at the TS, as reflected by atomic charges of -0.17 and +0.07 e- for the Au---H and H---Pt
hydrogens respectively, compared to values close to zero in the encounter complex (-0.04 e- for
both H).

=
_ E =04
° r 13 Ts‘uu‘nrl . ! UH P('Bu)
£ — NI, ~ Au H, .
=¥ ~ “Au-----Pt i Vo \ Pi'Bul
93| [ doa O o 1
b \ U PeBu)
\(\‘ TShupr 3\ i Pt
) P
fioohs \ dheun

o

A+6
- 147
Nty e (28.1)
. 122 £
(5.5) - .’R » UNTL
P(‘Bu)
~ Ad | S

+2 i “"“ffp Pt

, \, \ houn
"~,. 1 A\ \&\”

Figure 6. Calculated Free Energy profile for FLP-like, NTf2--assisted H—H cleavage by 4a.
Zero-Point Energies are given in parentheses.

Once established a reasonable mechanism for H; cleavage, we wondered whether our model could
explain the inverse primary KIE measured experimentally. We thus began by analyzing the
overall energy profile for NTf,assisted H—H cleavage. Starting from the reactants, 4a + H,, Au—
Pt bond cleavage to form a thermally induced FLP, 1a-2, is represented in blue trace in Figure 6.
The H—H cleavage by the FLP is represented in red. Supposing that insertion of H; into the FLP
to give the encounter complex Inty_nrep is easy, TS’w—nrp Would be rate-determining. We
confirmed that the latter rearrangement of metallic monohydrides towards 4a was easy by reacting
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the cationic Pt hydride 6 with digold hydride 5a (prepared in situ by adding SiEtsH to 1a at -30
°C). This reaction is fast at 25 °C to yield an equimolar mixture of 3a and 1a, while it offers no
evidence for the formation of the Lewis adduct or H- release.

Following the above considerations, we calculated the KIE for the reaction from the zero-point
Energy differences (AAZPE) between the reactants, 4a + Ha/Da, and TS’ n—n, rer®®*8 to find an
inverse primary KIE ku/kp = 0.40, in good agreement with the experiments. An (inverse) isotope
effect implies the forming/breaking of E—H(D) (E = H(D) or metal atom) bonds in the rate-
determining step. In our case, TS’ n—n, rLp involves partial breaking of the H—H (D—D) bond
and formation of two Au—H(D) and Pt—H(D) bonds. Since primary KIEs arise mainly from a
balance between the changes in vibrational frequencies or bond strengths (force constant)®
between the isotopomers in the reactants and the products, our result implies stronger bonds
(larger force constants) at the TS than in H—H/D—D. However, a normal KIE could be initially
anticipated since the force constant for H—H stretching is higher than those for M—H stretching.
Nevertheless, it must be recognized that all isotopically sensitive modes (3 v(H/D)), including
bending modes, contribute to the ZPE atthe TS, i.e. it is the sum of all vibrational modes involving
the forming Au—H and Pt—H and the breaking H—H bonds at the TS, not only stretching modes,
that determine the inverse KIE in our case (Figure 7 and Table S5).3%%0
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Figure 7. a) Graphical illustration of the origin of inverse KIE arising from the combination of
an inverse equilibrium isotopic effect (EIE) and a normal KIE (left) versus direct one-step
inverse KIE as occurs in the reported Au:Pt system (right), and b) difference in selected E-H/D
vibrational frequencies (Av) and vector displacements at TS’y Fip.

The occurrence of inverse KIEs was anticipated long ago,® and these have been shown to occur
in reactions in which a preequilibrium is followed by an irreversible rate-determining step (Figure
7, left) and, although less common, there are also examples of reactions involving a single rate-
determining step (Figure 7, right).%? In the first case, the inverse KIE arises from the combination
of normal KIEs and an inverse equilibrium isotope effect (EIE) resulting from the higher energy
intermediate in the preequilibrium having higher force constants than the reactants [thus
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AZPE°(H) > AZPE%(D)].*® In the second case, inverse KIEs can take place when it is the TS for
the single rate-determining step which has higher force constants than the ground state [AZPE*(H)
> AZPE}(D)]), being also associated with product-like transition states.>® As already stated, we
do not see evidence for a pre-equilibrium and the barrier for the evolution of the monometallic
hydrides to the product must be lower than the calculated reverse barrier from B to the encounter
complex. Therefore, the observed inverse KIE should be related to AG* (AZPE?) for the FLP-type
H—H cleavage and its origin should be attributed to the collective isotopically sensitive
vibrational modes (3>.v(H/D)) at the TS which is rate-determining.

