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Abstract

Cobalt dialkyl complexes bearing a-diimine ligands proved to be active precatalysts for the
nondirected, C(sp3)—H selective hydrogen isotope exchange (HIE) of alkylarenes using D, gas as
the deuterium source. Alkylarenes with a variety of substitution patterns and heteroatom
substituents on the arene ring were successfully labeled, enabling high levels of incorporation into
primary, secondary, and tertiary benzylic C(sp3)—H bonds. In some cases, the HIE proceeded with
high diastereoselectivity and application of the cobalt-catalyzed method to enantioenriched
substrates with benzylic stereocenters provided enantioretentive hydrogen isotope exchange at
tertiary carbons.
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Hydrogen isotope exchange (HIE) of C—H bonds promoted by transition-metal catalysts is a
valuable tool for the preparation of isotopically labeled organic molecules. HIE is
particularly useful for studying mechanisms of C—H bond activation? and for late-stage
deuterium (2H, or D) or tritium (3H, or T) labeling of pharmaceuticals.? The selective
incorporation of deuterium into an active pharmaceutical ingredient (API) can significantly
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alter its metabolism2d:3 and is a common strategy for the design of new therapeutics.2d:30.c.4
The radiolabeling of APIs with tritium is essential in preclinical adsorption, distribution,
metabolism, and excretion (ADME) studies,22C and preferred conditions generally use T
gas at low pressures rather than T,O in order to facilitate safe handling by minimizing
radioactivity-to-volume ratio and production of radioactive waste.2a¢

Most transition-metal-catalyzed HIE methods using D, or T, gas are selective for C(sp?)-H
bonds of arenes and heteroarenes,® owing to the established oxidative addition preferences
of reduced metal complexes.6 The most commonly used catalysts for HIE are homogeneous
iridium complexes that typically rely on interaction with directing groups in the substrate to
promote selective C(sp2)-H HIE.” Our laboratory recently reported a bis(A-heterocyclic-
carbene)pyridine pincer iron-catalyst that exhibited highly predictable, sterically driven
C(sp?)-H site selective HIE that is orthogonal to that observed with iridium (Scheme 1A).8

Selective C(sp3)—H HIE in the presence of C(sp?)—H bonds but in the absence of directing
groups is rare and presents an unmet need for labeling of drug-like molecules. Precedent
exists with heterogeneous Pd,® Pt, Rh, Ni,10 and Col! catalysts but these methods often
require the use of D,O or other deuterated solvents.® HIE of benzylic C-H bonds of
essentially unfunctionalized alkylarenes has been reported using Pd/C®9 or Raney Ni6:10
with D, gas (Scheme 1A), but the process can require multiple iterations of catalyst
pretreatment with D, in order to obtain optimal isotopic enrichment.12

Few examples of stereoretentive or enantioretentive C(sp3)—H isotope exchange have been
reported.1® The deuteration of a-C—H bonds of B-chiral alcohols by ruthenium was reported
to proceed without loss of enantiopurity.132 Stereoretentive HIE S to primary amines in
phenylalanine derivatives was also described using Pd/C and D, gas.23° In both of these
examples, increased reaction temperature resulted in epimerization. Raney Ni has been used
to deuterate carbohydrates without epimerization using D,O under microwave radiation.13¢
Enantioretentive HIE of a-C—H bonds of chiral primary amines was recently demonstrated
with heterogeneous ruthenium catalysts13d:€ and D, gas or homogeneous ruthenium
catalysts and D,O (Scheme 1B).13f Nondirected, stereo-retentive labeling of C—H bonds at
tertiary carbon centers, however, has not been demonstrated. Here we present a method that
uses an a-diimine cobalt(11) dialkyl precatalyst to promote preferential C(sp3)-H HIE in the
presence of C(sp?)—H sites using D5 gas. The earth abundant metal catalyst is also active for
tertiary centers (Scheme 1B), enabling enantioretentive reactions and making it appealing
for late-stage isotopic labeling of APIs.

