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F-75205 Paris Cedex 13, France.

Cite this: Chem. Sci., 2020, 11, 5494

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 3rd February 2020
Accepted 29th April 2020

DOI: 10.1039/d0sc00646g

rsc.li/chemical-science

5494 | Chem. Sci., 2020, 11, 5494–5
perative bond activation by
heterobimetallic alkyl, aryl, and acetylide PtII/CuI

complexes†

Shubham Deolka, a Orestes Rivada-Wheelaghan, ‡*a Sandra L. Aristizábal,a

Robert R. Fayzullin, b Shrinwantu Pal, c Kyoko Nozaki, c Eugene Khaskin a

and Julia R. Khusnutdinova *a

We report the selective formation of heterobimetallic PtII/CuI complexes that demonstrate how facile bond

activation processes can be achieved by altering the reactivity of common organoplatinum compounds

through their interaction with another metal center. The interaction of the Cu center with the Pt center

and with a Pt-bound alkyl group increases the stability of PtMe2 towards undesired rollover

cyclometalation. The presence of the CuI center also enables facile transmetalation from an electron-

deficient tetraarylborate [B(ArF)4]
� anion and mild C–H bond cleavage of a terminal alkyne, which was

not observed in the absence of an electrophilic Cu center. The DFT study indicates that the Cu center

acts as a binding site for the alkyne substrate, while activating its terminal C–H bond.
Introduction

Metal–metal cooperation plays a crucial role in small molecule
activation in enzymes and synthetic systems, including homo-
geneous and heterogeneous catalysts.1 Many classical catalytic
systems rely on the thorough optimization of the ligand envi-
ronment to induce the desired reactivity at a single metal
center. However, there is currently a growing realization that
catalysts’ reactivities can be signicantly altered through close
communication with another metal center, either by design or
via unexpected bimetallic processes, thus enabling new
approaches to bond activation.2

The second metal may facilitate substrate binding and pre-
activation or even stabilize the bond activation product
(Scheme 1). The adoption of the bimetallic approach has led to
many recent advances in stoichiometric and catalytic bond
activation processes.2,3 Bimetallic cooperation is oen proposed
in many C–C coupling processes, e.g. the Cu-to-Pd
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transmetalation step in the Sonogashira coupling.4 The accel-
erating effect of metal additives (e.g. Cu salts) in Pd-catalyzed
C–C coupling reactions such as Stille and Suzuki coupling is
commonly referred to as “the copper effect”.5

However, a precise understanding of how the reactivity at the
single metal center can be affected by communication with
a second metal is oen lacking due to the synthetic challenges
in selective synthesis of such reactive heterobimetallic
complexes with a well-dened structure.

While multiple symmetrical ligand platforms have been
developed for the construction of homobimetallic complexes,6

examples of ligand scaffolds that could selectively support
metal–metal interactions between two different metals and at
the same time contain available reactive sites, are exceedingly
rare.7 This is especially the case when the combination of a 1st

row and a late 2nd or 3rd row transition metal is targeted. Among
known heterobimetallic complexes, rigid ligand design oen
blocks access to coordination sites suitable for cooperative
Scheme 1 Schematic representation of the altering reactivity of
a single metal center through heterobimetallic complex formation.

This journal is © The Royal Society of Chemistry 2020
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substrate binding.8 Although several other classes of binu-
cleating bridging ligands have been developed, many of these
ligands do not allow for close metal–metal interactions in
homo- or heteropolymetallic systems.9

In this work, we report a new bifunctional so/hard
unsymmetrical ligand scaffold, which selectively incorporates
both PtII and CuI centers. The close proximity between the two
metals allows for coordination of alkyl, aryl, or acetylide ligands
to both metal centers, and for the dialkyl complexes, enables
metal–metal interaction. These heterobimetallic complexes
allow us to directly observe the effect of the second metal center
on the reactivity of Pt, which is interesting given that Pt
complexes with d10 metal additives are widely used in C–H bond
activation10 and studied as models for Pd-catalyzed cross-
coupling.11 Our ndings demonstrate that even subtle interac-
tions between two different metals alter the solution reactivity
of common organometallic species, particularly in the C–H
bond activation and boron-to-metal transmetalation reactions,
and ligand architecture that induces proximity signicantly
affects reactivity.
Results and discussion
Ligand design and synthesis of monometallic and
heterobimetallic complexes

