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Abstract

Studies into the mechanism of cobalt-catalyzed C(sp2)—H borylation of five-membered
heteroarenes with pinacolborane (HBPin) as the boron source established the catalyst resting state
as the tfrans-cobalt(111) dihydride boryl, (P"PNP)Co(H)2(BPin) (P"PNP = 2,6-
(iPr,PCH,)2(CsH3N)), at both low and high substrate conversions. The overall first-order rate law
and observation of a normal deuterium Kinetic isotope effect on the borylation of benzofuran
versus benzofuran-2-d support Hy reductive elimination from the cobalt(l11) dihydride boryl as
the turnover-limiting step. These findings stand in contrast to that established previously for the
borylation of 2,6-lutidine with the same cobalt precatalyst, where borylation of the 4-position of
the pincer occurred faster than the substrate turnover and arene C—H activation by a cobalt(l) boryl
is turnover-limiting. Evaluation of the catalytic activity of different cobalt precursors in the C-H
borylation of benzofuran with HBPin established that the ligand design principles for C- H
borylation depend on the identities of both the arene and the boron reagent used: electron-donating
groups improve catalytic activity of the borylation of pyridines and arenes with B,Pin,, whereas
electron-withdrawing groups improve catalytic activity of the borylation of five-membered
heteroarenes with HBPin. Catalyst deactivation by P-C bond cleavage from a cobalt(l) hydride
was observed in the C—H borylation of arene substrates with C—H bonds that are less acidic than
those of five-membered heteroarenes using HBPin and explains the requirement of B,Pin, to
achieve synthetically useful yields with these arene substrates.
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INTRODUCTION

Transition-metal-catalyzed arene C(sp?)—H borylation! has emerged as one of the most
widely used C—H functionalization reactions, both in academia? and industry,3 because of
the versatility of the resulting products. Although highly predictable chemo- and
regioselectivities are observed in these functionalizations using iridium catalysis, the high
cost and low natural abundance of precious-metal catalysts motivate the search for base-
metal alternatives that exhibit superior or complementary selectivity in the C(sp2)-H
borylation of arenes. In ongoing efforts toward this aim,* our laboratory® and others® have
explored earth-abundant first-row transition-metal catalysts for the C(sp?)—H borylation of
arenes. Among these, cobalt complexes bearing bis(phosphino)pyridine ((P'PNP) ligands’
are some of the most active and synthetically useful %2

Our recent mechanistic investigations on the borylation of pyridines and unactivated arenes
with (P"PNP)CoCH,SiM ez (Scheme 1) as the precatalyst and bis(pinacolato) diboron
(B,Piny) as the boron reagent established a Co(l)-Co(lll) redox couple with turnover-
limiting C—H activation promoted by a cobalt(l) boryl.88 However, under these conditions,
borylation of the 4-position of the pincer ligand of the cobalt catalyst occurred prior to
turnover, rendering the metal relatively electron poor and slowing the rate of oxidative
addition of the arene C—H bond. These findings inspired the synthesis of second-generation
catalysts where methyl and pyrrolidinyl groups were installed in the 4-position of the pincer
to block unwanted borylation and increase the electron density of the cobalt center (Scheme
1).82 The increased activity of these catalysts was applied to the borylation of fluoroarenes
where unprecedented levels of selectivity for sites orthoto fluorine were observed and used
in a streamlined synthesis of the anti-inflammatory drug, Flurbiprofen.8®

Catalytic arene C—H borylation methods that can employ HBPiIn as the stoichiometric boron
source are particularly attractive because of their improved atom economy over variants that
require B,Pin,.2 However, despite the mature understanding of the mechanisms of
iridium-10-16 and cobalt-catalyzed C(sp?)-H borylation using B,Pin; as the boron reagent,82
open questions remain about the operative pathways in cobalt-catalyzed reactions when
HBPin is used as the stoichiometric boron source. With (IP"PNP) cobalt precatalysts, the
success of the catalytic C—H borylation depends on the identity of the boron reagent. While
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HBPin is an effective reagent for the borylation of five-membered heteroarenes, it is far less
effective with pyridines and unactivated arenes. Obtaining insights into the turnover-limiting
step and nature of catalyst deactivation pathways in this class of C—H functionalization
reaction is crucial for the rational design of next generation catalysts. Information on the
speciation of iridium,1718 ruthenium,1® iron,6ad heterobimetallic copper,5¢-20 and frustrated
Lewis pair (FLP)?! catalysts in the presence of HBPin have been reported; however, the
turnover-limiting step and possible catalyst deactivation pathways have not been identified,
and principles for future catalyst development are not evident.

