Downloaded via UNIV OF PENNSYLVANIA on September 1, 2022 at 18:00:21 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

JJOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Communication

Metal—Ligand—Anion Cooperation in C—H Bond Formation at
Platinum(ll)

Hannah E. Zeitler, Alexander S. Phearman, Michael R. Gau, Patrick J. Carroll, Thomas R. Cundari,

and Karen I. Goldberg*
I: I Read Online

Article Recommendations |

Cite This: J. Am. Chem. Soc. 2022, 144, 1444614451

ACCESS |

ABSTRACT: Thermolysis of [*(BPI)Pt(CH,)][OTf] (BPI = 1,3-bis(2-(4-tert-butyl)pyridylimino )isoindole) to release methane
and form (BPI)Pt(OTY) is reported. Kinetic, mechanistic, and computational studies point to an unusual anion-assisted pathway that
obviates the need for a higher oxidation state intermediate to couple the metal-bound methyl group with the ligand-bound hydrogen.
Leveraging this insight, a triflimide derivative of the (BPI)Pt complex was shown to activate benzene, highlighting the role of the
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counteranion in controlling the activity of these complexes.

he direct functionalization of alkanes, particularly

methane, is a prominent research target in catalysis.'
Key in this transformation is C—H bond activation. Through
studies of model transition metal systems, several distinct
mechanisms have been established for this bond cleavage step
that generates a metal—alkyl. Mechanisms that require a
change in oxidation state, e.g., oxidative addition (OA, Chart
la), are often contrasted with those that maintain the metal

Chart 1. Mechanisms of R—H Bond Activation
a) Oxidative Addition (OA)
RH

I
LM ——— L M"™2—R
b) Concerted Metalation Deprotonation (CMD)

RH
L,M"-OAc —> L,M"-R + HOAc

c) Metal-Ligand Cooperation (MLC)

H
RH ! +2 H
LM ——— L M™2_R| —— HLL, 4M"—R

proposed
in some cases

oxidation state, e.g., concerted metalation deprotonation
(CMD, Chart 1b)."*™® Metal-ligand cooperative (MLC,
Chart 1c) mechanisms have been recently invoked.””'* The
heterolytic H, activation step in Noyori’s hydrogenation
reactions is a classic example of MLC bond activation."> In
C—H activation via MLC, a basic site on the ligand formally
accepts the proton, with the anionic carbon fragment binding
to the Lewis acidic metal. While there is no net oxidation state
change at the metal, a higher oxidation state intermediate is
sometimes invoked with a stepwise process of an initial OA,
followed by proton transfer to the ligand.'”"*~"” Mechanisms
where the oxidation state of the metal is maintained
throughout the reaction are likely more robust activation
paths, particularly under aerobic conditions; the electron-rich,
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low-valent oxidation state species required for OA can be
susceptible to undesirable reactivity in preference to C—H
bond activation." MLC mechanisms are also attractive in terms
of atom efficiency for functionalization as, in contrast to CMD,
the proton remains in the coordination sphere of the metal and
can potentially be incorporated into the product at a later step.

Herein we provide support for an unusual MLC mechanism
for C—H coupling/activation reactions where the counter-
anion plays a central role in promoting the proton movement
between the backbone and the carbon, and in doing so avoids a
higher oxidation state intermediate. Experimental and
computational mechanistic studies of the C—H coupling
reaction from a (BPI)Pt" pincer (BPI = 1,3-bis(2-(4-tert-
butyl)pyridylimino)isoindole) cationic methyl species are
presented. Using the mechanistic understanding of this
metal—ligand—anion cooperative (MLAC) reaction, a change
in the counteranion allowed for benzene C—H activation.
These studies of C—H coupling/activation with (BPI)Pt
complexes are of particular interest, as (BPI)Pt(CHj;)
complexes can be aerobically functionalized."*"”