We have previously reported the reversible stepwise formation
of homomultimetallic CuI linear chain complexes using an
unsymmetrical napthyridinone-based ligand L0 (Scheme 2).12

Simple functionalization of the O-atom of this ligand by reac-
tion with chlorobis(tert-butyl)phosphine leads to a new ligand
L, in which two well-dened coordination sites are created:
a hard-donor site containing a picolylamine arm and a so-
donor site containing a phosphinite arm. We rst tested if
ligand L shows differentiation between so and hard Lewis
acids using (NBD)PtIIMe2 (NBD ¼ norbornadiene) and
[PtIVMe3I]4 precursors, respectively. As expected, the specic
binding of the PtII center to the so phosphinite site only is
observed, giving complex 1. The PtIV center, on the other hand,
specically binds to the hard N-donor site (complex 2). Inter-
estingly, upon reacting complex 1 with methyl iodide,
Scheme 2 (a) Synthesis of ligand L; (b) selective binding to PtII and PtIV

centers via hard and soft sites.

This journal is © The Royal Society of Chemistry 2020
immediate migration of the Pt center from the so to the hard
site is observed, presenting an alternative pathway for the
formation of 2. The mono-metallic reactivity thus conrms
a proof-of-concept for using this ligand platform further in
designing heterobimetallic systems selectively via the so/hard
Lewis acid concept.

Next we targeted the formation of heterobimetallic
complexes using PtII and CuI precursors as this combination is
known to show metallophilic closed-shell d8–d10 interactions.13

First, treatment of complex 1 with 2 equiv. of CuICl led to the
formation of the heterobimetallic PtIIMe2/Cu

I complex 3[CuICl2]
(Scheme 3). By comparison, the reaction with 1 equiv. of CuICl
gave a mixture of products with the major species characterized
by an 1H NMR spectrum similar to that of complex 3[CuICl2]
indicative of the formation of a similar CuI/PtII core; however,
the reaction was generally less clean and did not proceed with
high yield. To avoid the presence of a potentially non-innocent
counter anion, [CuI(MeCN)4][X] (X ¼ BF4 or B(ArF)4; B(Ar

F)4 ¼
tetrakis[3,5-bis(triuoromethyl)phenyl]borate) was used
leading to complexes 3[BF4] and 3[B(ArF)4], respectively.

All complexes were isolated in 65–71% yields, characterized
by X-ray diffraction (XRD) (vide infra), NMR, IR, and UV-vis
spectroscopies, ESI-MS, and elemental analysis.

Noting that the ligand platform also contains an acidic
benzylic CH2 position and the previously reported ability of the
mononucleating PNN pincer ligands to undergo an N-bound
CH2-arm deprotonation coupled with dearomatization,14 we
attempted the dearomatization of our binucleating P,N-donor
ligand L using a strong base.

Gratifyingly, treatment of 3[CuCl2] with KOtBu resulted in
a deep red solution, from which 4 could be isolated cleanly.
Complex 4 features a dearomatized naphthyridine ring owing to
the deprotonation of its CH2 arm and thus is the rst example of
a dearomatized heterobimetallic complex, resembling dear-
omatization in pincer-based mononucleating ligands utilized
for metal–ligand cooperation catalysis.15 Dearomatization of the
naphthyridine-based binucleating PNNP (“expanded pincer”)
ligand has also been recently reported by Broere and co-workers
in a homobimetallic Cu2 complex.6f
Scheme 3 Formation of cationic heterobimetallic complexes 3[X] and
a dearomatized heterobimetallic complex 4.
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Table 1 Selected interatomic and bond distances in complexes 3[X]
determined by XRD and s4 values for the Pt center

Bond distancea (Å) 3[CuCl2] 3[BF4] 3[B(ArF)4]