Our laboratory recently reported a-diimine cobalt!4 and nickell® dialkyl and
bis(carboxylate) complexes that are active for the polyborylation of C(sp3)-H bonds in
alkylarenes, a shift from the sterically driven C(sp?)—H selectivity more commonly observed
with iridium16 and other cobalt borylation catalysts.1” These observations motivated
exploration of these catalysts in HIE reactions not only for applications in late stage
deuteration and tritiations but also to gain mechanistic insight into the origin of selectivity
toward C(sp3)—H functionalization. The A-alkyl-substituted a-diimine cobalt dialkyl
complex, (SYADI)Co(CH,SiMes), (1, Scheme 2A), was selected for initial HIE reactions
due to its superior performance in catalytic benzylic C(sp3)—H borylation.1# Stirring a
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dodecane solution of toluene (4) with 5 mol % of 1 under 4 atm of D, for 24 h at 80 °C
resulted in deuterium labeling at multiple C—H positions (Scheme 2B). The highest degree
of incorporation occurred at the benzylic C—H bonds (>95%), but the m- and - positions
were also deuterated (11% and 14%, respectively). Arene reduction (12%) to
methylcyclohexane was also observed. From these data, it is evident that 1 preferentially
activates and functionalizes benzylic C(sp3)—H sites, consistent with observations from C—H
borylation, but also accesses C-(sp2)—H positions, a mode of reactivity not previously
observed during C-B bond forming catalysis with this precatalyst.14

Because arene reduction could be deleterious in the context of late-stage HIE, the precatalyst
and reaction conditions were modified to minimize this pathway (see Sl, Table S1). Optimal
conditions were identified that employed 10 mol % of the A-aryl substituted a-diimine
cobalt dialkyl complex, ((P"D1)Co-(CH,SiMe3), (2, Scheme 2A),14 at 50 °C and 1 atm of
D, (Scheme 2B). Under these conditions, high levels (>95%) of deuterium incorporation
into the benzylic C-H bonds was observed with less arene reduction (8%). The related
cobalt 73-allyl complex, (P"DI)Co(7P-C3Hs) (3, Scheme 2A),18 was also evaluated but only
provided trace levels of deuterium incorporation (Scheme 2B), highlighting the importance
of the cobalt(l1) dialkyl precatalyst for entry into the catalytic HIE manifold.

With optimized conditions using cobalt precatalyst 2 established, the generality of the
method was investigated with a series of substituted methylarenes. The HIE protocol was
selective for the benzylic C-H bonds of p-, m-, o-, and polysubstituted methylarenes
(Scheme 3A) and proved tolerant of heteroatom substituents on the arene, including fluoro
(5), methoxy (6, 12), and dimethylamino (7) functional groups. For m-tolylboronic acid
pinacol ester (8), an elevated temperature (80 °C, 4 atm D5) was required to observe
deuterium incorporation, but the reaction also provided a large degree of C(sp?)—H labeling
and a significant amount (53%) of reduced arene.1®

Methylarenes with substituents in the 4-position, including p-xylene (9), 4-phenyltoluene
(10), and 4-tert-butyltoluene (11), also underwent cobalt-catalyzed C(sp3)-H HIE, although
the latter two exhibited comparatively low levels of deuterium incorporation, possibly due to
steric effects disfavoring coordination of the substrate to the cobalt catalyst prior to C-H
activation. With p-cymene (14), incorporation at the tertiary benzylic C—H position (93%)
was only slightly higher than at the primary methyl group (86%). At elevated temperature
and pressure (80 °C, 4 atm D»), use of 5 mol % of 2 to label 4-methyl-benzylboronic acid
pinacol ester (13) provided a higher degree of deuterium incorporation a- to boron (93%)
than in the methyl position (60%). This result is consistent with the apparent activating
effect of a [BPin] substituent toward C—H functionalization previously observed in the
context of benzylic C-H borylation1415.20 and with the formation of stabilized a-boryl
organometallic intermediates previously invoked in transition-metal catalysis.?! This effect
implies that the increased acidity of C—H bonds a- to boron substituents?? coincides with
increased rates of C—H functionalization by transition metals.

Cobalt-catalyzed HIE was also applied to arenes with additional methyl groups. A high
degree of deuterium incorporation was observed in the benzylic C-H positions of mesitylene
(15). At elevated temperatures and pressures (80 °C, 4 atm D) in cyclopentylmethyl ether
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(CPME), isotopic exchange was even successful with hexamethylbenzene (16), providing a
modest amount of deuterium incorporation (23%) after 24 h and demonstrating
compatibility of the method with ethereal solvents.

