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Abstract: We report a series of heterobimetallic Pt/Zn and Pt/Ca
complexes to study the effect of proximity of a dicationic base metal
on the organometallic Pt species. Varying degrees of Pt:--Zn and Zn
interaction with the bridging Me group are achieved, showcasing
shapshots of a hypothetical process of retrotransmetalation from Pt to
Zn. In contrast, only weak interactions were observed for Ca with a
Pt-bound Me group. Activation of H,, B-H and Si-H bonds leads to
the formation of hydride-bridged Pt-H-Zn complexes, which is not
observed in the absence of Zn, pointing out the importance of metal-
metal cooperation. Reactivity of PtMe,/M?* with terminal acetylene,
water and methanol is also studied, leading to facile protonation of
one of the Me group at the Pt center only when Zn is present. This
study sheds light at various ways in which the presence of a 2+ metal
cation significantly affects the reactivity of a common organoplatinum
complex.

Introduction

The use of base metal additives to control the activity and
selectivity of the noble metal catalyst has widespread applications
both in homogeneous and heterogeneous catalysis.! However,
the effect of the base metal additive on the reactivity of the noble
metal center is often poorly understood due to lack of well-defined
models to elucidate how the presence of the second metal cation
affects the reactivity of the catalytically active site. In
homogeneous catalysis, the most well-known example of metal-
metal cooperativity is Pd/Cu-catalyzed C—C coupling reactions,
such as Sonogashira coupling, in which Cu participates in the
transmetalation step to Pd.l To this end, several
heteromultimetallic compounds aimed to model an interaction
between the organometallic Pd center and Cu have been
reported.l’l I At the same time, the effect of other base metal
additives, in particular dicationic ions such as Zn, Mg etc, which
are also often used in cross-coupling reactions, has not been
studied to the same degree.® For example, Pd---Zn interactions
have been proposed to play an important role in Negishi cross-
coupling, particularly in the transmetalation and
retrotransmetalation steps, the latter leading to undesired
homocoupling products.® Tilley and co-workers reported

significantly accelerated rate of aryl-aryl reductive elimination
from Pt complexes showing interactions with
bis(perfluoropheny)zinc or aryl group exchange between Pt and
Zn, depending on the nature of the ligand.["! Recently, the ability
of coordinated ZnMe to promote facile H, activation in Ru/Zn
heterobimetallic complexes has been demonstrated by
Miloserdov, Macgregor and Whittlesey.®! However, in the case of
H, activation by a Ru/ZnEt complex, Ru plays a key role and the
DFT calculations suggest that H, activation via oxidative cleavage
at Ru would similarly occur even if the Zn atom is unable to accept
a hydride.[®! Interestingly, utilization of Zn to enhance reactivity
and selectivity of a Pt center also gained attention in
heterogeneous catalysis. For example, precise design of Pt/Zn
intermetallic nanoparticles has been shown to affect selectivity of
a Pt center in hydrogenation, and Zn/Pt and Zn/Pd intermetallic
compounds have been reported as catalysts for light alkane
dehydrogenation.[® However, because of the intrinsic complexity
of heterogeneous systems, the synergistic effect of the presence
of both Pt and Zn centers in bond activation lacks precise
understanding.

We have previously described our strategy to bring two metal
centers into close proximity with each other by using a soft/hard
donor binucleating ligands.k® This strategy was used to study
Pt/Cu' and Pd"/Cu' interactions on the reactivity in
transmetalation, cyclometallation, and terminal alkyne C-H bond
activation. The presence of Pt:--Cu interactions was found to have
a crucial effect on the reactivity of the Pt center, either acting as a
substrate docking site (at the Cu center) leading to the
polarization of the C—-H bond, or by stabilizing the bimetallic
assembly through metal-metal bonding, which was studied in
detail through QTAIM and NBO analyses.[*%a