Pt1–C1 2.201(2) 2.251(12) 2.164(3)
Pt1–C2 2.050(2) 2.048(11) 2.048(3)
Pt1–N12 2.1823(19) 2.172(9) 2.1894(19)
Pt1–P1 2.2280(6) 2.228(3) 2.2180(6)
Cu1–N11 2.064(2) 2.038(10) 2.076(2)
Cu1–N2 2.320(2) 2.335(11) 2.322(2)
Cu1–N3 1.966(2) 1.982(10) 1.953(2)
Cu1–C1 2.277(2) 2.362(9) 2.160(3)
Pt1–Cu1 2.6486(3) 2.625(2) 2.6119(3)
s4 0.10 0.10 0.13
s
0
4

0.07 0.07 0.09

a Atom numbering is according to Fig. 1a.

Table 2 Selected interatomic and bond distances in complex 4
determined by XRD and s4 values for the Pt centera
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Characterization of heterobimetallic complexes in the solid
state and solution and analysis of metal–metal interactions

The structures of complexes 3[X] and 4 were conrmed by
single crystal XRD studies (Fig. 1).16 The geometries of the Pt
centers in 3[X] are distorted square planar, with s4 and s

0
4

values17 in the range of 0.10–0.13 and 0.07–0.09, respectively
(the value for ideal square planar geometry is 0). This indi-
cates that the oxidation state of the Pt center is unlikely to
change upon the formation of a heterobimetallic species and
it can be formally assigned as +2, consistent with solution
NMR studies (vide infra). The PtII/CuI distances (2.6119(3)–
2.6486(3) Å) are shorter than the sum of covalent radii (2.68
Å),18 but slightly longer than in the PtIIMe2/Cu

I complex re-
ported by Chen et al. (2.5275(7) Å).11 Interestingly, CuI in 3[X]
has close interaction with the carbon of the proximal Me
group with Cu1/C1 distances of 2.160(3)–2.362(9) Å. Thus,
complexes 3[X] are the examples of a solution-stable hetero-
bimetallic complex with an unsymmetrical bridging Me
group.19

Interestingly, the dearomatized complex 4, characterized by
three molecules in the asymmetric cell, features a noticeably
longer interaction between CuI and PtII, 2.6890(5)–2.7459(6) Å,
which is not much larger than the sum of the covalent radii.18

The distances from C of the proximal Me group to CuI are
longer (2.518(5)–2.559(5) Å) compared to that of complexes 3
[X]. These structural changes are ascribed to the loss of elec-
trophilicity at a formally neutral CuI center in 4 leading to
weakening interactions of CuI with both PtII and the bridging
Me group. The selected interatomic and bond distances in
complexes 3[X] and 4 and the s4 and s

0
4 values17 for the Pt

centers are summarized in Tables 1 and 2. The comparison
between complexes 3[X] and 4 shows that the distances
between Pt and the carbon of the bridging Me group are
consistently longer in complexes 3[X] demonstrating stronger
interaction of the bridging Me group with the CuI center as
compared to 4. Dearomatization of the ligand in 4 is evident
from X-ray diffraction data featuring double bond character
(1.359(6)–1.371(7) Å) in the deprotonated arms as opposed to
C11–C12 of 1.512(3) Å in the non-dearomatized complex 3
[CuCl2].
Fig. 1 ORTEP of 3[B(ArF)4] (a) and 4 (b) at the 50% probability level.
Hydrogen atoms, the counterions for 3[B(ArF)4], and solvent molecules
for 4 are omitted for clarity. In the case of 4, only one of three
symmetrically independent molecules is shown. Hereinafter coordi-
nation bonds are shown in accordance with AIM analysis for the gas-
phase optimized structures.

5496 | Chem. Sci., 2020, 11, 5494–5502
ESI-MS analysis also conrmed that the bimetallic cationic
PtII/CuI species 3+ is present in polar solvents (MeCN or THF),
conrming its stability.