Conclusion

In summary, we have demonstrated that combining a pair of sterically hindered transition metal
complexes that present Lewis acidic and basic character permits the design of bimetallic frustrated
Lewis pairs. Our combined experimental and computational approach strongly supports, for the
first time, a genuine bimetallic FLP mechanism for the heterolytic cleavage of H2, where both
electron transfer (ET) and electric field (EF) mechanistic interpretations may be concurrently
operating. These studies additionally revealed an uncommon strong inverse kinetic isotopic effect
(KIE) whose origin opposes the traditional view based on an inverse equilibrium isotopic effect
(EIE) prior to an irreversible rate-determining step, while rather suggesting a single rate-
determining step featuring a strong inverse KIE. Also contrasting with previous studies on
heterobimetallic complexes, we have now proved the importance of forcing steric frustration to
drastically enhance small molecule activation capacity in bimetallic systems. This knowledge will
be of importance for the design of novel cooperative bimetallic catalysts, a continuously growing
area of research that could benefit from introducing the concept of (induced) frustration.

Experimental Section

General considerations. All preparations and manipulations were carried out using standard
Schlenk and glove-box techniques, under an atmosphere of argon and of high purity nitrogen,
respectively. All solvents were dried, stored over 4 A molecular sieves, and degassed prior to use.
Toluene (CsHs) and n-pentane (CsHi2) were distilled under nitrogen over sodium.
Tetrahydrofuran (THF) and diethyl ether were distilled under nitrogen over
sodium/benzophenone. [D¢]Benzene was dried over molecular sieves (4 A) and CD.Cl, over
CaH; and distilled under argon. [AuCI(THT)] (THT =tetrahydrothiophene),* phosphine ligands
PMe,ArPir2 54 pMe,Arv2 42 PCyp,Ar¥? 42 and compounds 1a? and 2% were prepared as
described previously. Other chemicals were commercially available and used as received.
Solution NMR spectra were recorded on Bruker AMX-300, DRX-400 and DRX-500
spectrometers. Spectra were referenced to external SiMe, (5: 0 ppm) using the residual proton
solvent peaks as internal standards (*H NMR experiments), or the characteristic resonances of the
solvent nuclei (**C NMR experiments), while 3P was referenced to HsPO,. Spectral assignments
were made by routine one- and two-dimensional NMR experiments where appropriate (Figure
10). Infrared spectra were recorded on a Bruker Vector 22 spectrometer and sampling preparation
was made in Nujol. For elemental analyses a LECO TruSpec CHN elementary analyzer, was
utilized. CCDC 1965523-1965526 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystallographic Data Centre.
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Figure 10. Labeling scheme used for *H and **C{*H} NMR assignments.