As part of an effort to examine less studied and more challenging
systems, we focused on an organometallic Pt center in proximity
with another d'° metal, Zn, which is generally less studied in
forming bonding interaction with Pt group metals,*¥ as well as Ca,
which has not been previously studied in the context of
heterobimetallic interactions with organoplatinum complexes.
Herein we report selective formation of organometallic Pt/Zn and
Pt/Ca compounds and their metal-metal cooperative reactivity,
leading to activation of Hp, B-H, Si-H bonds, C—H bonds in
terminal alkyne, as well as Zn-promoted mild protonolysis by
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small amounts of water and methanol. Notably, activation of H,
boranes and silanes leading to bridging Pt—H:-Zn complexes
does not occur at mononuclear Pt complex in the presence of a
Zn salt additive, highlighting the importance of metal-metal
proximity in bond activation, with the second metal directly
participating in product stabilization. This substrate activation
mode is fundamentally different from traditionally reported
frustrated Lewis pair (FLP)-type reactivity in metal-only Lewis
pairs,i*2 or when base metals are used simply as Lewis acid
additives.l*¥) We also discuss how varying the coordination
environment around Zn leads to changes in the interaction of the
bridging Me group with Zn, resembling the earlier proposed
retrotransmetalation from Pd to Zn, which is assumed to occur in
Negishi coupling in which Pt group metal---Zn interactions play an
important role.

Results and Discussion

Synthesis of heterobimetallic complexes. We utilized a
previously developed binucleating ligand bearing soft and hard
donor sites tethered to a binucleating naphthyridine fragment.[*0d
First, a mononuclear Pt dimethyl complex 1 was synthesized as
described previously,[°d followed by a second metalation step
with zinc triflate, zinc bistriflimide or calcium bistriflimide to yield
complexes 2, 3 and 4, respectively (Scheme 1). Attempted
metalation with calcium triflate led to the mixture of unidentified
products. Similarly attempted reaction of 1 with Mg triflate or
bistrifimide did not afford any stable isolated heterobimetallic
complexes.

Complexes 2 and 3 were isolated in 92% and 86% yields
respectively, and characterized by multinuclear NMR, IR, UV/vis
spectroscopy, electrospray ionization, high resolution mass
spectrometry (ESI-HRMS), and single crystal X-ray diffraction
(SC-XRD) (Figure 1a,b). The ESI-HRMS spectrum of complex 2
shows a monocationic mass envelope with the expected isotopic
pattern corresponding to a simulated spectrum (Figure S7).
Similarly, complex 3 also shows the expected mass envelope in
ESI-HRMS as an adduct with one triflimide (Figure S16). The
formation of complex 4 was monitored by NMR spectroscopy in
solution which showed complete conversion in toluene or
benzene leading to characteristic changes in the NMR spectra. In
particular, coordination of Ca atom at the picolylamine terminus is
indicated by the appearance of four doublets from two geminally
coupled CH, groups that become non-equivalent upon
coordination to the metal. In addition, the 3P and %Pt signals are
shifted upon Ca coordination from &p 183.9 ppm and dp; —3894
(Mpp = 2006 Hz) in complex 1 to &p 184.7 ppm and &p; —3987
(Mpe = 2262 Hz) in complex 4. Formation of 4 in solution was also
confirmed by ESI-HRMS showing the expected isotopic pattern
(Figure S25). Complex 4 could be crystallized and characterized
by SC-XRD (Figure 1c), but was unstable in the presence of polar
coordinating solvents or when dried under vacuum.

10.1002/chem.202201639

WILEY-VCH

XN
| N N/ (0]
|1 Zn(OTf, “1 \ P
1 N=zn Pt 2
RT,1h /o
N Me }Vle
780
— 2
2+
Ca(NTfy),| Toluene XY _I 2NTf,
. 2 P ZaSNZae)
RT, 10 min RT, 5 min N N ]
| \ f
‘N‘Zn"}Pt“ P BU2
J/ \
N Me }\/I
7 ©
= 3
OoTf = CF3SO3_
| NTf,” = (CF3S0,)oN"
FaC . CF; 2 390U2)2

Scheme 1. Synthesis of 2, 3 and 4.

