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Nickel/Photoredox-Catalyzed Asymmetric Reductive Cross-

Coupling of Racemic a-Chloro Esters with Aryl lodides

Haixing Guan, ¥ Qianwen Zhang, P! Patrick J. Walsh*! and Jianyou Mao*®

Abstract: A unique nickel/organic photoredox co-catalyzed
asymmetric reductive cross-coupling between a-chloro esters and
aryl iodides is advanced. This cross-electrophile coupling reaction
employs an organic reductant (Hantzsch ester), whereas most
reductive cross-coupling reactions use stoichiometric metals. A
diverse array of valuable c-aryl esters is formed under these
conditions with high enantioselectivities (up to 94%) and good yields
(up to 88%). a-Aryl esters represent an important family of
nonsteroidal anti-inflammatory drugs. This novel synergistic strategy
expands the scope of Ni-catalyzed reductive asymmetric cross-
coupling reactions.

Introduction

The catalytic enantioselective construction of C-C bonds
remains one of the foremost challenges in organic synthesis.!"!
Two general approaches to ftransition-metal-catalyzed
asymmetric C(sp?)-C(sp®) bond-forming reactions have been
developed. The first class is the conventional transition metal-
catalyzed enantioselective cross-coupling reactions, such as the
Kumadal?, Negishi®, Suzuki-Miyaural¥, and Hiyama,® primarily
driven by Fu and co-workers (Scheme 1A).

The second class of enantioselective coupling reactions involves
reductive cross-couplings, which couple two electrophiles using
stoichiometric reductants to turn over the catalysts. The
advantage of this latter approach is that it avoids the synthesis
of reactive and air-sensitive organometallic ~cross-coupling
partners. To date, an array of reductive cross-coupling reactions
has been described, mostly using stoichiometric metal reducing
agents.®! More recently, elegant asymmetric reductive cross-
coupling processes have been disclosed using manganese!” or
zinc® as the terminal reductant (Scheme 1B). These reactions,
however, are complicated by the need to dispose of the
stoichiometric metal waste. A complementary approach to metal
promoted reductive coupling reactions employs organic reducing
agents. A pioneering study by Tanaka and coworkers!® with
tetrakis(dimethylamino)ethylene (TDAE) as reductant led to the
homo-coupling of aryl halides to make symmetrical biaryls
(Scheme 1C). Inspired by this advance, Weix's team
demonstrated that TDAE could supply electrons for cross-
electrophile coupling reactions,!'"” and Reisman’s group reported
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an enantioselective coupling of N-hydroxyphthalimide esters
with vinyl bromides."? Other organic reducing agents recently
used include amines, Hantzsch ester (HEH) and (Et3Si)3Si—H.!""!

A. Traditional enantioselective cross-couplings
Ni, Co or Fe Cat.

Alkyl FG Alkyl FG
\r + Ar—-M  — ~
X Ar
X =Cl, Br M =ZnX, MgX, B(OR),, SiR3

FG = carbonyl, sulfonamide, aryl, alkyl, alkenyl, alkyny! etc.

B. Enantioselective reductive cross-coupling

Al PB4 R 1 Ni Cat. Alkyl_FG
X R
X=CLH  X=Brl M=Wn,2n

FG = carbonyl, OR, NRy, CN, aryl etc.

C. Homo-coupling with organic reductant, (Me,N),C=C(NMe,), (Tanaka)
Me,N NMe,

Ar—Br + _ Pd cat. Ar—Ar
Me,N NMe, DMF
TDAE
D. Enantioselective coupling with an organic reductant o
O Ni cat.
Alkyl \HLOR s A—l+ HEH T g Alkyl\:)LOR
cl photoredox Ar

cat.

