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ABSTRACT: A practical C—H functionalization method
for the methylation of heteroarenes is presented.
Inspiration from Nature’s methylating agent, S-adenosyl-
methionine (SAM), allowed for the design and develop-
ment of zinc bis(phenylsulfonylmethanesulfinate), or
PSMS. The action of PSMS on a heteroarene generates
a (phenylsulfonyl)methylated intermediate that can be
easily separated from unreacted starting material. This
intermediate can then be desulfonylated to the methylated
product or elaborated to a deuteriomethylated product,
and can divergently access medicinally important motifs.
This mild, operationally simple protocol that can be
conducted in open air at room temperature is compatible
with sensitive functional groups for the late-stage
functionalization of pharmacologically relevant substrates.

he concept of methylation plays a key role in epigenetics, as
DNA and histone methylation is largely responsible for
gene expression without affecting the gene sequence.’ Uracil
methylation is important for DNA biosynthesis and RNA post-
translational modification,” and cysteine methylation can disrupt
ubiquitin-chain binding, which in turn affects signaling path-
ways.” Methylation is also fundamental in medicinal chemistry, as
several biological and physical properties of a drug can be
adversely or favorably affected with the mere addition of one
methyl group to a lead compound.* For example, a molecular
unit as small as methyl can improve the ICy, value of a drug
candidate 100-fold in a phenomenon called the “magic methyl
effect”>® In light of these merits, “a call for new C—H
methylation reactions” was made recently to encourage academic
and industrial chemistry research groups to study the topic in
detail.®
To address this challenge, we designed a mild method for C—
H methylation (Figure 1A) to enable laboratory methylation of
tryptophan (1), cysteine (2), or even uracil (3). With inherently
reactive functional groups such as the indole N—H, carboxyl O—
H, and uracil N—H bonds present on 1-3, a radical reaction
pathway, as opposed to an ionic/polar one, was sought. Our
design plan was influenced by a key methylating agent found in
Nature, S-adenosylmethionine (SAM, or 4).” SAM (4) is known
to methylate 1—3, with the case of tryptophan being particularly
compelling since enzymological studies point to SAM as a source
of methyl radical (Me*).”®
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A. Goal: Alaboratory surrogate for radical SAM methyl transferase
NH,

/:N
. o NH, S-adenosyl-
N 2 Y
-Ozc/k/\§/\<_7‘ \)\l\/ methionine,
Me N§/N or SAM (4)
HO OH

SAM (4) methylates at the following positions:

CO,R?
—>H
NHR? * | j‘:
N\« Hlg COH N"So
N NHR? R

tryptophan as part of cysteine at the C-termi-  uracil as part of a
a peptide chain (1) nus of a peptide chain (2) nucleotide chain (3)

B. Prior art: AcOH, (AcO),, DMSO, or TBHP as methylating agents

jj)\ i l 9 OOH Others:
.S. Me Me-[Co]
Me OH Me o > Me Me Me Me—OH

AcOH (AcO), DMSO TBHP
(+ Ag*/S;0g27) (+ Fe2t/heat) (+ Fe2+/Hy0,) (+ Fe2+/H*)

C. Preliminary investigations: > 1000 experiments and >1 year

Me—NHNH,

2 9 9 i
S R__S ™S _ _S PhS S.
Me”~ “OM ~"om oM " "ONa
M =Na, Zn, Fe R =B(OR),, PPh,, *PPh; M =Li, Mg (works but
(low yields) (salt synthesis difficult) (unreactive)  not robust)

D. This work: Radical methylation using PSMS (6)

Zn, (CHBr
0 0 T(Msél )e 0.0 2 oxidation
‘o ,svs~ Zn ——— > "Me*"
Ph~ THF, 40°C  |Ph 0l efficient,
5 Br henSO; PSMS (6) practical
(85%) Aldrich cat. no. methy!
[gram-scale] 792187 surrogate

PSMS (6) can be recrystallized from
MeOH/H,0 to give PSMS « 6H,0:

PSMS (6) is a free-flowing,
bench-stable, white powder:

- (the unit cell contains two
molecules of this structure)

Figure 1. (A) S-Adenosylmethionine (SAM) as an inspiration for mild
methylation. (B) Prior art and (C) preliminary investigations in methyl
radical chemistry. (D) The design and development of a practical source
of a methyl radical equivalent.

