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ABSTRACT: We disclose a pair of ortho-sulfinylaniline auxiliaries for palladium-catalyzed -C-H arylation of alkyl carboxamides. Together,
these auxiliaries offer a means to effect efficient p-methyl and methylene C-H bond arylation with sterically hindered aryl iodides. Ortho-
methylsulfinylaniline (MSOA) enables efficient B-methyl C-H arylation of propanamide substrates with aryl iodides bearing various ortho-
substituents including alkyl groups. Ortho-tosylsulfinylaniline (TSOA) enables f-methylene C-H arylation with ortho-substituted aryl iodides.

Both amide-linked MSOA and TSOA auxiliaries can be easily removed to give ester products under relatively mild conditions.

KEYWORDS: sp* C-H arylation, methylene C-H, hindered aryl iodide, palladium, sulfinylaniline auxiliary

Metal-catalyzed directing group-facilitated C(sp*)-H
arylation reactions have been greatly advanced over the past dec-
ade.! Among these reactions, palladium-catalyzed 3-C-H arylation
of alkyl carboxamides equipped with amide-linked auxiliary groups
has enjoyed the most success, offering increasingly useful methods
for the synthesis of B-aryl alkylcarboxamides.” However, despite
these developments, significant limitations on substrate scope must
be overcome to achieve broad application of this reaction strategy.
Firstly, in comparison with the widely reported arylation reactions
of B-methyl C-H bonds, the arylation of unactivated methylene C-
H bonds are considerably more difficult and this transformation is
only available to substrates bearing small subset of auxiliary
groups.”* Secondly, while the use of sterically unhindered para- or
meta-substituted aryl coupling partners is common, the incorpora-
tion of ortho-substituted aryl groups presents a significant challenge
(Scheme 1A). Using established methods, the amenable ortho sub-
stituents of aryl coupling partners are mostly limited to groups with
metal-coordination ability, e.g. OMe, F, and ester.® Successful cou-
pling reactions with aryl reactants bearing non-coordinating ortho-
substituents have only been sporadically reported for primary
C(sp®)-H bonds;® efficient arylation of unactivated secondary
C(sp®)-H bonds with ortho-alkyl aryl partners has not been real-
ized. Herein, we report the development of a pair of new ortho-
sulfinylaniline auxiliaries for Pd-catalyzed 3-C(sp*)-H arylation of
alkylcarboxamides with a broad range of sterically hindered aryl
iodides (Scheme 1B).

In the course of our recent total synthesis of hibispeptin
A, we discovered that the 2-pyridylethylamine (PE) directing
group enabled a challenging Pd-catalyzed arylation of the y-methyl
C-H bond of phthaloyl isoleucine with a sterically hindered ortho-
benzyloxy aryl iodide, allowing us to prepare a key Cauyi-Cary linked

A) Ortho-substituted aryl coupling partners for C-H arylation

O

o

A
4 N\
metal-coordinating groups vs non-coordinating groups
e.g. OMe, F, CO,Me e.g. alkyl

B) This work
H o Ar-l (3 i
Rz H H s Pd(OAc), (10 mol%) R, N
1 o*°'R Ag,CO3 (2.5 equiv) é1 H .S,
0" 'R

(Me, Tol)  KF (3 equiv) or PivOH (1 equiv)

HFIP, 110 °C, Ar, 24 h R, : alkyl & others

Scheme 1. Pd-catalyzed B-C(sp*)-H arylation of alkyl carboxamides
with aryl iodides

pseudodipeptide intermediate.® Subsequently, we demonstrated
the utility of this PE auxiliary with the synthesis of various -aryl-a-
amino acids bearing ortho-substituted aryl side chains via f-methyl
C-H arylation of phthaloyl alanine precursor 1 (Scheme 2A).
While the reaction of 1 with 2-methoxylphenyl iodide 3 proceeded
in good yield, the yield of the reaction with 2-iodotoluene 4
dropped substantially, and when 2-isopropylphenyl iodide § was
evaluated, no arylated product 10 was detected. Furthermore, the
f-methyl C-H arylation of conformationally more flexible PE-
coupled propanamide 11 with 3 gave notably decreased yield (13,
Scheme 2B), and B-methylene C-H arylation of PE-coupled bu-
tanamide 12 with 4 did not form any product 16. Clearly, aryl io-
dide substrates bearing non-coordinating ortho-alkyl substituents,
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A) PE-directed p-C-H arylation of1