[(PMeAr¥2)Au(u-H)Pt(H)(P'Bus)]NTf, (3a). A mixture of compounds 1a (100 mg, 0.121
mmol) and 2 (73 mg,0.121 mmol) was placed in a Schlenk inside a dry box, dissolved in toluene
(5 mL) and stirred at room temperature for 48 hours under H, atmosphere (1 bar). The solution
was layered with pentane (10 mL) and stored at -30 °C overnight to yield compound 3a as yellow
crystals (86 mg, 50%). Anal. Calcd. for CsoHgsAuFsNO4P3PtS,: C, 42.1; H, 5.9; N, 1.0; S, 4.5.
Found: C, 42.5; H, 5.8; N, 0.9; S, 4.1. *H NMR (400 MHz, C¢Ds, 25 °C) &: 7.15 (t, 2 H, 3Jun =
7.6 Hz, Hp), 7.07 (d, 4 H, 3Jun = 7.6 Hz, Ha), 7.05 (td, 1 H, 3Jun = 7.6 Hz, 3Jwe = 1.8 Hz, Hg), 6.60
(dd, 2 H, 3Jun = 7.6 Hz, “Jup = 3.4 Hz, H), 2.04 (s, 12 H, Mexy), 1.31 (vt, 54 H, 3Jup = 6.4 Hz,
'Bu), 1.28 (d, 6 H, 2Jup = 9.5 Hz, PMey), -1.75 (m, 1 H, 2Jup = 110 Hz, 1Jue: = 516 Hz, Au(u-H)Pt),
-10.39 (m, 1 H, WJupt = 1030 Hz, Pt-H). *C{*H} NMR (100 MHz, C¢Ds, 25 °C) &: 146.6 (d, 2Jcp
= 10 Hz, C3), 140.8 (d, *Jcr = 4 Hz, Cy), 136.5 (C1), 132.1 (CHag), 131.3 (d, Jcp = 7 Hz, CHy),
129.1 (CHp), 128.5 (CHa), 121.4 (q, YJcr = 323 Hz, CF3), 39.4 (vt, YJcp = 8 Hz, 2Jcpt = 30 Hz, Pt-
C(CHs)3), 32.9 (Pt-C(CHs)3), 22.1 (Mexy), 17.4 (d, YJcp = 7 Hz, PMe;). The quaternary carbon Cy4
could not be located neither in the *C{*H} NMR spectrum or by two-dimensional H-*C
correlations. *'P{*H} NMR (160 MHz, CsDg, 25 °C) §: 91.5 (1Jppt = 2713 Hz, P(‘Bu)s), 5.7 (3Jpept
=208 Hz, Au-P). IR (Nujol): v(Pt/Au-H) 2290, 2165 cm™.

[(PMeAr¥'?) Au-Pt(P'Bus)2]NTf, (4a). To a solid mixture of 1a (100 mg, 0.121 mmol) and 2
(73 mg, 0.121 mmol) was added 5 mL of toluene and the solution stirred at room temperature for
10 minutes. Addition of pentane (10 mL) caused precipitation of an orange solid (160 mg, 93%)
that was washed with pentane. Single crystals of 4a suitable for X-ray diffraction studies were
grown by diffusion of pentane into a toluene solution of 6b (1:2 by vol.) at -20 °C. Anal. Calcd.
for CsoHs1AuFsNO4P3PtS,: C, 42.2; H, 5.7; N, 1.0; S, 4.5. Found: C, 42.4; H, 5.6; N, 1.0; S, 4.4.
'H NMR (400 MHz, CD,Cl,, 25 °C) &: 7.62 (td, 1 H, 3Jun = 7.6 Hz, 5Jip = 1.8 Hz, Hy), 7.26 (t, 2
H, 3Jun = 7.6 Hz, Hb), 7.13 (d, 4 H, 334w = 7.6 Hz, Ha), 7.03 (dd, 2 H, 3Jun = 7.6 Hz, “Jup = 3.3
Hz, Hc), 2.11 (s, 12 H, Mexyi), 1.52 (vt, 54 H, 3Jue = 6.5 Hz, 'Bu), 1.08 (d, 6 H, 2w = 10 Hz,
PMe,). BC{*H} NMR (100 MHz, CDCl,, 25 °C) §: 145.8 (d, 2Jcr = 10 Hz, C3), 141.2 (d, 3Jcp =
4 Hz, Cy), 136.7 (C1), 132.3 (CHq), 132.2 (d, *Jcp = 7 Hz, CHc), 129.0 (CHb), 128.4 (CH.), 126.2
(d, Nep = 52 Hz, Cy4), 122.2 (g, YJcr = 323 Hz, CF3), 39.4 (vt, YJcp = 8 Hz, 2Jcpt = 20 Hz, Pt-
P(C(CHz)s), 33.8 (Pt-P(C(CHs)3), 22.3 (Mexy), 18.7 (d, Xcp = 36 Hz, PMe,). 3'P{*H} NMR (160
MHz, CD,Cl;, 25 OC) 5:96.4 (d 3Jpp = 3 Hz, 1Jppt = 3140 Hz, P(tBU):;) -32.5 (t 3Jpp = 3 Hz, 2Jppt
= 1933 Hz, Au-P).