Interestingly, comparing of X-ray structures of 2 and 3 revealed
significant differences in the metal-carbon bond lengths of the Me
group proximal to Zn atom (Table 1). In the monocationic 2, Zn is
coordinated to O-atom of one of the triflate anions, with the
Zn---C1 distance being relatively long, 2.388(4) A, while the Pt—
C1 bond length is 2.132(3) A. In contrast, in the dicationic complex
3, where Zn does not have coordinating interactions with the
anion, the corresponding Zn--C1 distance of 2.157(7) A is
significantly shorter. For comparison, the Zn—C distance in Zn
mono- and dimethyl complexes with N-donor ligands is typically
1.975-2.008 A and the Zn—C bond distance in dimethyl zinc (a-
ZnMe;, phase) is 1.927(6) A The shortening of the Zn-C
distance is accompanied by an elongation of the Pt—C1 bond in 3
(2.247(5) A) as compared to 2. While the metal-carbon bond
distances change significantly depending on anion coordination,
the Pt---Zn distances are only slightly different, 2.6138(4) and
2.6567(7) A in complexes 2 and 3, respectively, which is
significantly shorter than the sum of the metals’ van der Waals
radii (3.1-4.2 A) and slightly longer than the sum of their covalent
radii (2.58 A).['8! Therefore, the major differences between 2 and
3 are in the degree of interaction of Zn?* with the proximal Me
group, leading to much shorter Zn—C bond distance in the
absence of coordinated OTf. This is also consistent with the
computational analysis (vide infra) showing that Me group
essentially plays a role of the bridging ligand shared between Pt
and Zn atoms via a three-center two-electron (3c2e) bonding.[*02
161 This resembles DFT-computed structures and binding modes
in the intermediates and transition states for the
retrotransmetalation from Pd to Zn and Zn-catalyzed
isomerization of Pd intermediates relevant to Negishi cross-
coupling reported by Espinet, Alvarez, Casares, et al.l® 17 In
particular retrotransmetalation from Pd to Zn as well as a Zn
interaction with Pd complexes are proposed to be involved in
undesired side-reactivity and homocoupling product formation in
Negishi cross-coupling.*®! Although complexes reported in this
work contain Pt and not Pd, platinum complexes have been widely
used to experimentally model transmetalation step relevant to Pd
catalysis.!*®! Similar to our experimentally obtained structures, the
computer models also predicted 3c2e bonding of the bridging Me
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group and the presence of Pd--Zn interactions in the
intermediates and transition states along the reaction pathway.
Therefore, complexes 2 and 3 can be seen as snapshots of the
retrotransmetalation showing that greater degree of Me group
binding to Zn is achieved in less coordinatively saturated, 2+
charged Zn center.

Comparison between Pt/Zn and Pt/Ca complexes shows that the
Pt—C1 bond length (2.126(3) A) in complex 4 is only slightly
shorter that the analogous Pt—C1 bond in 2. The Ca---C1 distance
for the main component is 2.895(5) A (Table 1). For comparison,
the Ca-C distances in Ca—Me complexes vary from 2.592-2.673
A for p2-bridging Me group and 2.477-2.507 A for terminal Ca—
Me.2% Interestingly, the Pt---Ca distance (3.034(9) A) is shorter
than the sum of covalent (3.12 A) radii, suggesting that weak
interactions might also be present, which was further analyzed
computationally (vide infra). Analysis of the reported structures
showing relatively close interactions between Pt and Ca centers
(within 4 A or less) shows only three lantern-type, non-
organometallic Pt/Ca complexes with Pt---Ca distances of 3.064,
2.960 and 3.245 A.[21 Therefore, complex 4 is a rare example of
the organometallic Pt/Ca complex with close intermetallic
distances.