2 3
MeO

Table 1. p-C-H arylation of propanamide 31 with 4

o
k)]\ 43 equw) MSOA
OAc)2 (10 mol%) H

Q [
PhthN f( JU ;@ PhtN.., ,PE 35
|
H (3 equiv) entry  reagents (equiv) solvent t yield

Pd(OAc), (10 mol%) 6 (60%, with 2)2
Ag,CO3 (1.5 equiv) 8 (72%, with 3)
PhCl, 100 °C, Ar, 24 h 9 (17%, with 4)

10 (0%, with 5)

B) Aux-directed p-C-H arylation of propanamides and butanamides

H O Ar-1 (3 equiv) Ar O
.
R J\)LH Aux  Pd(OAc); (10 mol%) R J\/lLH Aux

13 (R: H, 45%)

. 11 (R: H) Ag;CO3 (1.5 equiv) W3 14 (R: Me, 36%)
AXPE 42 (R:Me)  PhCL, 100 °C, Ar,24h 15 (R: H, 24%)
With4 16 (R: Me, 0%)
H. 549
W3 20 (R v, 56%)
'f'\N K,CO3 (2.5 equiv)

acaa 1N PvoH 02equ)  witha 22 (5 e, 30
17 R H) tAmyIOH/H,O (4/1) 22 (R: Me, 10%)

18 (R- Me) 10°C, Ar24h® Lo 23(R:H, 40%)

24 (R: Me, <3%)

"
“ Q hoc0s@s e s ZEH 40
N K,COj3 (2.5 equiv) - Me, 5%

H
Aux: TA S< tAMYIOHIH,0 (41) w4 29 (R: H, 25%)
25 (R: H) 110 °C, Ar, 24 hb 30 (R: Me, 5%)
26 (R: Me)
_ 33 (R: H, 65%)
Y with3 34 (R: Me, 0%)
N Ag,CO3 (2.5 equiv)
.S HFIP, 110 °C with 4 35 (R:H, 56%)
Aux:MSOA O Ar, 24 h 36 (R: Me, 0%)
31 (R:H) with5 37 (Rt H, 52%)
32 (R: Me) 38 (R: Me, 0%)

Scheme 2. Comparative studies of different amine-based auxiliaries for
B-C(sp?)-H arylation with aryl iodides. Isolated yields on a 0.2 mmol
scale. a) A B-diarylated side product 7 was obtained in 16% yield. No
substantial amount of B-diarylated products (< 3%) were detected for
the other reactions listed in this Scheme. b) These conditions were
optimized for the best results for reaction with 4. See supporting in-
formation for more results under other reactions conditions.

even as small as a methyl group, cannot be efficiently coupled via
PE-directed Pd-catalyzed C(sp®)-H arylation.

To address this substrate scope limitation, we then exam-
ined the performance of two other well-studied aniline-based bi-
dentate auxiliary groups. The 8-aminoquinoline (AQ) and 2-
(methylthio)aniline (TA) auxiliaries were first introduced by Dau-
gulis for Pd-catalyzed C-H arylation with aryl iodides (Scheme
2B)." The reactions of aminoquinoline (AQ)-coupled propana-
mide 17 and butanamide 18 with 3 provided higher yield than the
corresponding PE-directed reactions under optimized conditions
(19 vs 13, 20 vs 14). However, the yield of arylation with ortho-
alkyl substituted aryl iodides 4 and § was poor (see 21-24). The 2-
(methylthio)aniline auxiliary exhibited comparable reactivity to PE
under the optimized conditions (see 27-30). Inspired by recent
reports on sulfoxide-based directing groups for Pd-catalyzed
C(sp®)-H functionalization," ™ we synthesized 2-methylsulfinyl
aniline (MSOA) containing 31'° and subjected it to C(sp®)-H ary-
lation with our panel of ortho substituted aryl iodides. To our de-
light, propanamide 31 gave promising results (see 33, 35 and 37)
in the presence of AgCOj3 additive in hexafluoroisopropanol