Scheme 1. Transition-Metal-Catalyzed Asymmetric Coupling Reaction

To develop cross-electrophile coupling reactions with organic
reducing agents we turned to photoredox methods.['? Dual
photoredox/transition metal catalysis has gained traction in
enantioselective construction of C-C bonds,!"®! however, we are
unaware of its use in enantioselective dual catalysis cross-
electrophile coupling reactions. Herein, we employ an organic
photoredox catalyst with Hantzsch ester (HEH) as the terminal
organic reductant to realize the nickel catalyzed asymmetric
reductive cross-coupling of a-chloro esters with aryl iodides to
furnish c-aryl esters (Scheme 1D). This method represents an
advance over prior methods that employed prefunctionalized
aryl coupling partners (organosilane, Grignard or organozinc
reagents),l'¥ or preformed enolates.!'s It is also an alternative
strategy for the enantioselective formation of C(sp?)-C(sp®)
bonds to the use of stoichiometric metal as reductant. The o-
aryl esters prepared herein belong to an important class of
nonsteroidal anti-inflammatory drugs (NSAIDs).!"®!

Results and Discussion

We began our investigation into the reductive coupling between
a-chloro ester (1a) and iodobenzene (2a) (for a systematic study
of reaction conditions screened see Table S1 in the Supporting



Information). Initially, the racemic reaction was optimized using
a-chloro ester (1a) with iodobenzene (2a), Ni(COD)2 (10 mol%,
COD = 1,5-cyclooctadiene), 4,4'-dimethoxy-2,2'-bipyridine (11
mol%), [Ir(ppy)2(dtb-bipy)]"[PFs]~ (10 mol%), and Cy2NMe as the
reducing agent and irradiation with blue LEDs, giving 82% AY
(Table S1). These conditions, however, did not translate well
with enantioenriched ligands, so the system was reoptimized.
The reoptimized conditions for the racemic coupling of a-chloro
ester (1a) with iodobenzene (2a) involved irradiation with blue
LEDs of an N,N-dimethylacetamide (DMA) solution of Ni(COD)2
(10 mol%), bipyridine (Bipy, 11 mol%), Hantzsch ester (3 equiv),

photoredox catalyst 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-
dicyanobenzene (4CzIPN, 10 mol%) and N,N-
dicyclohexylmethylamine  (Cy.NMe, 3 equiv) at room

temperature for 48 h. Under these conditions, the assay yield
(AY) for the racemic product 3a was 85% (Table 1, entry 1,
determined by GC using tetradecane as an internal standard).
We next initiated a search for an enantioselective catalyst.
Several chiral ligands such as bioxazolines!» 7" 'l including L6
and phosphino-oxazoline ligands, have emerged as generally
useful ligand for asymmetric cross electrophile coupling
reactions. Based on these prior studies, we tested several
classes of enantioenriched ligands (see Supporting Information
for details), and found that the bioxazoline (BiOX) framework
was also promising in our reaction. With R = n-Pr, the product
was obtained in 22% ee and 23% AY (entry 2). Bulkier ligands
with R = i-Pr (L2, 21% AY, 68% ee, entry 3) and i-Bu (L3, 21%
AY, 24% ee, entry 4) indicated that a secondary alkyl group was
better than a primary one. L4 and L5, containing sec-Bu and t-
Bu groups, provided product in 25% AY and 64% ee and 35%
AY with only 5% ee, respectively (entries 5-6). These results
inspired the synthesis of the known 4-heptyl substituted ligand
L6,I7® 79 which gave 74% ee (24% AY, entry 7).

Inspired by the work of Nakamura,?? we next opted to modify
the ester OR group. Continuing with L6, we examined OR =
OMe or OEt. The enantioselectivites were 75 and 79%,
respectively (entries 8 and 9). The {-Bu ester only resulted in a
small increase to 80% ee (entry 10). In contrast, increasing the
steric bulk of the ester OR substituent to 2,3,3-trimethylbut-2-yl,
the product was produced with 90% ee (entry 11), albeit in 50%
AY. We next turned our attention to improving the yield of 3a. By
increasing the ratio of 1a to 2a from 1:1 to 1:2 and 1:3, the AY
increased to 82% (entries 11-13). Ultimately the product 3a
was isolated by column chromatography in 77% yield. Control
experiments confirmed that little product was formed in the
absence of Ni precursor, L6, blue LEDs, Cy2NMe or 4CzIPN.
HEH was crucial for high yields, as only 21% yield of 3a was
detected without HEH (entry 14). In this control experiment,
however, the enantioselectivity remained 90%, suggesting that
the HEH is not involved in the enantiodetermining step, but is
essential for catalyst turnover.