Here we describe a detailed study of the mechanism of cobalt-catalyzed C—H borylation of
five-membered heteroarenes using HBPin as the borylating reagent. The catalyst resting
state, identity of the C—H activating species, and the turnover-limiting step have been
identified, and these findings demonstrate that the catalyst design principles used for optimal
performance differ depending on the identity of the arene and boron reagent used. Catalyst
deactivation pathways for the C—H borylation of pyridines and unactivated arenes with
HBPin were also identified and provide insight why HBPin is ineffective for these substrates
and why B,Pin, is necessary for successful C-H borylation.

RESULTS AND DISCUSSION

Determination of the Catalyst Resting State

In our initial communication, trans-(IP"PNP)Co(H),BPin was observed as the catalyst
resting state during the C(sp?)—H borylation of 2-methylfuran with HBPin at 23 °C. The
data were collected at 1 h of reaction time, corresponding to approximately 12% conversion.
58 Monitoring the progress of the catalytic reaction over the time scale required for complete
conversion has since been carried out using (P"PNP)-CoCH,SiM e as the precatalyst. 2-
Methylfuran was selected as the substrate because Co-catalyzed borylation of this arene with
HBPin occurred at a rate that was conveniently monitored by 31P NMR spectroscopy. As
shown in Figure 1, only trans-(P"PNP)Co(H),BPin>28 was detected over the course of the
reaction, and neither 4-BPin-("P"PNP)Co(N,)BPin® nor 4-BPin-(IP"PNP)Co(H),BPins2
was observed, demonstrating that the 4-position of the pincer does not undergo competitive
borylation with the substrate.

Having identified the catalyst resting state, attention was devoted to elucidating the identity
of the cobalt compound responsible for activation of the C(sp?)—H bond. The catalyst resting
state, trans-(IP"PNP)Co(H),BPin, is coordinatively saturated (an 18-electron Co(lll)
compound) and likely requires either the reductive elimination of two of its anionic ligands
(—H or -BPin) or the dissociation of one of its neutral ligands (pyridine or phosphine) to
open a coordination site for C—H bond activation. Pathways involving reductive elimination
of either H, or HBPin seem the most plausible as Co(l1)-Co(l11) redox cycles are amply
precedented in [(PNP)Co] chemistry.82.22:23 As presented in Scheme 2, the “hydride
pathway” generates (IP"PNP)CoH following reductive elimination of HBPin, whereas the
alternative “boryl pathway” involves H, loss to access (IP"PNP)CoBPin, analogous to the
intermediate responsible for C—H activation during the borylation of 2,6-lutidine with
B,Pin,.82 Because of the frans disposition of the hydride ligands in trans-(iP"PNP)Co-
(H),BPin, isomerization to the cisisomer either by phosphine dissociation?4 or HBPin
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reductive coupling is required to achieve an appropriate geometry for H, loss. Mechanistic
experiments were conducted to distinguish the hydride and the boryl pathways (vide infra).

Kinetic Isotope Effect (KIE) and Rate Law Measurements

To determine whether C—H bond cleavage is involved in the turnover-limiting step of the
catalytic cycle, the kinetic isotope effect was measured by comparison of the initial rates2®
(up to 10% conversion) for the C(sp2)—H borylation of benzofuran and benzofuran-2-d
measured in two separate vessels. Benzofuran was chosen for the KIE and rate law
measurements because of its low volatility compared to 2-methylfuran in order to avoid loss
via evaporation during the reaction. With 1 mol % of (P"PNP)CoCH,SiMe3 as the
precatalyst with HBPin at 23 °C, comparison of the relative initial rates of the two reactions
yielded a normal, primary deuterium Kinetic isotope effect of 1.9(1) (Scheme 3). This value
is lower than those measured for the cobalt-catalyzed borylation of 2,6-lutidine (2.9(1) at
80 °C)8a and iridium-catalyzed borylation of 1,2-dichlorobenzene and 1,2-dichlorobenzene-
ay with B,Pin, (3.3(6) at 25 °C).19 In both reported cases, KIEs of this magnitude support
oxidative addition of the C—H bond as the turnover-limiting step during catalysis. The
reduced magnitude of the KIE could arise either from turnover-limiting C—H bond activation
with an earlier or later transition state than the previously reported examples or a from a
change in turnover-limiting step.

