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Chiral 2-Aryl Ferrocene Carboxylic Acids for the Catalytic Asym-
metric C(sp®)—H Activation of Thioamides

Daichi Sekine, Kazuki Ikeda, Seiya Fukagawa, Masahiro Kojima, Tatsuhiko Yoshino,* and Shigeki

Matsunaga*

Faculty of Pharmaceutical Sciences, Hokkaido University, Sapporo 060-0812, Japan.

ABSTRACT: Enantioselective C—H functionalization reactions using trivalent group 9 metals (Co, Rh, Ir) have been investigated
mainly based on the development of well-designed chiral cyclopentadienyl (Cp) ligands. Although it has recently been demonstrated
that chiral carboxylic acids combined with achiral Cp-type ligands can enable highly enantioselective C—H functionalization reactions,
the structural diversity of the applied chiral acids remains limited. Here, we report that chiral 2-aryl ferrocene carboxylic acids, which
are easily obtained from diastereoselective ortho-lithiation and Suzuki-Miyaura coupling, can serve as external chiral sources for the
Cp*Co'"'-catalyzed enantioselective C(sp®)—H amidation of o-aryl thioamides using dioxazolones.

Since the seminal work on Cp*Rh'"! catalysis by Satoh, Miura,
and co-workers in 2007, trivalent group 9 metal (Co, Rh, Ir)
complexes with a pentamethylcyclopentadienyl (Cp*) or other
Cp-type (Cp*) ligand have been used for a wide variety of cata-
Iytic C—H functionalization reactions in organic synthesis?®®
Such Cp*M'"' catalysts are characterized by the particularly
high reactivity, functional group compatibility, and robustness.
More recently, the development of catalytic asymmetric C—H
functionalization reactions* using these catalysts has attracted
considerable attention, as controlling stereochemistry is crucial
for the synthesis of complex molecules.>*® Cramer and co-
workers,>® as well as other groups’ have demonstrated that
well-designed chiral Cp* ligands and their metal complexes pro-
vide a powerful and versatile platform for asymmetric C-H
functionalization reactions. Engineered protein-conjugated chi-
ral Cp*Rh catalysts also provide efficient chiral environments,
as reported by Ward, Rovis, and co-workers.® Our group has
focused on the combination of achiral Cp*M"' complexes and
chiral disulfonates® or chiral carboxylic acids® as an alternative
approach to enantioselective C—H functionalization reactions.
Chiral carboxylic acids participate in the C—H activation step as
the external chiral source in a carboxylate-assisted concerted
metalation-deprotonation mechanism, leading to the selective
cleavage of enantiotopic C-H bonds (Figure 1a).'*** The
groups of Ackermann* and Shi*® have also reported the use of
chiral carboxylic acids in enantioselective C—H functionaliza-
tion reactions.'® Although these approaches using chiral carbox-
ylic acids are attractive in terms of the accessibility of the chiral
catalytic components, the diversity of the applied chiral carbox-
ylic acids therein is still limited compared to chiral Cp ligands®
12 and bidentate ligands used in Pd"-catalyzed asymmetric C—
H functionalizations.*”*® Further development of appropriate
chiral carboxylic acids is highly demanded for expanding the
scope of Cp*M'"!-catalyzed enantioselective C—H functionali-
zation reactions.

Unsymmetrically 1,2-disubstituted ferrocenes, which exhibit
planar chirality, have been extensively explored in asymmetric
catalysis.'®? Based on their unique but readily accessible chi-
rality, a variety of chiral ligands and organocatalysts have been
developed over the past few decades (Figure 1b). We antici-
pated that chiral carboxylic acids with a planar chiral ferrocene
backbone could serve as external chiral sources for Cp*M"'-cat-
alyzed enantioselective C—H functionalization reactions, which
would significantly expand catalyst diversity. Herein, we report
the synthesis of chiral 2-aryl ferrocene carboxylic acids and
their application to the enantioselective C(sp®)-H amidation of
a-aryl thioamides using a Cp*Co'" catalyst (Figure 1c).10021-23
This synthetic route provides easy access to various derivatives,
which is often necessary for optimization studies in asymmetric
catalysis.