o) (%)
Ag.CO; (2.5) tAmylOH 110 <5
2 Ag.CO; (2.5),K.CO; (2.5) tAmylOH/ 110 <5
H.0 (4/1)
3 Ag.CO; (2.5) CHi:CN 110 <5
4 Ag.CO; (2.5) DCE 110 <5
5 Ag.CO; (2.5) TFE 110 55
6 Ag.CO; (2.5) tBuOH (Fs)* 110 59
7 Ag.CO; (2.5) HFIP 110 58
8 AgOAc (2.5) HFIP 110 34
9 Ag.CO; (2.5), K2CO; (2.5) HFIP 110 53
10 K,COs (2.5) HFIP 110 <5
11 Ag.CO;s (2.5), KF (3.0) HFIP 110 74(71)¢
12 Ag.CO; (2.5),KF (3.0) HFIP 130 54
13 AgF (2.5) HFIP 110 59
14 Ag.CO;s (2.5), PivOH (1.0) HFIP 110 35
15 Ag.CO; (2.5), (BnO),PO.H (0.2) HFIP 110 56
16 Ag.CO;s (2.5), KF (3.0), PivOH HFIP 110 49
(1.0)

a) Yields are based on '"H-NMR analysis on a 0.2 mmol scale using 1, 1,
2, 2-tetrachloroethane as internal standard; b) perfluoro-t-butanol; c)
Isolated yield. No p-di-arylated product was formed under the condi-
tions tested above.

(HFIP)' solvent at 110 °C. However, MSOA-directed -
methylene C-H arylation of substrate 32 was unsuccessful (see 34,
36and 38).

As seen in Table 1, choice of solvent is critical in the reaction of
31 with 4 (entries 1-7). The reaction performed best in fluorinated
alcohols such as trifluoroethanol (TFE), perfluoro-t-butanol and
HFIP."” We chose HFIP solvent for further reaction optimization
due to its relatively lower cost. The use of Ag additive is also re-
quired (entry 10 vs 7). Interestingly, the addition of 3 equiv of KF
can further improve the reaction, giving 35 in 71% isolated yield
(entry 11).*
The substrate scope of MSOA-directed [-C(sp*)-H
arylation was then investigated under the optimized conditions A
(Scheme 3). B-Methyl C-H arylation of 31 with both 2-ethyl and 2-
isopropylphenyl iodides gave the desired products in good yields
(39, 37). However, arylation with 2-t-butylphenyl iodide did not
give any product 40. Aryl iodides bearing coordinating groups such
as MeO, CO:Me and F at the ortho position were well tolerated
(33, 42, 44). 2-Methyl-6-nitrophenyl iodide also reacted with 31 to
give 43 in good yield. As seen in 46 and 47, f-methylene C-H aryla-
tion of butanamide gave little product under conditions A. Interest-
ingly, replacing KF used in conditions A with 1 equiv of PivOH
(conditions B, entry 14 in Table 1) gave improved yield. However,
MSOA-directed B-methylene C-H arylation of many other sub-
strates still failed to proceed under either conditions A and B (see
34,36,48).

To further improve the directing ability of ortho-sulfinyl
aniline auxiliary, we then examined various analogs of MSOA. We
were pleased to find that ortho-tolylsulfinyl aniline (TSOA) gave
notably improved results (Scheme 4). The f-methyl C-H arylation
of TSOA-coupled propanamide with various ortho alkyl substituted
aryliodides gave good yields. As seen in §9, the arylation reactions
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Ar (3 equiv)
Pd(OAc), (10 mol%)
Ag,CO3 (2.5 equiv), KF (3 equiv)

H 0 Ar O
HFIP, 110 °C, Ar, 24 h
’ T .MSOA
R J\/U\N ; [conditions A] _ R J\/U\H
o“S\ KF replaced with PivOH (1 equiv)
(MSOA) [conditions B]
o o) o
.MSOA .MSOA _MSOA
N N N
H H H
39, 60% [A] 37, 62% [A] 40, <3% [A or B]
0 o 0o
.MSOA .MSOA .MSOA
OMe N OMe N MeO,C N
H H H
| \
33, 70% [A] Z>0Me 41, 53% [A] 42, 68% [A]
[0} (o} z | (e}
.MSOA
N E N -MSOA X N-MSOA
H H H
\
|
NO 9 0 Z
2 43, 52% [A] 44, 73% [A] 45, 63% [A]
0o o o]
.MSOA .MSOA
H H
MeO 46, <5% [A] 34, <3% 47, <3% [A]
47% [B] [AorB] 44% [B]
o (0] (e}
:lL y-MSOA N -MSOA PhthN ,,, N-MSOA
H H H
MeO E ‘ MeO,C
36, <3% [AorB] S 48, <3% [Aor B] 49, <3% [Aor B]