The experimental rate law for the C(sp2)—H borylation of benzofuran with HBPin using
((P"PNP)CoCH,SiM e3 was determined using the method of initial rates2® (Table 1) with the
goal of distinguishing the pathways in Scheme 2 and providing insight into the turnover-
limiting step of the catalytic reaction.

The observed rate law was first-order with respect to cobalt precatalyst (Figure 2) and zero-
order with respect to both the heteroarene substrate and HBPin. The zero-order behavior
with respect to benzofuran concentration eliminates C—H oxidative addition as the turnover-
limiting step in the catalytic cycle. In addition, the experimentally determined rate law also
excludes the hydride pathway as a mechanistic possibility. If (PFPNP)CoH were responsible
for C—H activation and C-B bond formation via reductive elimination to release the product
is turnover-limiting, the reaction would be expected to exhibit a first-order dependence on
heteroarene substrate (see Figure 3, Hydride pathway 1). Similarly, a hydride pathway where
H-H reductive elimination is the slow step is also unlikely as this regime would result in a
first-order dependence on the heteroarene and an inverse first-order dependence on HBPin
(see Figure 3, Hydride pathway 2).

Proposed Mechanism

A mechanism that is consistent with the experimentally measured data is presented in
Scheme 4 and is reminiscent of the boryl pathway presented in Scheme 2. The cobalt
precatalyst enters the catalytic cycle by reaction with HBPin to form an equivalent of
PinBCH,SiMe3 and (IP"PNP)CoH (step 1).52 Oxidative addition of a second equivalent of
HBPin to (IP"PNP)CoH generates the catalyst resting state, trans-(IP"PNP)Co(H),BPin
(step 2).5826 Turnover-limiting H, reductive elimination (step 3), either through dissociation
of a phosphine2* or reductive coupling of HBPin, generates the C—H activating species,
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((P"PNP)CoBPin. Heteroarene C—H oxidative addition (step 4), followed by C-B reductive
elimination to release the heteroarylboronate ester product and regenerate (iP"PNP)CoH
(step 5) completes the catalytic cycle. This mechanistic scenario is different from that of the
borylation of pyridines and arenes with B,Pin,, where catalyst self-borylation is competitive
with arene borylation and arene C—H activation by a cobalt(l) boryl is turnover-limiting.

Effect of the 4-Substituent on Catalytic Activity

To evaluate the effect of the electron-donating ability of the pincer ligand on the C-H
borylation of heteroarenes with HBPin, the catalytic C—H borylation of benzofuran was
monitored using different cobalt precatalysts (Figure 4). The reaction profiles in Figure 4
show that the rate of benzofuran borylation with HBPin increases with electron withdrawing
groups in the 4-position of the pincer. The origin of this behavior is likely a result of a
decreased barrier for turnover-limiting H-H reductive elimination with more electron-poor
catalysts. This is opposite of the trend observed for the C(sp?)—H borylation of 2,6-lutidine
with B,Pin, where electron-donating blocking pyrrolidinyl and methyl groups enhanced the
rate of C—H borylation by decreasing the barrier for turnover-limiting C—H activation of the
arene substrate.8 These findings demonstrate that the turnover-limiting step of the C-H
borylation catalytic cycle and hence the catalyst design principles depend on the identity of
the substrates.

Determination of Catalyst Deactivation Pathway(s)