Figure 1. Structures of 2 (a), 3 (b), and 4 (c) in the crystals with thermal
ellipsoids at the 50 % (a, b) or 60 % (c) probability level. All hydrogen atoms,
co-crystallized molecules, non-coordinated counterions, and minor disorder
components are omitted for clarity.??

Table 1. Selected interatomic distances in complexes 2-4 determined by SC-
XRD.

Interatomic 2 3 41

distance (M =2Zn) (M = Zn) (M =Ca)

Pt-C1 2.132(3) 2.247(5) 2.126(3)

Pt-C2 2.052(3) 2.056(6) 2.048(2)

M-C1 2.388(4) 2.157(7) 2.895(5)/ 2.735(10)

2.6138(4) 2.6567(7) 3.034(4)/ 3.034(9)

[a] Values for the major and minor disorder components are given through a
slash.

Activation of Hz, B=H, and Si—H bonds.

Considering that the reactivity of noble metal complexes in
homogeneous hydrogenation may be enhanced in the presence
of Lewis acid additives,** 23 we set out to investigate whether the
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presence of Zn center in proximity to Pt enhances formation of
metal hydrides by activation of H, and common hydride sources.
First, 2 was exposed to 5 bar of H, gas in dichloromethane. While
only a slow reaction was observed at RT, upon mild heating at
45 °C, a clean transformation occurred, accompanied by the
appearance of a Pt hydride signal at —1.67 ppm (*Jup: = 893.0 Hz
and 2Jyp = 131.6 Hz) and elimination of CHs (Scheme 2 and
Figure S36). The reaction was complete after 72 h, and the
product was isolated in 90% yield and characterized by NMR,
UVlis, IR spectroscopy, ESI-HRMS and SC-XRD. ESI-HRMS
confirmed the presence of the expected cationic fragment with a
good match between experimental and simulated spectra (Figure
S34). Accordingly, when the reaction was performed under 5 bar
of D,, CH3D was detected by *H NMR at 0.19 ppm (?Jup = 2.05
Hz), while the 3'P signal also showed characteristic D splitting
(3Jpp = 19.4) (Figures S37-S38). 2H NMR indicated the presence
of a Pt-D peak at —1.63 ppm (d, 2Jpp = 20.0 Hz, Jpip = 137.23 Hz)
(Figure S39).

The X-ray structure of hydride complex 5 shows formation of a
bimetallic Pt/Zn complex with bridging hydride (Figure 2a), while
Zn remains coordinated to three N-atoms and one O-atom of
triflate. The Pt--Zn distance in 5 (2.7102(7) A) is significantly
longer compared to 2, suggesting that no metal-metal interactions
are present.

The same hydride complex 5 could be obtained cleanly using
common hydride sources. Treating 2 with 2 equiv. of
pinacolborane at 45 °C gave 5 in 85% yield after 72 h,
accompanied by the formation of methylboronic acid pinacol ester
that was detected by GC-MS and !B NMR (Figures S40-
S41).Similarly, 2 reacted with 2 equiv. of phenylsilane for 18 h at
RT resulting in clean formation of 5, isolated in 84% yield. The
formation of methylphenylsilane was detected by GC-MS (Figure
S44).

Figure 2. Crystal structures of 5 (a), 8 (b), 10 (c), and 11 (d) with thermal
ellipsoids at the 50 % (a, c, d) or 60 % (b) probability level. All hydrogen atoms
except for [O,Pt]H, co-crystallized molecules, non-coordinated counterions, and
minor disorder components are omitted for clarity. In the case of 10, only one of
two symmetrically independent molecules is shown.?2
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Scheme 2. Reactivity of 1, 2, 3 and 7 with Hz, D2, pinacolborane and PhSiHa.