The reaction of triflic acid (HOTf, 1 equiv) with
(BPI)Pt(CHj;) (1) resulted in formation of [(BPI)Pt(CH,)]-
[OTf] (2) (Scheme 1, 76% yield). The 'H NMR spectrum of
2 shows broken symmetry of the BPI ligand (2 tert-butyl, 10
aromatic, and 1 N—H signal), consistent with protonation of
one of the imine nitrogens. Obtaining X-ray-quality crystals of
2 proved challenging; however, a suitable crystal was grown of
the palladium analogue, ["(BPI)Pd(CH;)][OTf] (2-Pd,
Figure 1). The solid-state structure shows asymmetry of the
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Scheme 1. Protonation of (BPI)Pt(CH3) to Form A) Disappearance of Protonated Platinum Methyl

["(BP1)Pt(CH,)][OTf] Followed by Thermolysis to Form
Methane and (BPI)Pt(OTf)
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ligand and significant hydrogen bonding between ~“OTf and
the amine proton (N—O distance = 2.805(4) A).*

Figure 1. Solid-state structure of 2-Pd. Thermal ellipsoids are shown
at 50% probability, and hydrogens of the BPI ligand (except the N—
H) are omitted for clarity.

Heating a red solution of the protonated species, 2, in C4Dg
at 60 °C (6 h) resulted in the formation of yellow
(BP)Pt(OTY) (3) and the liberation of methane*’ (Scheme
1), as observed by 'H NMR spectroscopy. The crystal
structure of 3 shows a metal-bound triflate (Figure S25), and
the “F{'H} NMR spectrum shows evidence of the triflate
changing from a counterion in 2 (—78.0 ppm) to coordinated
in 3 (=76.9 ppm).”>**

The kinetics of the C—H coupling reaction were monitored
using UV—vis spectroscopy. Spectra of the reaction in toluene
(Figure 2a) show four isosbestic points, indicating that there is
no significant accumulation of intermediates in the reaction.

Data for the disappearance of 2 with respect to time fit an
exponential decay (Figure 2b), confirming the rate is first-order
in substrate, ["(BPI)Pt(CH,)][OTf]. An Eyring analysis (50—
90 °C) yields a AH* = 25.6 + 0.5 kcal mol™" and AS* = 0.3 +
1.5 cal/K-mol (AG¥ = 25.5 + 0.7 kcal mol™" at 25 °C). A
kinetic isotope effect (KIE) was determined (1.17 = 0.0S, 80
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Figure 2. (A) UV—vis spectra of the disappearance of 2 over time at
80 °C. (B) First-order exponential fit of the data at 385 nm.

°C) via kinetic monitoring of the reaction of 2-d, in which the
amine nitrogen was deuterated.

The first step of the C—H coupling reaction from 2 is
proposed to be transfer of the amine proton either to the metal
or directly to the methyl. As water or alcohol has been reported
to act as a proton shuttle in some systems,”**” the thermolysis
of 2 (50 uM) in toluene was repeated at 80 °C in the presence
of methanol (625 uM). The similarity of the measured rate
constant ((13.6 &+ 0.2) X 10™* s7') to that observed without
added methanol ((13.8 + 0.3) X 107* s7') argues against
methanol assistance.

Density functional theory (DFT) was then employed to
probe potential mechanisms for the C—H coupling reaction.
To reduce computational cost, the fert-butyl groups were
replaced by methyl groups. A direct proton transfer pathway
from the amine to the Pt-methyl could not be found. The
tautomerization of 2, wherein the proton moves to the Pt
center to form the PtV intermediate [(BPI)Pt(CH,)(H)]Y,
was then considered. Initially, direct proton transfer from the
amine to the Pt to form [ (BPI)Pt(CH,)(H)]* (C) without any
anion interaction was analyzed (Figure 3). It is notable that
dissociation of ~“OTf from 2 to give cationic ["(BPI)Pt-
(CH;)]* (A) is disfavored (AG® = 29.5 kcal mol'). Direct
transfer of the backbone proton to the Pt in this cation was
found to be further endergonic (C, AG® = 55.1 kcal mol™),
with a very high kinetic barrier (B, AG* = 84.9 kcal mol™).
Attempts to move the proton around the chelation ring of the
ligand through interaction with the pyridine or indole
nitrogens resulted in prohibitively high energy transition states
(TSs).”® These high-energy pathways led to consideration of
whether the counteranion, triflate, could be acting as a proton
shuttle and assisting in the formation of the C—H bond.