Although an effective reagent for the borylation of 5-membered heteroarenes, HBPin proved
less effective with pyridines and unactivated arenes and led to overall lower product yields.
To probe the origin of this difference, the borylation of 2,6-lutidine was studied with HBPin
in the presence of 10 mol % of (iP"PNP)CoCH,SiM e3. Monitoring the catalytic reaction by
31p NMR spectroscopy (Figure 5) revealed significant borylation of the 4-position of the
pincer ligand. After 1 h of reaction time, corresponding to <5% conversion, a 2:1 ratio of
trans-((P"PNP)Co(H),BPin and trans-4-BPin-(IP"PNP)Co-(H),BPin was observed (red
spectrum in Figure 5). Heating the THF-ag solution of the reaction mixture to 80 °C for 32 h
produced 19% yield of the borylated product and a new cobalt compound identified as 4-
BPin-((P"PNP)Co(H)(PH'Pr»). This product, arising from P-C bond cleavage of the pincer,
22 was independently synthesized from addition of HPIPr, to 4-BPin-({P"PNP)CoCH4%
under an atmosphere of hydrogen gas (see complete experimental details on page S9) and
crystallographically characterized (Figure 6). Performing the C—H borylation of 2,6-lutidine
with HBPin in 0.55 M THF solution using 10 mol % of 4-BPin-(iP"PNP)Co(H)(PHIPr>) as
the precatalyst resulted in no conversion to the borylated product, establishing that the
formation of 4-BPin-(P"PNP)Co(H)-(PHPr5) by P-C bond cleavage is a catalyst
deactivation pathway (see S10).

Based on these observations, a pathway accounting for the origin of the poor catalytic
activity with pyridines and unactivated arenes when HBPIn is used as the boron reagent is
presented in Scheme 5. Isomerization of trans-4-BPin-(IP"PNP)Co(H),BPin to the cis
isomer (step 1) followed by H, reductive elimination (step 2) generates the C—H activating
intermediate, 4-BPin-(P"PNP)CoBPin, which undergoes oxidative addition of the arene
C(sp?)-H bond (step 3). For pyridines and unactivated arenes where the C—H bond is less
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acidic than that of five-membered heteroarenes, reductive elimination of HBPin from
trans-4-BPin-(IP"PNP)Co- (H),BPin to generate 4-BPin-(IP"PNP)CoH (step 4) becomes
competitive with arene C—H activation (step 3).2” As shown previously with the unmodified
version of the ligand,22 the Co(l) hydride undergoes catalyst deactivation by P-C bond
cleavage?? to generate 4-BPin-(iP"PNP)Co(H)(PHPr ) (step 5) and unidentified products.
When B5Pin, is used as the boron reagent, regeneration of the cobalt boryl occurs via the
reaction of the cobalt hydride with B,Pin, (step 6), which decreases the concentration of the
cobalt(l) hydride species, or preventing its formation altogether, and thus preventing catalyst
deactivation. This explains why the use of B,Pin; is necessary to achieve synthetically
useful yields in the C—H borylation of pyridines and unactivated arenes.

IONS

Investigations into the mechanism of C—H borylation of five-membered heteroarenes with
HBPin using the cobalt precatalyst, (P"PNP)CoCH,SiM e, are consistent with reductive
elimination of H, from the cobalt(I11) resting state as the turnover-limiting step. This kinetic
regime is distinct from the one operative for the borylation of pyridines and arenes with
cobalt and iridium catalysts with BoPin,, where C—H activation is turnover limiting.
Comparison of the catalytic activities of different cobalt precatalysts established that the
ligand design principles for C—H borylation are dictated by the identity of the arene
substrate as well as the boron reagent used as electron-donating groups improve borylation
of pyridines and arenes with B,Pin,, whereas electron-withdrawing groups improve
borylation of five-membered heteroarenes with HBPin. Monitoring the fate of the cobalt
catalyst in the borylation of 2,6-lutidine with HBPin revealed that for arene substrates
containing relatively less acidic C—H bonds, catalyst deactivation by P-C bond cleavage
becomes competitive with productive catalysis, thus resulting in poor yields. The design of
cobalt catalysts that are less susceptible to deactivation by P-C bond cleavage is envisioned
to enable more atom-economical C—H borylations of these arene substrates with HBPin.
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The reaction of (i Pr PNP)CoCH»>SiM e3 with HBPin happens instantaneously at 23 °C, and thus,
precatalyst activation is significantly faster than the time it takes to reach 10% conversion.

As shown in reference 5a, the C—H borylation of 2-methyl furan with DBPin in the presence of 1
mol% of (P"PNP)CoCH»SiM e; resulted in no deuterium incorporation in the unreacted arene,
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but resulted in the formation of HBPin, consistent with reversible oxidative addition and reductive
elimination of B—H(D) bonds.