Similarly, when complex 3 was exposed to 5 bar of H, gas at 50 °©
C for 18 h or 2 equiv. of phenylsilane at RT for 20 h, complex 6
formed, which was isolated in 76% and 64% yields, respectively,
and characterized by NMR and SC XRD (see Supporting
Information for details). Pt-bound hydride signal appeared at —
1.74 ppm in *H NMR (}Jup; = 883.1 Hz and 2Jup = 127.3 Hz)
(Scheme 2 and Figure S53), similar to the analogous Pt-H signal
in complex 5.

To establish whether the presence of Zn had an effect on the
hydride formation, we compared the reactivity of 2 with a simple
mononuclear Pt-only complex 1. When 1 was treated with Hy,
PhSiH; or pinacolborane, no Pt-H signal was observed, and
prolonged reaction time led to decomposition, suggesting that the
presence of Zn in the heterobimetallic complex 2 was important
to promote metal hydride formation and/or stabilize the product.
To examine whether the close proximity between Pt and Zn as
enforced by our binucleating ligand was a determining factor in
the observed metal-metal cooperative reactivity, we further
examined the reactivity of a mononuclear Pt dimethyl complex (7)
with a simple model ligand, (di-tert-butylphosphinito)pyridine, in
the presence of Zn(OTf), as an additive. Complex 7 was treated
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with H,, pinacolborane and PhSiH; in the presence of equivalent
amount of Zn(OTf), under conditions used for studying complex 2
reactivity, however, no discernible Pt-H signals could be observed
in the expected region (0 to —30 ppm) and according to 3P{*H}
NMR, a complex mixture of products formed after prolonged
reaction time. This confirms that the proximity of Zn to the Pt
center in a heterobimetallic complex is the crucial factor
determining facile and selective activation of H—H, B—H and Si-H
bonds. Our result with Pt" can be contrasted to previous reports
wherein the reactivity of a Pt(0) complex in H, activation was
enhanced by additives of Zn(OTf). via frustrated Lewis pair (FLP)
type behavior.2

When complex 4 was treated with Hp, silanes or boranes under
analogous conditions, no clearly identified Pt-H signal could be
observed, and eventually a mixture of unidentified products was
obtained, likely due to the low stability of 4.

Protonolysis by water and alcohols and reactivity with
terminal alkynes. Considering that facile hydrogenolysis occurs
in Pt/Zn complex 2, we anticipated that the presence of Zn will
also facilitate mild and selective protonolysis of one of the Pt—Me
groups using neutral protic solvents, or even acidic C—H bonds.
Indeed, when only 10 equiv. of water were added to the
dichloromethane solution of 2, a new monomethyl complex 8
formed cleanly, isolated in 91% vyield (Scheme 3). When the
reaction was monitored by NMR in CD,Cl, solution, a peak of
methane was clearly observed (Figure S83). Similarly, 2 also
reacted with 5 equiv. of CH3OH to give 9. The analogous reaction
with CD3;OD followed by NMR showed a characteristic peak of
CH3D at 0.19 ppm (?Jup = 1.6 Hz) (Figure S96).

Both complexes were isolated and characterized by NMR, UV/vis,
IR spectroscopy, and ESI-HRMS. The X-ray structure of complex
8 shows that a monomethyl Pt center is present containing an OH
group bridging between Pt and Zn atoms (Figure 2b). Although
the crystal structure of 9 was not obtained, HRMS analysis of both
8 and 9 was consistent with the presence of the monocationic
monomethyl Pt/Zn hydroxide and methoxide complexes
respectively (Figures S80 and S95). Based on this, we expect that
complex 9 is a methoxide-bridged complex, with a MeO peak
observed at 3.46 ppm in 'H NMR spectrum. This was also
confirmed by a nuclear Overhauser effect (NOE) NMR experiment
(Figure S92).