The idea of employing a methyl radical to methylate arenes
and heteroarenes is not new, as many methyl radical sources are
known (Fi%ure 1B),” including acetic acid,”*™ diacetyl
peroxjde,gd_ DMSO,%87 and TBHP.™ These methyl radical
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Table 1. Substrate Scope of the (Phenylsulfonyl)methylation Reaction

o) [o]
R !VI © Me n Ac
PSMS (6; 1.5 equiv, + 26 examples - N N
MS (¢ o e ) - open flask if desired i ) A 27\ A\
Het — Het —CH,SO,Ph * very easy to separate o N N SO,Ph o] N N SO,Ph N
PhCF4/H,0, 1t, 24 h the product from the Me ' we SO
7a-32a 7b-32b starting material 7b: R = Me (75%)8 b
:R =Me (75%) 9b (44% + 21% RSM)2 10b (45%)
8b: R = (CH,),COMe (82%)2
CO,Et MeO,C
2 O:N eO ! N Me N HO N\ OH N»N\ NH,
Z { I\ I\ |
;/D\COzEt ;/O‘COCFs 5 )2 S0, Ph //Z>)\Me ,/Z;) N)\Ph N - sopn sl
! H
PhO,S PhO,S PhO,S Me PhO,S CO,Me 80,Ph
11b (99%)2 12b (76%)2 13b (48%; 14b (88%) 15b (53%) 16b 17b (51%)d 18b (41%;
C2:C5 = 3:2)¢ (36% + 27 % RSM) C4:C6 >9:1)e
SO,Ph
CO,Me SO,Ph SO,Ph
OH SO,Ph  MeO
@[ Lso Ph N \ CO,Me \ Me N
2 N SO,Ph H SO,Ph H
19b (62%) 20b (68%)f 21b (65%) 22b (50%)a 23b 62%) 24b (39%)¢ 25b (50%)
SO,Ph
COZMe
EtO,C so,Ph NN
7 N= 2 z —
H—m H—m \r CO,Et
/g:[ >_ e \é[ >— e W Cr\/(cozﬂ oS \/N\) K/ \8—/ &/N\/( 2
SO,Ph S0,Ph COzMe SO,Ph
30b (42%;
26b 66%) 27b (92%) 28b (47%) 29b (63%)9 05:07(= 5:’1)9 31b (80%) 32b (77%)

General conditions: heterocycle (0.2 mmol, 1.0 equiv), PSMS (6; 0.3 mmol, 1.5 equiv), TBHP (1.0 mmol, 5.0 equlv) PhCF;/H,0 (1 mL/0.4 mL),

rt; isolated yields are shown. RSM = recovered starting material.

“3.0 equiv PSMS (6) was added in two portions.

?2,5-Disubstituted product was

obtained in 11% yield. “2,5-Disubstituted product was obtained in 26% yield. “Reaction ran in 2:1 DMSO:H,O. “Reaction ran in DMSO with 1.0
equiv TFA. 1.0 equiv PSMS (6) was used. £These substrates do not work at all using Fenton methylation conditions (DMSO/Fe**/H,0,).

sources are largely ineflicient, or require highly acidic or high-
temperature conditions for their generation. However, perhaps
the greatest difficulty arises from the similar polarities of the
starting material and the methylated product, which prevents
proper isolation and purification of the product. With this in
mind, our ultimate strategy involved the formation of a methyl
radical surrogate—a reagent that installs a functional group that
clearly differentiates the product from the starting material in
terms of polarity while being easily unmasked to reveal a methyl
group.