Substrates with secondary and tertiary benzylic C-H bonds also highlight the unique
selectivity of the cobalt-catalyzed method (Scheme 3B). Selective incorporation of
deuterium into the secondary benzylic C—H bonds of ethylbenzene (17), benzylboronic acid
pinacol ester (18), and benzyltriethoxysilane (19) was observed using standard conditions. In
the isotope exchange reaction with benzylcyclopropane (20), incorporation was observed in
the benzylic as well as the m+and p-positions. Importantly, no evidence for cyclopropane
ring-opening was observed. This result is consistent with either a nonradical mechanism for
C—H activation, or a benzylic hydrogen atom abstraction and rapid radical rebound to a
cobalt intermediate occurring at a rate greater than the rate of cyclopropane ring-opening.23

Alkylarenes with longer alkyl chains terminated by boronate (21) or amine (22) substituents
were also preferentially deuterated in the benzylic position. Branched alkylarenes exhibited
high selectivity for tertiary benzylic C(sp3)-H bonds under standard catalytic conditions.
With racemic tert-butyldimethylsilyl (TBS) protected 3-phenylbutanol (23-(rac)) and 2-
phenyl-3-methylbutane (25-(rac)), the benzylic C-H bonds were exclusively labeled. With
sec-butylbenzene (24-(rac)), 9% of the homobenzylic methyl group was deuterated.

Bicyclic alkylarenes were also subjected to cobalt-catalyzed HIE. With tetralin (26) and
indan (27), the benzylic methylene positions were selectively labeled and accompanied by a
small degree of incorporation into the arene C(sp?)—H bonds. These substrates have proven
to be challenging for benzylic C-H borylation with both a-diimine cobalt!4 and nickel®
catalysts. These HIE results demonstrate that C(sp3)—H functionalization of these substrates
is possible in a similar catalytic regime, suggesting that C-B bond formation may be the
challenging step that limits substrate scope in those protocols. The pinacol ester of 1-
indanylboronic acid (28-(rac)) underwent deuteration at elevated temperature and pressure
(80 °C, 4 atm D») using 5 mol % of 2, resulting in preferential incorporation into the a-boryl
benzylic position (>95%) than the benzylic methylene site (56%), again consistent with an
apparent [BPin] activating effect,14.15.20

The deuteration of tertiary benzylic C(sp3)—H bonds inspired exploration of HIE in
enantioenriched substrates containing tertiary benzylic stereocenters. Initial experiments
were conducted with racemates to verify the applicability of the method to this class of
substrates. With 1 atm of D, and 10 mol % of 2 at 50 °C, racemic 1-(4’-
methoxyphenyl)indan (29-(rac)) was successfully labeled (Scheme 4A). Incorporation was
preferred on the face of the saturated ring ant/i- to the aryl substituent, consistent with a
mechanism in which selectivity is controlled by precoordination of the arene to the cobalt
catalyst intermediate resulting in diastereoselective C(sp3)—H activation.

Repeating the procedure with enantiopure arylindan (>98% ee (S)) replicated the
diastereoselectivity observed with the racemic substrate, and the enantiopurity of the starting
material was preserved in the deuterated product (>98% ee (5), 29-(S), Scheme 4B),
demonstrating that this HIE protocol proceeds with high levels of enantiospecificity (es).24
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With (S5)-1-methyltetralin (92% ee (S), 30-(S)), stereochemical integrity was again
conserved (>98% es) with high levels of deuterium incorporation into the tertiary benzylic
stereocenter (92%), as well as the benzylic methylene (81%). With the acyclic substrate
(R)-2-phenyl-3-methylbutane (72% ee (R), 25-(R)), enantiospecific HIE (>98% es) was
achieved with a high degree (93%) of deuterium labeling of the tertiary benzylic C-H bond.

In summary, a cobalt-catalyzed method for the selective C(sp3)—H hydrogen isotope
exchange of alkylarenes with D, gas has been discovered that proceeds with stereoretention
when applied to enantioenriched substrates. The enhanced scope and functional group
tolerance of this HIE method compared to the previous C(sp3)—H borylation method with
the same catalysts14 implies that the latter protocol is limited not by C—H activation but
rather by C-B bond formation. Studies to improve the scope of C(sp3)-H HIE and
borylation and to develop alternative C(sp3)—H functionalization methods are currently in
progress.
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A. Non-directed HIE of alkylarenes using D, gas.