For the synthesis of the chiral ferrocene carboxylic acids, we
initially subjected ferrocene oxazoline 1 to diastereoselective
ortho-lithiation (Scheme S1 in Supporting Information) under
previously reported conditions.? After quenching with 1,1,2,2-
tetrabromoethane, bromide 2 was obtained as an almost single
diastereomer. Partial hydrolysis of the oxazoline moiety, acety-
lation of the resulting primary amine,?® and methanolysis of the
ester intermediate led to the common precursor (3) in 76% yield
over three steps. Chiral HPLC analysis of 3 indicated that an
essentially pure enantiomer was obtained (99:1 er). Subse-
quently, we investigated cross-coupling reactions to synthesize
various derivatives from 3. Suzuki—Miyaura coupling reactions
under Buchwald’s conditions using SPhos?® as a ligand pro-
ceeded smoothly to afford 2-aryl ferrocene carboxylic acids 4
(28-85% vyield) after hydrolysis of the ester.

With several chiral carboxylic acids in hand (4a—4d), we in-
vestigated the cobalt-catalyzed enantioselective C(sp%)-H ami-
dation reaction of a-aryl thioamide 5a using dioxazolone 6a
(Table 1). In our previous studies (Figure 1a), only a-alkyl and
a-benzyl thioamides were examined as substrates.



a) Our previous work:
Enantioselective C(sp®)-H amidation of a-alkyl thioamides
S H

o)
H
H R tBu

+ -
R -0 HO C/_N
\“/ >=O 2 0 H

Cp*®BuCo' cat.

f/leSg—W

N~
0 Ho-BHTL
b) Background: 1,2-disubstituted ferrocenes as chiral catalysts
Me Me NR',
Fe PPh, Fe PR% Fe PR?
PPFA Josiphos 2 Taniaphos
RZ, R
N
O
@(<j =n7r
S —
'y, N
N~ R! , Fe
| 2 R R
Fe PR% » @W
R1
Fc-Phox Fu's catalyst

S NHCOR?

PR3,

c) This work: New catalyst design for a-aryl thioamides
$!
S Yy COZMe
@AN ‘iPr
Fe —=
Qé !

Fe Br

< 2

o)

facile access to
various derivatives

—,CO-H
S H ‘
Fe G X
RN
2 Ar @ 4

Suzuki—-Miyaura
& hydrolysis

S NHCOR?
H Cp*Co'" cat.
+ R12N 3
sz/o Me  Ar
| o}
N\O>=

Figure 1. (a) Our previous work on enantioselective C(sp®)-H amidation of a-alkyl thioamides (b) Representative examples of chiral 1,2-
disubstituted ferrocenes used in asymmetric catalysis (c) Chiral ferrocene carboxylic acids for Cp*Co'"'-catalyzed enantioselective C(sp%)—

H amidation of a-aryl thioamides (this work).

Considering the synthetic importance of this transformation to
give chiral B-amino carbonyl building blocks, we decided to
explore expanding the substrate scope using the newly syn-
thesized chiral acids 4. Our optimization studies started with
screening the chiral acids 4 using [Cp*Co(CH3CN)s](SbF).
(entries 1-4). While 4a—4c exhibited similar reactivity (57—
62% vyield) and selectivity (65:35-67:33 er), the most steri-
cally hindered derivative (4d; Ar = 3,5-di-tert-butyl phenyl)
led to higher conversion with higher enantioselectivity (84:16
er; entry 4). Since the reactivity was greatly enhanced by 4d,
lower reaction temperatures were then examined in order to
improve the selectivity (entries 5-7). Although the reaction
barely proceeded at 15 °C (entry 5), the addition of molecular
sieves 13X (MS13X) significantly accelerated the reaction
and provided a high yield with increased selectivity (entry 6).
To our surprise, the reaction proceeded even at 4 °C, affording
the product in 90% yield with 87:13 er after 72 h (entry 7).