NMR spectra of complexes 3[BF4] and 3[B(ArF)4] exhibit well-
resolved, sharp proton resonances. Diagnostic features of the
NMR spectra corresponding to the proximity of a CuI center to
the Pt–Me group in 3[X] (X ¼ BF4 and B(ArF)4) are compared to
those of 1 and 4 in Tables 3 and S1.† The position of the Me
groups was determined by selective nuclear Overhauser effect
(NOE) experiments. The MeA group located between the PtII and
CuI atoms shows a signicant downeld shi of the 13C signal
by ca. 21 ppm compared to the analogous MeA group located
trans to the phosphinite in the Cu-free analogue 1. In
Bond distanceb (Å) 4c 4d 4e

Pt–CA 2.109(5) 2.127(5) 2.124(5)
Pt–CB 2.062(5) 2.050(5) 2.060(5)
Pt–N0 2.156(3) 2.174(4) 2.171(3)
Pt–P 2.2371(11) 2.2428(11) 2.2427(11)
Cu–N00 1.933(4) 1.939(4) 1.939(4)
Cu–Nam 2.346(4) 2.317(4) 2.301(4)
Cu–Npy 1.925(4) 1.937(4) 1.941(4)
Cu–CA 2.558(5) 2.518(5) 2.559(5)
Pt–Cu 2.6890(5) 2.7459(6) 2.7201(5)
s4 0.12 0.10 0.11
s
0
4

0.07 0.07 0.07

a For each symmetrically independent molecule. b General scheme for
atom labelling in coordination spheres of Pt and Cu is shown above.
c From XRD data for the 1st symmetrically independent molecule.
d From XRD data for the 2nd symmetrically independent molecule.
e From XRD data for the 3rd symmetrically independent molecule.

This journal is © The Royal Society of Chemistry 2020
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Table 3 Diagnostic chemical shifts and coupling constants of complexes 1, 3[X] and 4 in THF-d8

Complex

dH (2JH,Pt, Hz) dC (1JC,Pt, Hz) dPt (
1JP,Pt, Hz)

MeA MeB MeA MeB Pt

1 0.93 (66) 0.96 (94) 15.7 (662) �21.9 (805) �3894 (2006)
3[B(ArF)4] 1.10 (44) 1.23 (86) �5.9 (491) �21.3 (711) �3971 (2877)
3[BF4] 1.04 (36) 1.18 (82) �5.6 (n.d.)a �21.3 (719) �3971 (2866)
4 0.82 (56) 0.88 (84) 3.0 (n.d.)b �20.2 (n.d.)b �3980 (2467)

a Not determined due to low intensity caused by insufficient solubility; the corresponding 1JC,Pt for MeA in CD3CN solution was determined to be
505 Hz (see Table S1). b Not determined due to low intensity caused by insufficient solubility.

Fig. 2 1H NMR spectra (THF-d8, 25 �C) of isolated complexes 1 (top), 3
[B(ArF)4] (middle) and dearomatized complex 4 (bottom). Blue rect-
angles highlight the naphthyridine-CH2 signal or CH for 4. Green
rectangle highlights the naphthyridine Csp2–H signals of 4.
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comparison, almost no change in chemical shi was observed
for the MeB group distal from the CuI center of 3 as compared to
1. The latter observation is also consistent with a PtII formal
oxidation state assignment in complexes 3[X] and 4 despite the
presence of metal–metal interactions. This is also in line with
the previous studies by Chen and co-workers who described d8–
d10 interactions between an electron-rich PtII center and a Lewis
acidic d10 metal, which have a signicant donor–acceptor
character and are described as Pt/Mdative bonds.13 Moreover,
considerably smaller Pt–H and Pt–C coupling constants were
observed for the MeA group of complexes 3[X] compared to 1,
while only minor changes are seen in the distal MeB. As ex-
pected from crystallographic data, neutral complex 4 features
a MeA group with the 13C chemical shi and coupling constant
values that are intermediate between those observed for
complexes 3[X] and 1, consistent with a weaker Cu/Pt–Me
interaction when compared to 3[X]. Coordination of the CuI

center also leads to an upeld shi of the 195Pt signal, which
shows a larger coupling constant to the P-atom when short
PtII/CuI contacts are present. At the same time, 195Pt chemical
shis for complexes 1, 3[X] and 4 are signicantly upeld
shied as compared to the characterized PtIV complex 2 (dPt
�2320.9) supporting the assigned formal PtII oxidation state in
these complexes and consistent with the earlier literature
reports.20

Dearomatization of the naphthyridine ring in complex 4 was
also observed in the 1H NMR spectrum, showing a signicant
upeld shi for the naphthyridine protons compared to 3[X]
and 1 (Fig. 2 and S77†), and the presence of a CH group singlet
at 4.83 ppm in THF-d8 solution.