As expected, complex 2 also reacted with the more acidic 2-
aminophenol, forming complex 10 as characterized
spectroscopically and by ESI-HRMS. The SC-XRD structure of 10
shows a phenolate O-donor bridge between Pt and Zn centers
with an amine donor bound to Zn (Figure 2c¢). XRD structures of
both complexes 8 and 10 feature significantly elongated Pt---Zn
distances (3.2092(7) in 8 and 3.4574(5) and 3.4560(5) A in the
two symmetrically independent molecules 10 in the crystal),
indicative of negligible heterobimetallic interactions in these
complexes. The presence of such long intermetallic distances
also shows that the presence of naphthyridine fragment bridging
between two metals does not necessarily impose short
intermetallic distances and a great degree of variability in metal-
metal distances can be achieved depending on coordination
environment and the presence or absence of stabilizing metal-
metal interactions. In turn, these results also suggest that once
the Zn coordination sphere is supplemented by the coordination
to conventional O- or N-donor ligands such as those in 8 and 10,
Pt:--Zn interactions are essentially absent in these complexes.
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reactivity with 4-ethynylanisole.

The facile protonolysis of Pt-Me group even by water and
methanol is likely due to the presence of the Lewis acidic Zn
center in close proximity to Pt, which may coordinate protic
solvents increasing their acidity.?* By comparison, mononuclear
Pt-only complex 1 showed no reactivity with MeOH under
analogous conditions and only minor decomposition in the
presence of water.

We next examined the reactivity of 2 with 4-ethynylanisole. While
the reaction was slow at RT, mild heating at 45 °C for 18 h
resulted in the formation of acetylide-bridged complex 11 isolated
in 53% yield, accompanied by the loss of one Me group at Pt. This
reactivity is analogous to our previously reported metal-metal
cooperative activation of alkyne in Cu---Pt complex leading to an
analogous acetylide-bridged product.['°a Consistent with our
previous reports, no reactivity was observed under analogous
conditions in the absence of Cu or Zn, in the Pt-only complex 1.120a
This result shows that the selective and clean formation of Pt
monoacetylide requires the presence of the Lewis acidic activator,
which further stabilizes the product through bridging coordination
of acetylide ligand between two metals.

Considering that terminal alkynes contain relatively acidic C-H
bonds, we decided to explore the potential of using hydroxide or
methoxide bridged complexes 8 and 9 to promote deprotonation
of a terminal alkyne (Scheme 4).?% Indeed, the reaction of both 8
and 9 resulted in the formation of the same acetylide-bridged
complex 11 as confirmed by NMR spectroscopy. This shows that
even bridging hydroxide and alkoxide ligands, that may be more
likely to form under catalytic conditions than Me bridged 2-4 were
highly reactive in acidic C—H bond deprotonation; we plan to
further explore this reactivity in metal-metal cooperative
functionalization of reactive C—H bonds.

Overall, this reactivity comparison clearly demonstrates that the
presence of Zn in close proximity to Pt alters the latter’s reactivity
by promoting Hz, Si-H and B—H bond activation as well as mild
and selective protonolysis of only one Pt—Me group even in the
presence of small excess of weakly acidic proton sources,
including water, alcohols and terminal alkynes.
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WILEY-VCH

i Y |oTh
+ MeO o, Il . g
~ Y ot @\ NN T
to, Jl - Sy ON-zn peePBU2
” I 2 equiv / \
1

IR 7 // Me

N N 50 °C, 19 h, MeCN _
/)y H Me - H,0 "

+ MeO
~Y ot O\ NN
TfO, [ N F 0 . S H “N-=2zn Rt
ZONT N 2 equiv /
o\ PBu, N

—~N— (AN = N Me
/Zn\o/P\t 50°C, 18 n, MeCN  { _
| -
TN e Me MeOH y
9

MeO (44% isol.yield)

Scheme 4. Reactivity of 8 and 9 with terminal acetylene.

Analysis of metal-ligand and metal-metal interactions by
QTAIM and NBO.

To analyze metal-metal and metal-ligand binding in Pt/Zn and
Pt/Ca heterobimetallic complexes, we performed computational
analysis for the DFT-optimized structures of complexes 2-6 and
11 within the Quantum Theory of Atoms in Molecules (QTAIM)[?8]
and Natural Bond Orbital (NBO) analysis.?"]

