GDCh
=

Electrosynthesis

Forschungsartikel

Angewandte
Chemie
www.angewandte.org

Angew. Chem. Int. Ed. 2024, €202403119
doi.org/10.1002/anie.202403119

Zitierweise:

Cross-selective Deoxygenative Coupling of Aliphatic Alcohols:
Installation of Methyl Groups including Isotopic Labels by Nickel

Catalysis
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Abstract: Nickel-catalyzed cross-electrophile coupling
reactions of two aliphatic alcohol derivatives remain a
challenge. Herein, we report a nickel-catalyzed reduc-
tive methylation reaction of aliphatic mesylates with
methyl tosylate. This reaction provides straightforward
access to compounds bearing aliphatic methyl groups
from alkyl alcohol derivatives. Isotopically labelled
substrates and reagents can be employed in the reaction
to provide perdeuterated and '*C-labelled products. This
transformation can be achieved by employing stoichio-
metric Mn reductant or electrochemically. Additionally,
mechanistic experiments show that alkyl iodides are key
intermediates in the transformation which undergo a
stereoablative reaction via radical intermediates. )

Introduction

Installing a simple methyl group can have a large effect on
the properties of pharmaceutical compounds, often referred
to as “the magic methyl effect.”!"! For this reason, medicinal
chemistry campaigns frequently include evaluation of methyl
substitution whenever possible. In two examples, structure—
activity relationship (SAR) studies revealed that installation
of an aliphatic methyl group increased the potency of
compounds (Scheme 1A). For example, modification of
lovastatin 1a with an additional methyl group increased the
potency 2.5-fold, providing simvastatin 1b.”! Additionally, in
noncatalytic site integrase inhibitors (NCINI, 2) replacing a
hydroxyl group (2a) with a methyl group (2b) significantly
increased potency.’! These examples highlight the impor-
tance of developing reactions that transform ubiquitous
functional groups into methyl substituents in a straightfor-
ward manner.”! One of the most common ways to install
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A. Aliphatic methyl groups in medicinal chemistry Cl

Statin (1) HIV Integrase Inhibitor (2)
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H (1a) 22 OH (2a) 930
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B. Methods for installation of aliphatic methyl group
C-H functionalization
H Transition metal catalyst Me
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C. This work: Ni-catalyzed reductive methylation of aliphatic mesylates
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D. Application: incorporation of isotopic labels
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Scheme 1. Background.

aliphatic methyl groups is through C—H functionalization
with a transition metal catalyst or an electrochemical cell
(Scheme 1B).! However, methodical evaluation of substitu-
tion patterns by site-selective C—H functionalization of an
alkyl chain could be challenging since reactions are inher-
ently chemoselective toward activated C-H bonds.
Although less well-developed, nickel-catalyzed cross-elec-
trophile coupling (XEC) reactions of alkyl halides and
amine derivatives with methyl electrophiles, either methyl
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tosylate or iodomethane, have been reported.*”! We hy-
pothesized that direct transformation of aliphatic alcohols to
methyl groups would be an attractive strategy, since
aliphatic alcohols are significantly more prevalent and read-
ily available when compared to alkyl halides and amines. To
illustrate, alkyl alcohols are present in more than half of
natural products and nearly a quarter of pharmaceutical
agents.’! Despite recent developments of nickel-catalyzed
cross-electrophile coupling reactions involving aliphatic
alcohol derivatives, none yet been achieved with methyl
electrophiles.®*1%

In addition, since our XEC reaction engages secondary
alcohols, our method has the advantage of building on
ketones as key intermediates to incorporate isotopic labels
through straightforward enolization and reduction strategies.
Incorporation of isotopic labels such as deuterium and “C
have been shown to improve pharmacokinetic properties of
compounds in  medicinal  chemistry = campaigns
(Scheme 1D)."!' Common methods to install deuterium
atoms into compounds include hydrogen isotope exchange
of ketones for deuteration of the o-position as well as
carbonyl reduction employing deuterated reducing agents
such as LiAID, or NaBD,."” Furthermore, several variants
of isotopically labelled methanol are readily available, for
example, as solvents for NMR spectroscopy, and they can be
employed in the XEC reaction to install labelled methyl
groups. Therefore, we envisioned that one application of
this reaction would be for synthesis of variously labelled
compounds.

In this manuscript, we describe the development of a
nickel-catalyzed reductive methylation reaction of alkyl
mesylates with methyl tosylate (Scheme 1C). This reaction
achieves the intermolecular XEC reaction of two alkyl
alcohol derivatives to convert alkyl mesylates into alkyl
methyl groups, which are prevalent moieties in pharmaceut-
ical compounds. As part of this strategy, we challenged the
reaction with the use of a methanol derivative as one of the
coupling partners. A cross-selective reaction of two alkyl
alcohols is difficult: thus far, nickel-catalyzed XEC reactions
of two alkyl alcohol derivatives are limited to dimerization
reactions™ or intramolecular XEC reactions.™¥ We per-
formed this nickel-catalyzed reaction employing a reducing
metal or electrochemically. Additionally, we employed read-
ily available isotopically labelled starting materials and
reagents to yield products with controlled introduction of
multiple isotopic labels, as such labels can provide beneficial
effects on metabolic properties and have applications in
pharmacokinetic studies.""! Finally, mechanistic studies are
consistent with a reaction that proceeds through halide
intermediates and is stereoablative.