Atoms in Molecules (AIM) analyses for DFT-optimized
structures of complexes 3 and 4 revealed that bond critical
points (bcp) were located between Pt and Cu atoms (Fig. 3) with
characteristics typical for closed-shell, metal–metal interactions
(positive value for V2rb, low rb, negative Vb and Hb, with Hb

value close to zero).21 Interestingly, the bcp was also located
between Cu and carbon of the proximal MeA group in complex 3
This journal is © The Royal Society of Chemistry 2020
with characteristics indicative of metal–ligand interactions (rb
0.059 a.u.; V2rb 0.218 a.u.), but not in complex 4, consistent
with longer Cu/C distances observed by XRD. The character-
istics for the bond critical points for all complexes are listed in
Tables S2–S5 in the ESI.† The comparison between bond
distances obtained in the geometry-optimized structures used
for QTAIM analysis and XRD parameters show reasonable
agreement and the expected trend in PtII/CuI and CuI/MeA
contacts (Tables S6–S9†), showing longer PtII/CuI and CuI/
MeA distances in complex 4 as compared to 3.

NBO analysis also shows that complex 3 exhibits strong
electron density donation from the proximal Pt–MeA fragment
to an s-type orbital on Cu [s(Pt–CA(sp

3)/Cu(s)); E(2) ¼
89.68 kcal mol�1] (Table S11 and Fig. S153†). The metal–metal
interactions are manifested in a moderate donation from a d-
type orbital on the Pt center to an s-orbital on Cu [Pt(d)/
Chem. Sci., 2020, 11, 5494–5502 | 5497
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Fig. 3 Molecular graphs for “gas-phase” DFT-optimized complexes 3+ (a), 4 (b), 6+ (c), and 7+ (d). Bond critical points (3, �1) with a threshold of
Vrb > 0.025 a.u. and corresponding bond paths are shown with green dots and black lines, respectively.
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Cu(s); E(2) ¼ 24.49 kcal mol�1]. Interestingly, the distal Pt–MeB
fragment also shows a donation to a Cu center [s(Pt–CB(sp

3)/
Cu(s)); E(2) ¼ 25.67 kcal mol�1], albeit much weaker compared
to the donation from Pt–MeA. A weak back-donation is also
found from the d-type orbitals on Cu to a Pt–MeA [E(2) ¼
6.0 kcal mol�1] and a Pt–MeB fragments [E(2) ¼ 3.0 kcal mol�1].

The predominant interaction of the proximal Pt–MeA frag-
ment with a Cu center is also evident from the comparison of
the Natural Binding Index (NBI): an NBI between Cu and
a carbon atom of MeA is 0.3476, as compared to a much lower
NBI between Cu and a carbon atom of MeB (0.0946) (Table
S12†). The Pt/Cu interaction results in an NBI of 0.2687
between the Pt and Cu centers. The comparison of complex 3
and copper-free complex 1 shows a strong effect of the coordi-
nation of the Cu center with a bridging MeA ligand resulting in
the elongation of the Pt–MeA bond from 2.08 Å in 1 to 2.15 Å in
3. At the same time, the Pt–MeB bond length remains essentially
unchanged (at 2.05 Å) in both complexes, showing that the
effect of Cu on the Pt–MeB bond length is negligible. Accord-
ingly, the NBI between Pt–MeA is noticeably lower in complex 3
(0.6760) compared to complex 1 (0.7444), while only minor
changes are seen in the NBI for the Pt–MeB fragment (0.8403
and 0.8301 in complexes 3 and 1, respectively) (Tables S10 and
S12†).