Atoms in Molecules (AIM) analysis for complex 2 reveals a bond
critical point (bcp) located between Pt and Zn atoms (Figure 3a)
with  characteristics similar for closed-shell, metal-metal
interactions and resembling bonding between Pt and Cu
supported by the same ligand framework reported by us earlier.
In contrast, complex 3 did not exhibit bcp directly between Pt and
Zn atoms, however, a bcp was present between the carbon of the
proximal Me group and Zn, which was absent in 2 (Figure 3b).
This is consistent with much shorter Zn—C distances in the
proximal Me group in 3 compared to 2 in experimental X-ray
structures. For comparison, complex 4 shows only weak, almost
negligible interactions between Ca and Pt characterized by
relatively low electron density at the bcp (0.021 a.u. vs. 0.048 a.u.
in 2).

The binding mode was further elucidated by NBO analysis and
comparison of Natural Binding Indices (NBI) in these complexes
(Table 2). Consistent with AIM analysis, the natural binding index
(NBI) between Pt and carbon atom of the bridging Me group in 3
is decreased compared to 2, while the NBI between Zn and the
same bridging carbon is increased, indicative of redistribution of
electron density along Pt—Me—Zn binding motif. At the same time,
the NBI between Pt and the distal (Zn non-interacting) Me group
remains almost unchanged in all complexes with almost the same
value as in Zn-free complex 1 (0.83).10a

The binding between bridging Me group and Zn in complex 3 can
be described as the donation from the C(sp® carbon of the
bridging Me group to an s-type Zn orbital, characterized by
second order perturbation energy, E®, of 25.15 kcal mol=2. In
complex 2, proximal Pt-Me group interaction with Zn is described
as the donation from the o-bonding Pt-Me orbital (o-Pt-C(sp?)) to
the s-orbital on Zn (E® 162.79 kcal mol™). For comparison, the
analogous o-Pt-C(sp®) to Ca(s) donation is much weaker (E® =
29.24 kcal mol™) in complex 4. The previously reported Pt/Cu
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complex features a similar donation from the proximal o-Pt-C(sp®)
to an empty Cu-based s-type orbital characterized by E® of 89.68
kcal mol™.120al

Overall, these results suggest that bridging Me group participates
in 3c2e bonding between Pt and Zn, with the degree of Pt—C, Pt—
Zn and Zn-C binding controlled by the charge and coordination
environment at Zn atom, while its interaction with Ca in 4 is
negligibly weak.

Different extent of Pt--Zn metallophilic interactions in 2 and 3 is
also consistent with natural bond orbital analysis showing
considerably strong donation from the Pt-based d-orbital to the s-
orbital on Zn in 2 (characterized by second order perturbation
energy, E®, of 77.59 kcal mol) as compared to moderate Pt(d)
—Zn(s) donation in 3 (E® = 39.06 kcal mol™). Even weaker
donation from the Pt-based d-orbital to the s-orbital on Ca (E® =
25.26 kcal mol™?) in 4 suggests only minor contribution of
heterobimetallic interactions between Pt and Ca.

Figure 3. Molecular graphs for “gas-phase” DFT-optimized complexes 2 (a), 3
(b), 4 (c), 5 (d) and 11 (e). Bond critical points with a threshold of electron density
above 0.025 a.u. and corresponding bond paths are shown with green dots and
black lines, respectively. As the electron density between Pt and Ca (0.021 a.u.)
was below the threshold for weak critical point (0.025 a.u.), the corresponding
bond path is shown in dashed line.

Table 2. Selected Natural Binding Indices (NBI) in complexes 2-4.12

Binding atoms 2 3 4

(M = Zn) (M =2Zn) (M =Ca)
NBI (Pt-M) 0.331 0.313 0.223
NBI(Pt—C) (proximal) 0.693 0.563 0.725
NBI(M—C) (proximal) 0.318 0.492 0.146
NBI(Pt—C) (distal) 0.832 0.839 0.837

[a] For gas phase DFT-optimized structures; wB97XD/SDD(Pt, Zn or Ca)/6-
31++g(d,p)(all other atoms).