Deprotonation of [F(BPI)Pt(CH;)]" by triflate to form the
separated neutral species (BPI)Pt(CH;) (1) and HOTS is
accessible (AG® = 19.4 kcal mol™") (Figure 4). A low-energy
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Figure 3. Calculated energies for the anion-free reaction of 2 to release methane with AG and AG* reported in kcal mol™!. PBE0-D3//6-311+

+G(d,p)/LANL2TZ with implicit toluene solvation (SMD).
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Figure 4. Calculated energies for the anion-assisted conversion of 2 to 3. AG and AGT are reported in keal mol™l. PBE0-D3// 6-311++G(d,p) /

LANL2TZ with implicit toluene solvation (SMD) was used.

transition state for transfer of the proton from the backbone N
to the Pt interaction was located (H, AG¥ = 22.3 kcal mol™!),
with HOTT located midway between the imine nitrogen and
Pt. Intrinsic reaction coordinate and subsequent geometry
optimization calculations from this TS confirmed that it
proceeded to 2 on one side and a five-coordinate adduct,
(BPI)Pt(CH,)(HOTf) (I, AG® = 14.3 kcal mol™), on the
other.

A relaxed angle scan of the Pt—N,,....—O(H) angle from
this TS toward the starting material (Figure S21) showed a
downhill potential energy surface with no additional barriers,
suggesting that it is equally feasible to form 1 and HOTT or to

14448

maintain the (BPI)Pt(CH,)/HOTf interaction prior to
formation of the transition state. A crossover study to examine
whether triflic acid completely dissociates from 2 during the
thermolysis reaction was inconclusive.*®

In comparison to [(BPI)Pt"(CH;)(H)]* (C) considered
above, the Pt—H distance in (I) is significantly elongated (A =
0.57 A), and the H-OT( distance is only slightly different than
that calculated for free HOTf (A = +0.06 A, Figure S17).
Based on this analysis, the intermediate is a Pt" triflic acid
adduct rather than a Pt" hydride (Figure S17). The
subsequent C—H bond formation transition state (J) was
located at AGFT = 20.6 kcal mol™!, which proceeded to a
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methane o-complex (K, AG* = 15.4 keal mol™). The release
of methane and binding of “OTf to Pt is significantly favored
and overall conversion of 2 to 3 and methane is downhill by
AG°® = —9.5 kcal mol™". Notable is that formation of a Pt
intermediate is avoided in this MLAC C—H bond formation
mechanism.

The highest calculated barrier, H (Figure 4, AG® = 22.3 kcal
mol™"), was also investigated with the full tert-butyl-substituted
rather than methyl-substituted BPI ligand, and a very similar
barrier (AGF = 22.5 kcal mol™!) was determined. Furthermore,
the DFT-calculated KIE for this step was 1.19, in agreement
with the experimental KIE of 1.17 + 0.05. In contrast, if the
transition state for C—H bond formation, J (Figure 4, AG® =
20.6 kcal mol™"), were rate determining, DFT predicts a KIE of
1.59.

If the triflic acid completely dissociates from 2, an
interaction of HOTf with a second Pt in the form of 2 is
also possible, yielding [M(BPI)Pt(CH;)(HOTf)][OTf] (AG®
= 15.2 keal mol™, Figure S14). However, a higher barrier was
computed to form the Pt—CH, adduct from this species (AG*
= 26.1 kcal mol™) relative to that from L In addition, such a
mechanism would give rise to second-order kinetic depend-
ence on [2], inconsistent with the experimental data.