This analysis conrms that the three-center two-electron
binding in complex 3 can be best described as a donor–
acceptor interaction between a bridging Pt–MeA and the Lewis-
acidic Cu center that is further supported by the Pt/Cu
interaction. The distance between Cu and carbon of the MeA
fragment remains signicantly longer (Tables 1 and S6†)
compared to that in the symmetrical Me-bridged dicopper
complex with a naphthyridine-based ligand reported by Tilley
and co-workers (2.06–2.08 Å), which showed a three-center, two-
electron bond with essentially equivalent binding of the
5498 | Chem. Sci., 2020, 11, 5494–5502
bridging Me to both Cu centers.22 The donor–acceptor type
s(Pt–MeA)/Cu(s) three-center, two-electron interaction in 3 is
perhaps unsurprisingly unsymmetrical due to the hetero-
bimetallic nature of the complex. However, it resembles the
binding interaction in the unsymmetrical donor–acceptor-type
Me-bridged [Cu(PPh3)2(m-Me)CuMe] dicopper complex reported
by Steffen and co-workers that is also stabilized by metal–metal
interactions.23

Compared to 3, NBO analysis shows that complex 4 exhibits
only moderate donation from a Pt–MeA fragment to Cu [E(2) ¼
44.23 kcal mol�1] and similar metal–metal interactions mani-
fest in the donation from a d-type orbital on Pt to an s-orbital of
Cu [E(2) ¼ 32.13 kcal mol�1] (Table S13 and Fig. S155†). Weaker
donation from the Pt–MeB fragment to Cu is also observed [E(2)

¼ 17.5 kcal mol�1]. The NBI between the carbon of the distal
MeA and Cu is 0.1985 in 4, signicantly less than in 3, while NBI
between the Pt and Cu centers remain similar (0.2498) (Table
S14†).

The detailed analysis of orbital contributions to the Pt/Cu
interaction in complexes 3 and 4 shows that the donation from
Pt occurs predominantly from the lled dz2-type orbital in both
complexes. This is also consistent with the general description
of the dative Pt/Cu bonding in heterobimetallic Pt/Cu
complexes reported by Chen and co-workers.13
Reactivity of PtII/CuI complexes and comparison with
monometallic Pt complexes

We rst studied the solution-state stability of complexes 3[X]
compared with their monometallic counterpart 1. The common
decomposition pathway for dimethyl Pt complexes with N,P-
donor ligands involves rollover cyclometalation leading to
undesired C–H bond activation of the ligand.24 Heating mono-
metallic complex 1 at 40 �C in THF for 12 h (or 3 days in
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 ORTEP of 6[B(ArF)4] (a) and 7[BF4] (b) at the 50% probability
level. Hydrogen atoms, counterions, and solvent molecules together
with the minor disorder component for 7[BF4] are omitted for clarity.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
5 

20
20

. D
ow

nl
oa

de
d 

on
 2

02
6-

02
-2

8 
 6

:2
5:

37
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
benzene) led to the expected cyclometalation to form complex 5
characterized by XRD (Scheme 4a). In contrast, bimetallic
complex 3[BF4] was considerably more stable towards cyclo-
metalation and remained unchanged upon heating in THF at
40 �C for 12 h. The presence of an electrophilic CuI center
coordinated by the bridging Me group presumably offers some
kinetic resistance to rollover cyclometalation.

Surprisingly, when complex 3[B(ArF)4] was heated in C6H6 at
80 �C for 18 h, a new complex 6[B(ArF)4] was obtained in 46% in
situ yield resulting from an aryl group transfer from a [B(ArF)4]

�

counteranion to a Pt center (Scheme 4 and Fig. 4). Under the
same conditions, complex 3[BF4] mostly decomposed (>80%)
aer heating in C6H6 at 80 �C for 18 h to form a mixture of
unidentied products. Although such electron decient aryl
group transfer is known for some electrophilic monometallic
complexes (Rh, Au, and Pt)25 and homobimetallic Cu2 and Fe2
complexes,6h,26 this is the rst example of such transmetalation
from a tetraarylborate anion by a heterobimetallic complex with
a formally neutral Pt center. Aryl group transfer upon treatment
with a Lewis-acidic BPh3 was also observed in Me-bridged
homobimetallic Cu2 complexes.22 Although the fate of the Me
group and B-containing product could not be determined, the
less than 50% yield of complex 6[B(ArF)4] likely results from the
necessity to sacrice a [B(ArF)4]

� counteranion for aryl group
transfer.20 Indeed, when the reaction was performed in the
presence of 4.5 equiv. of Na[B(ArF)4], the in situ yield of 6[B(ArF)4]
increased to 80%.