Based on our ongoing efforts in the synthesis and use of
alkanesulfinate reagents for heteroarene C—H functionaliza-
tion,° investigations were centered around the use of
methanesulfinate or substituted methanesulfinate reagents
(Figure 1C). Sodium methanesulfinate, a commercially available
reagent, only reacted with heterocycles such as caffeine (7a) in
very low yields, and only after using Fe** salts as an additive. Zinc
and iron methanesulfinates were then synthesized, but they only
reacted with heterocycles in persistently low yields. Methane-
sulfinates substituted with boronate, phosphine, or phospho-
nium groups proved to be difficult to make, and although lithium
and magnesium (trimethylsilyl)methanesulfinates were synthe-
sized, they did not react with heteroarenes even in the presence
of ZnCL,.'*

Mechanistic enzymology of SAM (4) points to the C—S bond
as being an essential stabilizing force for the generation of a
carbon-based radical that is eventually cleaved to reveal a methyl
group. This logic was then incorporated into the design of the
next methanesulfinate reagent. Thus, sodium (phenylthio)-
methanesulfinate was synthesized, which proved to react with an
array of heterocycles, albeit with varying yields. With the desire to
address this lack of robustness, zinc bis(phenylsulfonylmethane-
sulfinate) (PSMS, or 6; Sigma-Aldrich catalog no. 792187) was
invented (Figure 1D). PSMS (6) can be synthe51zed in one step
from bromomethyl phenyl sulfone (5)'' and is a free-flowing,
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bench-stable (stable at room temperature under air over 4
months), white powder whose structure was characterized by X-
ray crystallography as the hexahydrate. PSMS (6) enables the
installation of a (phenylsulfonyl)methyl group onto a hetero-
arene at both an early and late stage of the synthesis. This
intermediate is easily separated from starting material, and it can
be cleanly desulfonylated to give the methylated product or used
divergently to generate a host of other useful products (vide
infra). This chemistry has been field-tested at Pfizer and found to
be an enabling method for SAR studies.

The feasibility of our design was first tested by reacting PSMS
(6) with TBHP and caffeine (7a), resulting in 2-
[ (phenylsulfonyl)methyl]caffeine (7b). A solvent screen re-
vealed that trifluorotoluene (PhCF;) allows for the highest
conversion of 7a, and further optimization of reaction conditions
led to the use of 1.5 equiv of PSMS (6) and 5.0 equiv of TBHP in
5:2 PhCF;:H,0 at room temperature for 24 h (see the
Supporting Information for details). It is of note that air has no
noticeable effect on this reaction, which in fact can be conducted
in an open flask if desired.

With these standard conditions in hand, the substrate scope for
the (phenylsulfonyl)methylation reaction was examined (Table
1). Caffeine (7a) and other xanthines gave the corresponding
products 7b—9b in moderate to good yields. Electron-rich
heterocycles such as pyrroles gave moderate to excellent yields of
product (10b—13b), owing to the electrophilic nature of the
radical. Imidazoles and electron-rich diazines gave good yields of
product as well (14b—19b). Other heterocycles generally gave
good yields of product in the case of indoles (20b—23b),
azaindoles (24b), benzimidazoles (25b), benzothiazoles (26b,
27b), and indolizine-type systems (28b—32b). Notably, this
reaction tolerates free O—H and N—H bonds, and the most
electron-rich position of the substrate often reacts with PSMS
(6) in a chemoselective fashion. Perhaps most importantly, this
method allows for the easy separation of product from starting
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material when unreacted starting material remains (e.g, 9b,
16b), especially for very polar frameworks such as 18b, whose
methylated product co-elutes with the starting material.