The role of the anion was further explored by the addition of
HCl to 1 or (n-Bu),Cl to 2; both experiments resulted in rapid
formation of (BPI)PtCl (4) and methane at room temperature.
When (n-Bu),Cl was added to 2 at —63 °C, 'H NMR signals
for a new species with one N—H peak (14.70 ppm) and
broken symmetry of the ligand were observed. These signals
disappeared above —10 °C to form 4, suggesting that
[M(BPI)Pt(CH,)][Cl] had formed and underscoring the
dramatic effect of the anion on the C—H coupling reaction.
DFT studies with ~ClI instead of “OTf show significantly
decreased energies for all intermediates and TSs.”’

There are only a few studies where Pt complexes with a
proton stored on the ligand and a methyl bound to the metal
were thermolyzed to form methane.”” " Puddephatt reported
a Pt"-methyl complex where the kinetic site of protonation was
a pendant amine arm.”’ Subsequent formation of a Pt"“—H
intermediate followed by C—H reductive elimination was
proposed. Nozaki found that a cationic hydroxycyclopenta-
dienyl methylplatinum" species underwent reductive elimi-
nation of methane with formation of a Pt" product.”® The
transformation from Pt' to Pt" was proposed to involve an
MLC mechanism with a trifluoroacetate anion assisting in the
transfer of the proton from the hydroxycyclopentadienyl to the
methyl.

The propensity of the microscopic reverse reaction, a C—H
bond activation by a MLC-like mechanism, was examined
within the (BPI)Pt system. No benzene activation product was
observed, even after heating (BPI)Pt(OTf) (3) in C¢Dg to 200
°C. In contrast, MLC bond activations were observed for H,
and phenylacetylene substrates. Heating a C¢Dg solution of 3
under H, (S atm) for 20 h at 100 °C resulted in formation of
[M(BPI)Pt(H)][OTf] (5), and C—H activation of phenyl-
acetylene in C4Dg was observed at room temperature,
producing [H(BPI)Pt(CCPh)][OTf] (6) within two hours.
Given that the C—H bond of benzene is more similar to that of
methane than of phenylacetylene, the lack of C—H activation
of benzene by 3 could be explained by the triflate being too
strongly bound to allow benzene to enter the coordination
sphere of the platinum and react. The coordination of "OTf to
the (BPI)Pt open-site compound is very favorable (AG® =

—53 kcal/mol), but the coordination of the more weakly
binding, less basic triflimide counterion is less favorable (AG®
= —47 kcal/mol). Indeed, a compound analogous to 2 but with
a triflimide counterion, [P(BPI)Pt(CH,)][NTf,] (7), showed
activity for arene C—H bond activation after methane
elimination. In C4Dy, the N—H shift in the '"H NMR spectrum
for 7 is at 10.78 ppm vs 13.10 ppm for 2, suggesting a
substantially weaker interaction of the triflimide with the
proton on the ligand backbone. Thermolysis of 7 in C¢Hy at
100 °C for 15 h resulted in the release of methane and
formation of a new metal species in 30% yield as the major
product by "H NMR spectroscopy (Scheme 2).*° Comparison

Scheme 2. Activation of Benzene by 7

Bu | NTf, Bu | NTf,

=z =z
H, | H |
N N
() |
\ ,L 100°C, 15h \ ,L
N l A — CHaH N l A
G G
7 By 8 By

to an authentic sample of [*(BPI)Pt(C(H)][NTf,] (8)
confirmed the formation of the phenyl complex. If the reaction
was carried out in C4Ds, CH, was the only methane
isotopologue formed. Thus, informed by the mechanistic
studies of the triflate system, use of a weaker-coordinating
anion allowed for the activation of benzene C—H bonds across
the Pt and ligand backbone.

The studies reported herein add new understanding to the
activation of C—H bonds using MLC. The anion assists in the
proton transfer between the metal and the ligand, and in doing
so, a high oxidation state Pt" intermediate is avoided. Thus,
the basicity of the anion and conversely the acidity of the metal
active site comprise critical design features in promoting the
selective activation of strong, nonpolar C—H bonds via MLAC
mechanisms.
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