The X-ray structure of 6[B(ArF)4] reveals close contacts of
a CuI center with the ipso-carbon of an aryl group (2.098(3) Å)
and an adjacent ortho-carbon (2.335(3) Å), while the distance
between PtII and CuI atoms (2.7745(4) Å) is now longer than the
Scheme 4 (a) Cyclometalation of 1; (b) aryl group transfer from the
[B(ArF)4]

� counterion to give 6; (c) terminal alkyne activation.

This journal is © The Royal Society of Chemistry 2020
sum of their covalent radii, indicating no metal–metal interac-
tions when compared to 3[X] and also consistent with the lack of
bcp according to AIM analysis (Fig. 3 and Table S4†).

NBO analysis for complex 6[B(ArF)4] reveals strong donation
[E(2) ¼ 62.36 kcal mol�1] from the Pt–Cipso fragment of Pt–Ar to
an empty s-type orbital on Cu (Table S15 and Fig. S157†).
Additionally, donation from the p-type orbitals of the p-bond
(Cipso]Cortho) to an s-type orbital on Cu is also observed [E(2) ¼
27.35 kcal mol�1], along with the corresponding back-donation
from the d-type orbital at Cu to an antibondingp*(Cipso]Cortho)
orbital [E(2) ¼ 15.66 kcal mol�1]. Compared to 3 and 4, only
moderate donation from a d-type orbital at Pt to an s-orbital at
Cu is observed, resulting in a lower NBI between Pt and Cu of
0.2281.

We then examined the reactivity of 3 with a terminal alkyne
as this substrate contains a reactive C–H bond and a p-system
that can potentially interact with a cationic CuI center. The
synergistic effect of CuI salts has been previously implicated in
bimetallic alkyne activation.4a–c Importantly, monometallic
complex 1 did not show any reaction with 2 equiv. of 4-ethy-
nylanisole at RT for at least 24 h. On the other hand, when 3
[BF4] was reacted with 2 equiv. of 4-ethynylanisole at RT, ace-
tylide complex 7[BF4] was cleanly obtained (Scheme 4). The
product was isolated in pure form in 59% yield and fully
characterized.

A single crystal XRD study reveals a PtII center with a s-
bound acetylide ligand, which coordinates to a CuI center
through the triple bond p-system (Cu1/C1 and Cu1/C2
distances of 1.982(5) Å and 2.141(4) Å). The distance between
PtII and CuI is 3.0934(8) Å, indicative of a lack of interaction
between two metals aer coordination of the Cu center with the
carbon atom of acetylide and consistent with AIM analysis
(Fig. 3).

NBO analysis also shows strong donation from a Pt–C^
fragment of Pt-acetylide to an empty s-orbital of Cu [E(2) ¼
56.69 kcal mol�1] (Table S17 and Fig. S159†). Donation from p-
type orbitals of a C^C fragment to Cu [E(2) ¼ 56.69 kcal mol�1]
and the corresponding back-donation from Cu to an anti-
bonding p*(C^C) orbital [E(2) ¼ 16.14 kcal mol�1] is consistent
with a p-coordination of Cu with a triple bond. Only weak
donation is observed between a lled d-type orbital at Pt to the
empty s-orbital on Cu [E(2)¼ 13.38 kcal mol�1] resulting in a low
NBI between the Pt and Cu centers (0.1949).
Chem. Sci., 2020, 11, 5494–5502 | 5499
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The rate constants were measured in a reaction of 3[BF4]
with an excess of phenylacetylene or phenylacetylene-d1 at
�10 �C under pseudo-rst order conditions to give the values of
(3.9 � 0.2) � 10�4 s�1 and (4.4 � 0.9) � 10�5 s�1 for phenyl-
acetylene and phenylacetylene-d1 labeled at the terminal CH
group, respectively. The kinetic isotope effect (KIE) of 9 � 2 (at
�10 �C) suggests that the C–H bond cleavage likely happens at
the rate determining step (vide infra).27 The relatively large value
for the observed KIE, which is close to the theoretical maximum
for the primary KIE, is not uncommon for C–H activation or
protonolysis by Pt-methyl complexes28 and other transition
metals.27 Unusually large values for the KIE (KIE $ 7) are oen
attributed to the tunnelling effect, or in some cases to the
geometry of the transition state.27