Scheme 3. Substrate scope of Pd-catalyzed MSOA-directed B-C(sp®)-
H arylation. Isolated yield on a 0.2 mmol scale.

with 2-isopropylphenyl iodide § proceeded with selectivity for B-
methyl over methylene C-H bond functionalization. In the absence
of reactive B-methyl groups, the TSOA directing group enables [3-
methylene C-H arylation with aryl iodides carrying coordinating
groups such as MeO, F, CO:Me, and ketones at the ortho position
under conditions B (see 62-70). However, B-methylene C-H aryla-
tions with ortho-alkyl aryl iodides gave lower yield. Nevertheless, an
18% yield of product 71, represents a notable improvement relative
to the results obtained from existing methylene C-H arylation sys-
tems (see 71 vs 24 in Scheme 2).

We have performed some preliminary mechanistic stud-
ies. As shown in Scheme SA, both ortho-sulfonylaniline (74) and
para-sulfinyl aniline (75) auxiliaries failed to deliver arylated prod-
uct under the standard reaction conditions, suggesting the ortho-
sulfinyl group of aniline is critical to exert the directing ability. We
speculate that the higher yields of arylated product obtained using
ortho-sulfinyl auxiliary 31 as compared to ortho-thiomethyl aniline
25 results from stabilization of the auxiliary-catalyst complex via a 1t
backbonding interaction.”””" A small kinetic isotope effect (KIE)
value (Ku/Ko ~ 1.2) was observed via the parallel p-methyl C-H
arylation of 76 and 77 with 4 under the conditions A, suggesting
that C-H palladation is not the turnover limiting step (Scheme SB).
We obtained palladacycle intermediate 79 from the reaction of
stoichiometric amounts of pivalamide 78 and Pd(OAc): in acetoni-
trile. Palladacycle 79 was characterized by "H-NMR and IR spec-
troscopy (Scheme SC).”> When 2-isopropyl-iodobenzene § was

ACS Catalysis

Ar-l (3 equiv)
Pd(OAc); (10 mol%)
Ag,CO3 (2.5 equiv), KF (3 equiv)

Ar O
HFIP, 110 °C, Ar, 24 h
[conditions A for 1° C-H] . R J\./U\N -TSOA

oS - oo M
\©\ KF replaced with PivOH (1 equiv)
(TSOA) [conditions B for 2° C-H]
o o o
.TSOA 6))( .TSOA 5))( .TSOA
N N N
H H H
50, 65% [A] 51, 69% [A] 52, <3% [A or B]
(0] [0} [¢]
.TSOA .
N_TSOA N Meié))k'\' TSOA
H H H
53, 76% [A] 54, 62% [A] 55, 69% [A]
Br
o (o} (o]
.TSOA .TSOA .TSOA
N F N N
H H N H
B B
| |
NO2 56, 70% [A] 57, 75% [A] Br 58, 55% [A]P
o} o O o}
y-TSOA O _TSOA y-TSOA
H N H
| A
> ®
59, 68% [A] 60, 75% [A] 61, 65% [A]

(o]

¢}
T
/@)ﬁ(,\‘. SOA OMe N,TSOA MeO,C N.TSOA
H H H
MeO 62 63 64

<5% [A] <5% [A] <5% [A]
80% (dr=1.1:1) [B] 63% (dr=1.2:1) [B] 64% (dr=1.4:1) [B]

(e}
.TSOA

65, 66% (dr=1.1:1) [B]

5

.TSOA

_TSOA
N MeO,C N

;; g;: o
<
[

o
T

5 ) o
I

66, 64% (dr=1.5:1) [B] 67, 61% (dr=1.7:1) [B]

(0]

.TSOA N TSOA

o)
.TSOA
F N N
H NO2 H
(

H

pad

68, 70% (dr=1.2:1) [B] 69, <3% [A or B] 70, 40% (dr=1.2:1) [B]

o} [0}

(o}
N° TSOA .TSOA PhthN,,
H
MeO O O
MeO,C

O 72, 73% (dr= 3:1) [B]