Results and Discussion

We began our investigation by subjecting mesylate 3a to a
series of XEC reaction conditions, employing combinations
of nickel -catalyst, reducing metal, and halide salts
(Table 1).*! In all reactions, alkene product 5 from an
elimination reaction was the major byproduct. We hypothe-
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Table 1: Optimization of the Reaction.
OMs Me
A, Nitcodyp (10 mol %) PPN
Ar Ar  BPhen (10 mol %) Ar Ar
3a
+ standard conditions: +

MeOQTs (5 equiv) " WAr

5
Mn (2 equiv) Nal 1 Min DMA)
Mn Kl (6 equiv) +)Al/(-)GC
pyridine (1 equiv) ) 1 5 mA 10 F/mol
DMA, 80 °C, 24 h DMA, 60 °C
Entry Deviation from Yield Yield
Standard Conditions 4 (%)% 5 (%)
1 none 68 23
2 2 equiv MeOTs, 3 equiv Kl 35 27
3 10 equiv MeOTs, 11 equiv K 25 51
4 ¢ dtbbpy instead of BPhen 59 28
n
5 bathocuproine instead of BPhen 22 52
6 60 °C instead of 80 °C 37 27
7 no pyridine 45 50
8 no Ni(cod), or BPhen 0 50
9 Zn instead of Mn 25 27
10 none 59 26
(+)Zn/(- graph|te 7 mA, 20 F/mol
1 1 equiv TBABr added 32 33
12 no Ni(cod), or BPhen 7 47
' Ph
1 =N
\ BPhen dtbbpy

“Ar=p-(MeO)C¢H,. Yields determined by 'H NMR based on
comparison to PhTMS as internal standard. In all cases, recovered
3a<2%.

sized that the amount of methyl tosylate (MeOTs) added
would have an effect on the yield of the methylated product.
As predicted, a reaction with too little or too much MeOTs
added resulted in decreased yield of the desired methylated
product 4 compared to the 5 equivalents used in the
optimized reaction conditions (cf entries1, 2, and 3).
Utilizing bulky nitrogen-based ligands, lower reaction tem-
peratures, and omitting pyridine were examined to suppress
formation of alkene 5 and increase formation of desired
product 4 (entries 4-7). However, all cases resulted in
decreased yields of 4 and increased formation of alkene 5.
Preliminary evidence is consistent with a critical role for the
nickel catalyst: a reaction without nickel catalyst and ligand
resulted in no product formation (entry8), and replacing
manganese with zinc still afforded the desired product
(entry 9).

We also sought to determine whether the reaction could
be performed electrochemically. Electrochemistry offers the
advantage of not requiring superstoichiometric amounts of
metal powder reductant, a source of concerns about the
reproducibility and scalability of heterogeneous XEC
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reactions.! Omitting Mn and pyridine and employing

sodium iodide as an electrolyte with a aluminium anode and
glassy carbon cathode afforded the methylated product in
59 % vyield (entry 10). Other electrode combinations were
less successful, for example, optimization employing a zinc
anode and a graphite cathode provided less desired meth-
ylation product and significantly higher amounts of elimi-
nation (e.g., entry 11). A reaction without the nickel catalyst
resulted in minimal product formation, consistent with
nickel-mediated methylation and electrochemical reduction
of the nickel catalyst (entry 12).

Ni(cod), (10 mol %)
HO D A D,C D
R R BPhen (10 mol %) R R
DDDD H3COTs, D3COTs DDDD
N or H3'3COTs
HsC D HaC P
3 HsC D NBoc
Ar
- D-7 32% D-8, 23%
Ds-6, 42%
O CD.
13CH, CDg \©\ 3
/\)\/\ NMCH
Ar Ar  Ar Ar H

from Bucetin

13 0,
[°C14, 30% D39, 27%

D3-4, 52%

Scheme 2. Incorporation of Isotopic Labels. Ar= (p-MeO)C¢H,.