The optimized reaction conditions using 4d as the chiral
source were then applied to other o-aryl thioamides 5
(Scheme 1). The electronic properties of the a-aryl group did
not affect the enantioselectivity (7aa—7ca), albeit that the re-
activity was somewhat deteriorated when a pCl-phenyl-sub-
stituted substrate was used (7ca). 6-Methoxy-2-naphthyl-sub-
stituted thioamide (5d) also provided the corresponding prod-
uct (7da) in 96% with 87:13 er. Changing the substituents at
the thioamide moiety to iBu groups had negligible influence
on the reactivity and selectivity (7ea). We examined a range
of dioxazolones 6 using thioamide 5a. Aromatic, heteroaro-
matic, and aliphatic dioxazolones all provided the targeted
products in good yield and enantioselectivity (7ab—7af). Ste-
ric hindrance around the dioxazolone functionality did not af-
fect the reactions (7ac and 7af). Finally, the reaction using 5a
and 6a was carried out in 1.0 mmol scale, providing 7aa in
92% yield with 85:15 er.

Table 1. Screening of chiral carboxylic acids 4 and opti-
mization.?

S H
Bn,N [Cp*Co(CH3CN)3](SbFe),
Ph (5 mol %) S NHCOPhH
H acid (10 mol %)
+ 5Sa BnoN
Ph o additive, DCE, temp., time Me Ph 7aa
|
T o
6a
temp. time yield®
entry acid additive . P yo er
[°Cl  [hl  [%]
1 da none 30 24 59 66:34
2 4b none 30 24 57 65:35
3 4c none 30 24 62 67:33
4 4d none 30 24 90 84:16
5 4d none 15 24 5 85:15
6 4d MS13X 15 24 90 86:14
7 4d MS13X 4 72 90 87:13
COH  4a, Ar=Ph
Fle Ar 4b, Ar = 4-MeO-CgH,-

4C, Ar = 3,5-(CF3)2-CSH3-
@ 4d, Ar = 3,5-(tBu),-CgHg-

@Reactions were carried out using 5a (0.050 mmol), 6a (0.06
mmol), [Cp*Co(CH3CN)s](SbFs)2 (0.0025 mmol, 5 mol %), acid
(0.005 mmol, 10 mol %), and additive (10 mg) in DCE (0.5 mL)
unless otherwise noted. "Determined by *H NMR analysis of the
crude mixture using 1,1,2,2-tetrachloroethane as the internal
standard. °Determined by chiral HPLC analysis. Cp* =1,2,3,4,5-
pentamethylcyclopentadienyl.



Scheme 1. Substrate scope of the enantioselective C(sp®)-H
amidation of a-aryl thioamides 5 with dioxazolone 6.2
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@Reactions were carried out using 5 (0.20 mmol), 6 (0.24
mmol), [Cp*Co(CHsCN)s](SbFe)2 (0.01 mmol, 5 mol %), 4d
(0.02 mmol, 10 mol %), and MS13X (40 mg) in DCE (2 mL).
1.0 mmol scale.

In order to rationalize the observed enantioselectivity using
4d, we would like to propose qualitative stereochemical mod-
els in Figure 2.2 Due to the piano-stool structure of
Cp*Co"'Ls complexes, the ColL 3 fragment constitutes a coni-
cal scaffold with concave and convex faces. The ferrocene
moiety of 4d would be aligned on the convex face to avoid the
steric repulsion with the thioamide. Based on this assumption,
four different transition states (TSs) for the C—H activation are
possible. In TS-(S)-1 and TS-(R)-1, the a-aryl group of the
thioamide is located on the concave face, which would render
these two TSs unfavorable. TS-(S)-2 might be less favored
than TS-(R)-2 due to the steric repulsion between the 3,5-di-

tBu \‘@—\tBu

TS-(R)-2 TS-(S)-2

Figure 2. Stereochemical models for plausible transition states of
the C—H activation to rationalize the observed enantioselectivity
using chiral carboxylic acid 4d.

tert-butyl-phenyl group of 4d and the N-benzyl groups of the
thioamide. Overall, TS-(R)-2 is the most plausible transition
state for the C—H activation, which selectively provides (R)-
products.?®

In summary, we have synthesized several chiral 2-aryl fer-
rocene carboxylic acids 4, one of which exhibited good reac-
tivity and enantioselectivity in cobalt-catalyzed C(sp®)-H
amidation reactions of a-aryl thioamides. These carboxylic
acids can be easily synthesized and modified by changing the
aryl substituent, which is introduced via a cross-coupling re-
action in the late step of the synthesis. Investigation on cata-
Iytic enantioselective C—H functionalization using these car-
boxylic acids in combination with Cp*Co"" or Cp*Rh'"' cata-
lysts are currently in progress in our group.
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