AIM analysis of hydride-bridged complex 5 shows no
considerable binding interaction between Pt and Zn, where no bcp
could be located, while the hydride H-atom shows binding to both
Pt and Zn centers. Accordingly, NBO analysis reveals strong
donation of electron density from the Pt—H o-bonding orbital to the
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vacant s-orbital on Zn (o(Pt-H)—2Zn(s), E® = 173.59 kcal mol?),
with only weak backdonation (E® = 5.34 kcal/mol) from the d-type
orbital on Zn to the antibonding o*(Pt—H). Therefore, these
interactions can be described as donor-acceptor interactions
between the Lewis-acidic Zn center and bridging Pt—H fragment.
Further supporting the lack of considerable Pt:-Zn interactions,
only weak donation from the Pt-based d-orbitals to Zn(s) was
present (E@ = 10.71 kcal mol?).

In the acetylide complex 11, the binding interaction of the bridging
acetylide with Zn features both ¢ and m-bonding character via
contributions from the donation from the lone pair of the terminal
carbon to Zn (E@ = 25.00 kcal mol-*) and weaker Tr-donation from
the bonding tr-orbital of the triple C=C bond to the s-orbital on Zn
(E® = 13.95 kcal molt). Backdonation from the occupied d-orbital
on Zn to the antibonding 1 C=C orbital is negligible (E® = 1.47
kcal mol), in contrast to the previously reported Pt/Cu acetylide
complex where it is more prominent (E® = 16.14 kcal mol2).[0

NBO analysis of metal-metal interactions in complexes 5 and 11
shows no prominent contribution from the Pt-based d-orbitals to
the s-orbital on Zn (E@ is 12.55 kcal mol= or less). This parallels
the significantly longer Pt---Zn distances (2.7102(7) A in 5 and
2.9415(8) A in 11) in these complexes.

Overall, the computational analyses of metal-metal and metal-
ligand binding revealed an interplay between several factors in
controlling the extent of metal-metal and metal-bridging ligand
interactions. In the case of the Me group, shorter Zn---C distances
are present with less coordinately saturated, doubly charged Zn
atom, while coordination of triflate to the Zn center leads to
elongation of the Zn---C bond with bridging carbon of the methyl
group, at the same time leading to greater contribution from
Pt---Zn binding interactions. By comparison, replacement of Zn
with Ca coordinated to NTf,~ anions leads to notably weaker or
negligible metal-metal and Ca...Me interactions.

Conclusion

In summary, we report a diverse series of organometallic Pt/Zn
complexes featuring variable degrees of Pt---Zn and Zn-bridging
ligand (including Me, acetylide or hydride) interactions. In this
series, the dimethyl complexes also show synergistic, metal-
metal cooperative reactivity in activation of H,, B-H and Si-H
bonds requiring the presence of both Pt and Zn centers in close
proximity, different from FLP-type reactivity in monometallic
complexes. Such complexes can also be viewed as models of the
(retro)transmetalation process between Pt and Zn, demonstrating
how the coordination sphere and charge at the Zn center affects
relative contribution of Pt---Zn as well as Zn---Me interactions in
these complexes. Structure and binding modes found in these
complexes resemble intermediates and transition states of the
Zn/Pd retrotransmetalation and isomerization relevant to Negishi
cross-coupling, previously proposed based on mechanistic and
computational studies.

We also compare the binding modes in Pt/Zn complexes with a
less conventional combination of Pt with Ca ion, however, in this
case only weak or negligible interactions were observed between
Pt and Ca centers and Ca and Pt—Me group.
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Pt/Zzn and Pt/Ca dimethyl complexes feature various degrees of metal-metal and metal-Me interactions and show Pt/Zn cooperative
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