[{(PCypAr¥?)Au},(u-H)]NTF, (5¢). A mixture of compounds 1c (100 mg, 0.107 mmol) and 2
(64 mg, 0.107 mmol) was placed in a Schlenk inside a dry box, dissolved in toluene (5 mL) and
stirred at room temperature for 48 hours under H, atmosphere (1 bar). The solution was layered
with pentane and stored at -20 °C overnight to yield compound 5c¢ as yellow crystals (94 mg, 56
%). Compound 7c can be alternatively synthesized by adding SiEtsH (51 uL, 0.321 mmol) to a
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toluene solution (10 mL) of 1c (100 mg, 0.107 mmol) after stirring at room temperature for 30
minutes. Subsequent addition of pentane (10 mL) caused precipitation of a white solid that was
washed with pentane and dried to provide compound 7¢ (147 mg, 87%). *H NMR (400 MHz,
CsDs, 25 °C) &: 7.22 (m, 12 H, 3Jun = 7.6 Hz, Ha Hp), 7.12 (td, 2 H, 3Jun = 7.6 Hz, Jwp = 1.6 Hz,
Hq), 6.66 (dd, 4 H, 3Jun = 7.6 Hz, *Jup = 3.0 Hz, Hc), 4.78 (t, 1 H, 23 = 90.9 Hz, Au-H-Au), 2.36-
2.24 (m, 4 H, PCH), 2.01 (s, 24 H, Mexyi), 1.82-1.34 (m, 32 H, CHy). C{*H} NMR (100 MHz,
CeDe, 25 °C) &: 148.1 (d, 2Jcp = 9 Hz, C3), 141.1 (d, 3Jcp = 5 Hz, C»), 136.8 (C1), 136.5 (d, 2Jcp =
7 Hz, CH¢), 132.4 (d, “Jcp = 8 Hz, CHyg), 131.9 (d, Jcp = 40 Hz, Cy4), 129.1 (CHy), 128.7 (CH,),
120.4 (q, Ncr = 323 Hz, CF3), 38.4 (d, 1Jcp = 33 Hz, PCH), 35.6 (d, 2Jce = 10 Hz, CHy), 32.8 (d,
2Jcp =10 Hz, CHy), 25.4 (d, 2Jcp = 10 Hz, CHy), 25.2 (d, 2Jcp = 10 Hz, CHy), 21.5 (Mexyi). **P{*H}
NMR (160 MHz, C¢Ds, 25 °C) 8: 58.0. IR (Nujol): v(Au-H) 1922 cm™,

Computational details. Geometry optimization of minima and transition states was carried out
with the Gaussian software package.>” Optimizations were carried out without symmetry
restrictions using the ®B97xD functional®® that includes empirical dispersion corrections.* The
6-31g(d,p) basis set® was used for non-metal atoms, Au and Pt atoms were described with the
SDD basis and associated electron core potential (ECP).®* Bulk solvent effects (benzene and
dichloromethane) were included during optimization with the SMD continuum model.®?
Vibrational analysis was carried out on the stationary points to characterize them as minima or
transition states as well as to calculate the zero-point corrections, and thermal corrections to
enthalpy and free energy. Free energies were corrected (AGgn) to account for errors associated
with the harmonic oscillator approximation. Thus, according to Truhlars’s quasi harmonic
approximation, all vibrational frequencies below 100 cm were set to this value so that the entropy
contribution is not overestimated.®® These anharmonic corrections were calculated with the
Goodvibes code.’ NBO analysis was performed with the NBO6.0 suite.% Analysis of the electron
density was performed within the Atoms In Molecules (AIM) theory of R. F. W. Bader® using
the Multiwfn program.®” The CYLview visualization software has been used to create some of
the figures.®
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