The neutral complex 4 did not show clean reactivity with 2
equiv. of 4-ethynylanisole leading to its eventual decomposition
to form multiple products. The lack of well-dened acetylide
products is likely due to the signicantly higher reactivity of 4
from the presence of a dearomatized ligand arm, which might
lead to ligand-centered reactivity, and due to the lack of elec-
trophilicity of the neutral, electron-rich Cu center stabilized by
an amide donor.
A computational study of the role of Cu in alkyne activation

Based on the above reactivity, we hypothesize that a cationic
CuI center plays a role in coordinating the alkyne, thus
bringing the substrate in proximity to the Pt center, while
increasing the acidity of the terminal C–H bond.4b We con-
ducted preliminary DFT studies using a truncated system with
propyne as a model substrate and a dimethylphosphinite-
substituted ligand, and were able to nd an energetically
accessible pathway, which involves initial p-coordination of
an alkyne with CuI of 30 to initially give p-complex A (Fig. 5).
NBO calculations reveal enhancement in the polarization of
the terminal C–H bond in A (charges at C�0.369 and H +0.273)
as compared to free propyne (C �0.265 and H +0.239).
Oxidative addition to the PtII center leads to the PtIV hydride
acetylide species B, where the triple bond of the alkyne is still
Fig. 5 Calculated energy profile for alkyne activation and DFT-opti-
mized structures for intermediates and transition states.

5500 | Chem. Sci., 2020, 11, 5494–5502
p-coordinated to Cu. Due to the weak coordination of the
naphthyridine N-donor,29 low barrier C–H (methane) reductive
elimination results in the acetylide complex C with a net
exergonicity of 28 kcal mol�1.30 The DFT-calculated KIE for
this mechanism is 3.7 at �10 �C (for the truncated system),
which is smaller than the observed KIE; however, it is
consistent overall with C–H bond activation at the rate deter-
mining step.

The alternative concerted protonolysis pathway was also
considered, but was found to have a signicantly higher barrier
of 38.7 kcal mol�1.30 Because of the use of a truncated system in
the preliminary computational analysis, the absolute values
should be considered only for qualitative evaluation, and
contribution from other possible reaction pathways cannot be
excluded.

Although the synergistic effect of CuI in terminal alkyne
activation is also generally observed in the Sonogashira cou-
pling,4a–c the nature of this effect in the case of the CuI/PtII

complex described in this work is different and does not
involve the transmetalation step, but rather oxidative addition
of the C–H to the Pt center. We believe that this is facilitated
due to the ability of Cu to act as a “docking site” for an alkyne
bringing the C–H bond in proximity to a Pt center and its
ability to polarize a C–H bond, making it more prone to further
reactivity.
Conclusions

In summary, we designed and developed a reactive hetero-
bimetallic Pt/Cu species that conclusively demonstrates that
proximal interactions with a Cu center alters the reactivity of Pt.
We found that a bridging alkyl group between the two metals
prevents undesired rollover cyclometalation. The presence of
a CuI center also induces facile transmetalation from an
electron-decient [B(ArF)4]

� anion and enables facile C–H bond
activation of a terminal alkyne. DFT studies elucidate the role of
the copper center in coordination and activation of an alkyne
substrate which otherwise remains unreactive in the presence
of a Pt-only monometallic complex. Considering the increased
interest towards the utilization of bimetallic catalysis, this study
highlights the principles of ligand design for the study of the
metal–metal cooperation effect in organometallic reactivity.
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