Fe (ref 8) :Q/\ C(sp?)-H
selective
R
+ D2 heterogeneous
Pd Ni
(refs 9,10)
Co (this work) CSSP?.'H
selective

B. Enantioretentive HIE of C-H bonds at stereocenters

(R Me)
Co (this work)

3° chiral
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Ru (,-ef 13f) amines

Scheme 1.
C-H Bond Selectivity in Nondirected Transition-Metal-Catalyzed HIE and Methods for

Enantioretentive HIE of C(sp3)—-H Bonds
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A. -Diimine cobalt precatalysts

=N
\\)\ s— SiMe; \8’* N \\/L“§ N ;
N-—Co
N—Co
sume3 /'/
M938| S|M83

{CYADI}CO{CH35|Me3}2 ('P’DI}CO(CHZSME;,)Z ("”D')Cc‘('l 'CaHs}

B. Catalytic HIE of toluene.? [% Bn] D
[% m] D
cat. [Co], D,
O/ dodecane C/”
temp., 24 h [% plD ;
4 %o m] D
%Bn:%m:%p reduction
[Col: 1 (5%, 4 atm D,, 80°C); >95%: 11%: 14% (12%)
2(10%, 1 atm Dy, 50 °C); > 95% : 11% : 15% (8%)
3 (5%, 4 atm D5, 80 °C); 6%: 0%: 0% (0%)

Scheme 2. a-Diimine Cobalt Complexes Used in This Work and Their Performance in Catalytic
HIE of Toluene Using Dy

4Reactions conducted with 0.55 mmol of toluene in 0.55 mL of dodecane for 24 h. Catalyst
loading, pressure of D, gas, and reaction temperature included in parentheses. See Sl for
details.

1duosnuepy Joyiny

1duosnue Joyiny

ACS Catal. Author manuscript; available in PMC 2018 July 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Palmer and Chirik

Page 9

%CEdo] P
- 10 mol‘llg 2 -
1 atm D,
—— ) |
heptane or dodecane (% C(sp*)-D]
R, 50°C, 24 h R,

A. Methylarene substrates.
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[21%] [15¢ /o] (34%)
[21%) [15% ]
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Scheme 3. HIE of Alkylarenes Using Pre-Catalyst 2 and D52
4Reactions conducted with 0.55 mmol of alkylarene, 10 mol % of 2, and 1 atm of D5 in 0.55

mL of heptane or dodecane solvent at 50 °C for 24 h. Percent deuterium incorporation at the
carbon position indicated in brackets. See Sl for details. 2Arene reduction observed. See Sl
for details. “Reaction carried out at 80 °C. %Five mol % of 2 used. °CPME used as the
solvent. 'Run with 0.34 mmol of substrate.
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A. Diastereoselective HIE.

OMe MeO
7% % D
10 mol% 2 %
. fatmD, D
heptane, 50 °C, 24 h 3 [12%)]
[7%] D D
(rac) 29-(rac) [12%] [90%]

B. Enantioretentive HIE.”
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R" 10 mol% 2 R"
1 atm D, Dn (% C(sp*)-D]
R heptane, 50 °C, 24 h R
unlabeled, labeled
enantioenriched
MeO
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@ [79%] B Mo D
5% 2% ,P =, ,
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: [o%] [6%] [23%]
5% % 181%] [16%]
29-(5) [8%] [86%] 30-(S) 25(R)
unlabeled: >98% ee (S) 92% ee (S) 72% ee (R)
labeled: >98% ee (S) 92% ee (S) 72% ee (R)
retention: >98% es >98% es >98% es

Scheme 4. tI;)iastereoselective and Enantioretentive HIE of Benzylic C—-H Bonds Using Precatalyst
2 and Dy®

4Reactions conducted with 0.55 mmol of alkylarene, 10 mol % of 2, and 1 atm of D5 in 0.55
mL of heptane solvent at 50 °C for 24 h. Percent deuterium incorporation at the carbon
position indicated in brackets. See Sl for details. “Enantiomeric excess (ee) determined by
chiral gas chromatography. See S for details.
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