27. Performing the reaction depicted in Figure 5 in the absence of 2,6-lutidine (i.e., addition of 11
equiv of HBPin to a solution of (' F’rPNP)CoCH 2SiM ez in THF-dg) instantaneously forms trans-
(IPr PNP)Co(H)2BPin (see footnote 25) at 23 °C. Heating this mixture to 80 °C for 32 h resulted
in the complete consumption of trans- ('PrPNP)Co(H)zBPin and the formation of trans-4-BPin-
(P"PNP)Co(H)(PH'Pr ), thus supporting the hypothesis that P-C bond cleavage is competitive
with arene C—H activation when the C— H bond is less acidic than that of five-membered
heteroarenes
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31p NMR spectrum of the reaction mixture of 2-methylfuran and HBPin in the presence of
10 mol % of (IP"PNP)CoCH,SiMe; in benzene-g at 23 °C. The peak at 103.2 ppm in the
31p NMR spectrum corresponds to trans-(iP"PNP)Co(H),BPin. @NMR vyield of borylated

product.
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Figure2.
First-order dependence of the initial rate for the formation of 2-BPin-benzofuran on the

concentration of the cobalt precatalyst, (P"PNP)CoCH,SiMe;.
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Expected rate law: Expected rate law:
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Figure 3.

Hydride pathway 1 with turnover-limiting C-B reductive elimination (left) and Hydride
pathway 2 with turnover-limiting H-H reductive elimination (right). See Figure S4 and
Figure S5 for the derivation of the rate law.
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Reaction profiles for the C-H borylation of benzofuran with HBPin using
((PTPNP)CoCH,SiM e3% (red), 4-BPin-( P"PNP)-CoCH 3?2 (blug), and 4-pyrr-
(P"PNP)Co(H),BPin® (purple) as precatalysts.
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Figure5.
31p NMR spectrum of the reaction mixture of 2,6-lutidine and HBPin in the presence of 10

mol % of ((P"PNP)CoCH ,SiMeg in THF-ag at 80 °C. 3GC yield of borylated product.
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Figure 6.
Solid-state structure of 4-BPin-({P"PNP)CoH (PH!Pr ) at 30% probability ellipsoids.

Hydrogen atoms, except on the cobalt-hydride and on the secondary phosphine, were
omitted for clarity.
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Previous work (ref 8): Using B,Pin,

BPin
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B C-H activating species: ' B Slow step ' B Catalyst design principle
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This work: Using HBPiIn
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B C-H activating species? M Slow step? M Catalyst design principle?
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Scheme 1.
Influence of Arene and Boron Source on the Mechanism of Cobalt-Catalyzed C(sp?)-H

Borylation
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Scheme 2.
Possible Scenarios for the Generation of the C-H Activating Species from trans-

(P'PNP)Co(H),BPin
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Page 17
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[ KIE = 1.9(1) at 23 °C (2 separate vesse:s)]

Scheme 3.
Determination of the Deuterium Kinetic Isotope Effect for the Borylation of Benzofuran and

Benzofuran-2-d; with HBPin as the Boron Source and ((P'PNP)CoCH,SiMes as the Pre-
Catalyst
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Scheme 4.

Proposed Mechanism for the Cobalt-Catalyzed C-H Borylation of Five-Membered

Heteroarenes with HBPin
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Scheme 5.
Hypothesis for Why HBPin Is an Ineffective Borylating Reagent for Pyridines and

Unactivated Arenes
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Table 1

Determination of the Rate Law of the Borylation of Benzofuran with HBPin

1duosnuepy Joyiny 1duosnue Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

H-H reductive elimination

B Catalyst design:
electron-poor cobalt

=
0 cat. [Co] |° o A
n )
L g+ HBPin 4/ X N PP
o N
2 > PH‘.C|°"‘H
B Slow step: /{ PHPr,

J N\

W Catalyst deactivation:
P-C bond cleavage

Insight into atom-economical C-H borylations with HBPin

[Benzofuran] [HBPin] [(P"PNP)COCH,SIMes] Initial rate (M/s)
0.14M 0.14M 7.00x 1074 M 1.2+0.1x 105
0.14M 0.14M 140 x 1073 M 23+02x107°
0.14M 0.28 M 1.40 x 103 M 23+01x10°
0.28M 0.14M 1.40x 1073 M 24+0.1x1075
0.14M 0.14M 3.50 x 104 M 52+0.7x 1076
0.14M 0.14M 1.05x 1073 M 1.9+0.1x1075

[ rate = kype[(P"PNP)CoCH,SiMes] '[benzofuran]’[HBPin]® ]
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