.TSOA
N

Iz

71, 18% (dr=1.1:1) [BP 73, 66% (dr=1:1) [B]

Scheme 4. Substrates scope of Pd-catalyzed TSOA-directed B-C(sp®)-
H arylation. Isolated yields on a 0.2 mmol scale. a) t-Amyl-OH was
used instead of HFIP. b) 120 °C.

added to compound 79, arylated product 80 was formed in moder-
ate yield (Scheme SD). Based on these results, we propose that the
catalytic cycle of ortho-sulfinylaniline-directed C-H arylation fea-
tures a sequence of C—H palladation, oxidative addition with aryl
iodide, and reductive elimination.

As shown in Scheme 6A, enantioenriched TSOA* 83 was
prepared following a known procedure.”™ TSOA*-directed f-C-H
arylation of 84 with methyl 4-iodobenzoate proceeded with mod-
erate diastereoselectivity (dr = 3:1) under the general conditions
B.” The TSOA group of 85 was removed by treatment with HCl in
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A) Evaluation of different S-substituted aniline auxiliaries
4 (3 equiv)
Pd(OAc), (10 mol%)

H o) Ag,CO3 (2.5 equiv)
K)I\N.Aux KF (3 equiv)
H HFIP, 110 °C, Ar, 24 h
O
=
AUX: n, A l ey =z S\
© N N |
H H ., A

S~ 05~ N

29, <3% 35, 71% 74, NO 75, NO

B) KIE
(¢} 4 (3 equiv)
Hie . Ts0A Pd(OAG), (10 mol%)

H 76 Ag,CO3 (2.5 equiv), KF (3 equiv)
vs HFIP, 110 °C, Ar, 40 min __ w .TSOA
0
KIE ~1.2
DsC \)LN _TSOA
Ho 77

C) Palladacycle intermediate

o
Pd(OAc), >[ N
N
H CH3CN 90 °C Pd" S
o'.SO\

~90Y NCCH
90% 79 3

78 characterized by
NMR and IR
D) Arylation of 79

HFIP, 110 °C

? :lL .TSOA
(3 equiv) 80, 40%

|
f l Ar 12h
79 +
5

Scheme 5. Mechanism studies.

MeOH at 100 °C to give the corresponding methyl ester 86 in ex-
cellent yield (Scheme 6B). The MSOA group of 35 can also be
removed under the same conditions to give ester 87 in good yield.

In summary, ortho-sulfinyl aniline-based auxiliaries
MSOA and TSOA are uniquely effective at facilitating palladium-
catalyzed B-C-H arylation of alkyl carboxamides with sterically
hindered aryl iodides. The structurally simpler MSOA auxiliary
enables efficient p-methyl C-H arylation of propanamide with aryl
iodides carrying various ortho-substituents including those bearing
ortho alkyl groups. The TSOA auxiliary enables more challenging -
methylene C-H arylation with various ortho-substituted aryl io-
dides. We suspect that m acidity of sulfoxides may contribute to the
directing ability of these auxiliaries. Both MSOA and TSOA auxilia-
ries can be easily removed under relatively mild acidic conditions.
We are investigating the use of these auxiliaries in other Pd-
catalyzed C-H functionalization reactions.
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A) Enantioenriched TSOA
1. iPrMgCl (3 equiv)

THF, -78 °C
2 Pr ©/
.0
s Q
o} HoN 7
" 82 =
H oS Ph /\)I\m
(Boc)oN o
o | 3. TFAIDCM, rt 83 TSOA* EtaN, THF, rt
82% over 3 steps 99% ee

N .TSOA* CO,Me
H (3 equnv)
%

condltlons B CO,Me

84 (49%, 97% ee) 85 76% dre o
3 b, dr = 3.

B) Removal of TSOA and MSOA

o)
- TSOA
HCI/MeOH (10 equiv) OMe
MeOH, 100 °C, 12 h
—JC
CO Me CO,Me
86, 82%

o
HCI/MeOH (10 equiv) OMe
MeOH, 100 °C, 12h

(0]
N .MSOA i
H , )
S — -
35 87, 75%

Scheme 6. Application of enantioenriched TSOA auxiliary.
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