Ni(cod), (10 mol %)
MeOTs BPhen (10 mol %)

+ (5 equiv)
Mn  or (+)i“ﬁ( )
Me
m Ph
MeO 17, 41°/a

4, R, R’=OMe 68%2 Me
10,R,R'=H 47%32
g "Pr
6,R=H, R'= OMe 6490
11,R=H,R’'=0TBS 339%a MeO 18, 38%7
12,R=Cl, R = OMe 49%2
13,R=H,R'=F 40%2

14,R=H, R'= m-CHyCO(GeHy) 37942
15, R=H, R’= m-H,NCO(CgHy) 51940

ME\C’//O
o : O from

Simvastatin

19, 22%°2
16,R=H,R'=pNC(CsHs) 5594 9, 22%
7,R=H,R' = 2 64%P Me
Iyt
N
Me
EtO
BocN Me \©\ O Me Me
H . Cbz”
from Bucetin
8, 41%° 9, 38%7 20, 19%°2

agtandard conditions with manganese. ?Standard electrochemical conditions.

Scheme 3. Substrate Scope.
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At the outset, we investigated the application of this
XEC strategy for installation of isotopic labels at different
steps in our synthesis (Scheme 2). Incorporating deuterium
labels prior to the XEC reaction via the ketone intermedi-
ates through H/D exchange and/or LiAlD, reduction allows
for introduction of multiple isotopically labelled atoms into
one compound. This strategy provided straightforward
access to perdeuterated compounds such as Ds-6 in 42 %
yield and monodeuterated products D-7 and D-8. Employ-
ing labelled methyl tosylate afforded the desired products
bearing labelled methyl substituents in moderate yields
([®C]-4, D;-4 and D;-9).

With optimized reaction conditions and proof of concept
for isotopic labelling in hand, we evaluated the substrate
scope (Scheme 3). We were pleased to see that secondary
alkyl alcohols containing pendant aryl groups substituted
with electron-donating groups (4, 10, 6 and 11) as well as
electron-withdrawing groups, including halides (12 and 13),
ketone (14), amide (15), and nitrile (16), were tolerated in
the reaction. Heterocycle-containing substrates such as N-
methyl indole, Boc-protected piperidine and 2-meth-
oxypyridine afforded the methylated products in moderate
to good yields (7, 8 and 17). Substrates containing aliphatic
substitution, including n-propyl performed moderately in
the reaction to provide the methylated product 18. In
general, substrates bearing increased steric bulk adjacent to
the reactive center diminished yields, as do primary
mesylates (see Supporting Information for examples). Late-
stage functionalization of Bucetin was achieved (9). Finally,
cyclic substrates were also tolerated, albeit in lower yields
(19 and 20).

A number of experiments were performed to determine
the key features of the mechanism of the XEC reaction
(Scheme 4). First, we looked to confirm that the alkyl
iodides resulting from displacement of the sulfonate starting
materials were intermediates in the reaction,/®¢9%10a13a14a..17)
A reaction with iodomethane rather than methyl tosylate
resulted in 41 % yield of the methylated product (Sche-
me 4a). Therefore, we hypothesize that iodomethane is
formed in situ from methyl tosylate. When mesylate 3a was
subjected to the reaction conditions in the absence of KI no
product formation was observed. Furthermore, subjecting
secondary alkyl iodide 3b to the reaction resulted in 51 %
yield of the desired product 4. These results confirm that
alkyl iodide 3b is likely a key intermediate in the reaction.
Next, we set out to determine the stereochemical outcome
of the reaction (Scheme 4b). We predicted that the reaction
would be stereoablative because reactions of alkyl iodides
with nickel catalysts typically proceed through radical
intermediates, since the nickel catalyst undergoes oxidative
addition via halogen atom abstraction (XAT).l*¥l To test
this hypothesis, single diastereomers of mesylate 21 were
synthesized and subjected to the reaction conditions. The
reactions of either anti-21 and syn-21 provide product 22 as
a 1:1 mixture of diastereomers. This result confirms the
stereoablative nature of the methylation reaction.

Based on observations outlined in Scheme 4a and b, the
key features of the catalytic cycle can be proposed
(Scheme 4c). The secondary alkyl mesylate is converted into
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Scheme 4. Mechanistic Studies. Ar= (p-MeO)C¢H,. “Yields determined
by "H NMR based on comparison to PhTMS as internal standard. *dr
determined by chiral SFC of desilylated product.

iodide in situ. The iodide then undergoes XAT by the
nickel(0) catalyst to afford an alkyl radical intermediate and
a nickel(I) species. This elementary step accounts for the
stereoablative reaction outcome. The alkyl radical reacts
further, either by a sequential reduction or radical chain
mechanism™"! to afford the desired methylated product.
We anticipate that a reduction of the nickel catalyst is
effected by either Mn® or electrochemically, depending on
the reaction conditions.

Conclusion

In summary, we report a nickel-catalyzed intermolecular
reductive methylation reaction of alkyl sulfonates with
methyl tosylate for the installation of alkyl methyl groups.
The reaction is tolerant of different functional groups
including isotopically labelled substrates and reagents. Addi-
tionally, the reaction can be performed electrochemically in
the presence of a nickel catalyst. Finally, mechanistic studies
were performed to determine that alkyl iodides are key
intermediates in the reaction, and therefore, the trans-
formation is stereoablative at the carbinol center.
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