The chemoselectivity of this reaction was further apparent
when it was applied to biologically relevant motifs (Table 2).Ina

Table 2. Products from Biologically Relevant Substrates

CO,Me
SO,Ph o SO,Ph
{ NHR CO,H HN |
NHAc o J\ N
” SO,Ph H
R = Ac L-33b (66%) 35b (98%)2 36b (35%)a.P

R = Cbz L-34b (51%)

General conditions: substrate (0.2 mmol, 1.0 equiv), PSMS (6; 0.3
mmol, 1.5 equiv), TBHP (1.0 mmol, 5.0 equiv), PhCF;/H,0 (1 mL/
04 mL), rt; 1solated yields are shown. “H,O was used instead of
PhCF;/H,0. k3.0 equiv PSMS (6) was added in two portions.

biomimetic fashion,® N-Ac- and N-Cbz- L-tryptophan methyl
esters were methylated at the indole C2 position without
protecting the free N—H bond, giving rise to L-33b and L-34b in
good yields. Without the need to protect the carboxyl O—H or
the heterocyclic N—H bonds, N-Ac-cysteine provided S-
substituted product 35b, and uracil provided 36b. The potential
of this reaction for use in bioconjugation, pull-down experiments,
and other native chemical tagging'* processes of relevance to
chemical biology has not escaped our attention and is a current
topic of study in our laboratory.

To unveil the methyl group from the phenylsulfonyl mask,
desulfonylation was attempted on 7b (Table 3). Three different
(and orthogonal) conditions were identified (Mg in MeOH,"
Sml, in H,0O/THF,'* and Raney-Ni in EtOH'®), and all gave
>90% vield of 8-methylcaffeine (7c). These desulfonylating

Table 3. Desulfonylation Reveals the Methyl Group

A: Mg, MeOH, 50°C, 2 h
@_cnzsozph

B: Sml,, THF/H,0, rt, 30 min
C: Raney-Ni, EtOH, reflux, 2 h

Three different conditions for

7b-33b desulfonylation 7¢c-33¢
o Me
Me. 1 /D\ N -OH
A | )—Me Me—>\”COEt @[ I
0”7 N N N7 “Me
Me
¢ (90%, cond. A; 99%, 11c (84%, cond. B) ~ 19¢ (75%, cond. A)2
ond B; 93%, cond. C)
CO,Me
N—me mc02Me \©: S—ne
N
21c¢ (92%, cond. A) 22¢ 73% cond. B) 27¢ (96%, cond. B)2
CO,Me
NHAc
Me

0L AN= A N=N O\
P L )—CosEt
NN S H
Me Me

28c (96%, cond. C) 29c (73%, cond. B) L-33c¢ (94%, cond. C)

Reaction conditions: (A) Mg (40 equiv), MeOH, S0 °C, 2 h; (B) Sml,
(4 equiv), H,O (50 equiv), THF, rt, 30 min; (C) Raney-nickel, EtOH,
reflux, 2 h. “The reaction was followed by bubbling with 1 atm O, for
12 h.
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conditions were then applied to selected substrates. One of the
three conditions always gave good (>73%) yields of product.
The phenylsulfonyl moiety should not be considered a
cumbersome protecting group that needs to be removed, but
rather an enabling group that facilitates the isolation of the
product, as well as a functional group that can lead to other useful
motifs in medicinal chemistry (Scheme 1). Thus, caffeine (7a)

Scheme 1. Synthetic Utility of the Phenylsulfonylated
Product®

(o] Me o Me
Me ., N PSMS (6 We | N
N (6), TBHP N
ﬁ\/[ s D G o
02 NN (78%) 0NN SO,Ph
1 1
Me
caffeine (7a);1 g 7b;1.4 g
*conditions
Product Abbreviated conditions o Me
7d:R=CD; 1) Mg, CD50D; 2) Sml,, D,O Me . N
(70% overall, 91% D incorpor.) ,)—R
7e:R =CF,H 1) NaH; NFSI; 2) Mg, AcOH (69%) J\ N
7f: R = CS,Me KOBu, Sg; Mel (quant.)
79:R =}_\\_ 1) NaH, PhCHO; 2) Sml, (32%) Me
Ph 7d-79

“Reaction conditions: 7a to 7b, PSMS (6, 3 equiv), TBHP (10 equiv),
PhCF;/H,0, rt, 24 h (78%); 7b to 7d, (1) Mg (40 equiv), CD;0D,
reflux, 24 h; (2) Sml, (6 equiv), THF:D,O (10:1), rt, 30 min, 70% (2
steps), 91% D incorporation; 7b to 7e, (1) NaH (10 equiv), NFSI (S
equiv), DMF, 0 °C to rt, 12 h, 94%; (2) Mg (30 equiv), 8 M
HOAc:NaOAc (1:1) buffer solution, DMF, rt, 8 h, 73%. 7b to 7f,
KO'Bu, Sg, THF; then Mel (quant.); 7b to 7g, (1) NaH, PhCHO,
THEF, 50 °C, 36 h; (2) Sml, rt, 5 min (32%).

was (phenylsulfonyl)methylated to give 7b (notably on gram-
scale), which then reacted in four different ways other than mere
desulfonylation. The adduct 7b was transformed into trideuter-
iomethylcaffeine 7d in a two-step reaction in 70% overall yield
and with 91% deuterium incorporation. The phenylsulfonyl
group. in 7b can also be transformed into a difluoromethyl group
(7¢)'® and a xanthate (7£)," as well as an alkene under Julia
conditions (7g)."®

As a testament to the utility of PSMS (6), biologically
important substrates can be methylated in a chemoselective
manner, forming 37c, 1-38¢, D-38¢, and 39c¢ in good yields
(Scheme 2). Maxalt (rizatriptan, 37a) is a successful commercial
drug used to treat migraines, and this example showcases how
this methylation strategy is amenable to the late-stage
modification of important pharmaceutical agents. 2-Methyl-
tryptophan is an intermediate in the biosynthesis of the antibiotic
thiostrepton,® and oligopeptides containing this privileged motif
are endothelin receptor antagonists.'” However, its synthesis is
difficult, and often resorts to the union of 2-methylindole with a
protected aziridine'® or an a-aminoenoate.”® Sigma-Aldrich has
now commercialized L-38¢c and D-38¢ using this chemistry. As for
the methylation of a selective ET, endothelin receptor
antagonist, BQ-123 (39a),'”*" selective methylation at the
tryptophan C2 position would otherwise require a de novo
synthesis starting with 2-methyltryptophan.

Finally, any chemical method is not without its limitations. In
Tables 1 and 2, pyridine-containing substrates are not depicted.
PSMS (6) behaves as an electrophilic radical and therefore reacts
rather sluggishly with some electron-deficient heteroarenes.

In summary, a new reagent (PSMS, 6) was invented to provide
practical access to methylated heteroarenes. This two-stage
methylation, rather than direct methylation, is critical to allow for
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Scheme 2. Methylation of Biologically Important Substrates

I~ N
N D N D
N 1) PSMS (6); N
NMe, 2) Smly, NMe,
N\ H THF/H,O N\ e

(45% overall)
Maxalt®/r|zatr|ptan (37a)

CO,Me CO,Me
1) PSMS (6
NHBoc  2) Raney- N' NHBoc
EtOH
(51% overall
for L-38a;
N-Boc- tryptophan 46% overall N-Boc-2- Me -tryptophan
methyl ester (L-38a for D-38a) methyl ester (L-38c: Aldrich
and D-38a) [no loss of cat. no. L512516; D-38c:
optical purity] Aldrich cat. no. L512524)
i HN
oM 1) psmis (6);  me oA
)\I 2) Na(Hg) NH HN
(38% overall, o
50% based m NH H N
on recovered o N
i T SM) c T
Me Me Me /\Me
BQ-123 (39a) 39c

product purification. This method is efficient, can be conducted
on gram scale and in an open flask, and can tolerate sensitive
functional groups that ionic or polar reactions will damage. The
formed (phenylsulfonyl)methylated intermediates can also
divergently access many medicinally relevant motifs, including
deuterated products. This strategy has already been field-tested
at Pfizer (compounds 17b, 18b, and 24b are building blocks in a
current program), and studies demonstrating its utility in more
complex biological systems are currently underway.
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