Table 1. Optimization of reaction conditions.!
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Ni(COD), (10 mol%)
0 ligand (11 mol%) 0
4CzIPN (10 mol%)

\)J\OR + Ph—I > \:)LOR

cl HEH (3.0 equiv.) Ph
Cy,NMe (3.0 equiv.)
~ DMA (0.2 M), RT
(rac)-1a 2a blue light 3a
Entry 1a:2a Ligand R AY (%) ee (%)
1 1:1 Bipy Bn 85 --
2 11 L1 Bn 23 22
3 11 L2 Bn 21 68
4 11 L3 Bn 21 24
5 11 L4 Bn 25 64
6 11 L5 Bn 35 5
7 11 L6 Bn 24 74
8 1:3 L6 Me 76 75
9 1:3 L6 Et 821l 79
10 1:3 L6 t-Bu 85 80
11 1:1 L6 2,3,3-trimethylbut-2-yl 50 90
12 1:2 L6 2,3,3-trimethylbut-2-yl 65 90
13 1:3 L6 2,3,3-trimethylbut-2-yl ~ 82(771) 90
14lel 1:3 L6 2,3,3-trimethylbut-2-yl 21 90
— (0] o] - -
72\ [ L1, R=n-Pr L4, R=5s-Bu
Q_@ R N’> <‘Nl L2,R=i-Pr L5 R=tBu
R R L3,R=iBu L6,R=4-Hep
Bipy BiOX

[a] Reactions conducted under Ar on 0.1 mmol scale for 48 h. [b] Determined
by GC using tetradecane as an internal standard. [c] Determined by chiral
HPLC on a CHIRALPAK IC-3 column. [d] Isolated yield. [e] No HEH.

With the optimized reaction conditions in hand, we next focused
on the scope of the aryl iodide coupling partners using a-chloro
ester 2a (Scheme 2). Aryl iodides with alkyl groups in the 4-
position (Me, t-Bu) and 3-position (Me) all exhibited 90% ee and
good yields (69-75%, 3b, 3c, 3n). The (S) configuration of 3a
was assigned by comparison of the optical rotation with the
literature value while the (S) configuration of 3¢ was confirmed
by reduction to the alcohol and comparison of its HPLC retention
time on the chiral column with the literature values (see
Supporting Information for details). Sterically hindered 2-iodo
toluene resulted in slightly diminished ee (86%, 58% yield).
lodobenzenes substituted by electron-donating (4-NMez, 4-OMe)
were formed in 84-86% ee with 52-72% yields (3d-3e). Aryl
iodides with electronegative or electron withdrawing groups (4-F,
4-CFs, 4-Cl, 3-Cl, 4-Ac, 4-CO:zEt, 4-CN, 3-OPh) exhibited high
enantioselectivities (86-91%). It is noteworthy that the boronate
ester was also well-tolerated, affording the product 3m in 75%
yield with 90% ee. 4-lodo biphenyl derivatives were fine
substrates, furnishing the products 3r and 3s with 88-89% ee
and 85-86% yield. Likewise, 1-(4-iodophenyl)-1H-pyrrole and 2-
iodo-9H-fluorene underwent coupling in 73-75% yield with
enantioselectivities of 88-89%. Aryl iodides with extended T-
systems, such as those derived from 2-iodo-6-
methyoxynaphthylene and 1-iodonaphthylene provided products
3v (52% vyield, 87% ee) and 3w (49% yield, 69% ee).
Heterocycles are important structural motifs in medicinal
chemistry. Several heteroaryl iodides were, therefore, examined.
5-lodo-1-methyl indole, 2-fluoro-5-iodopyridine, 3-iodo thiophene
and 3-iodobenzofuran all exhibited good enantioselectivities
(84—89%), with yields ranging from 47—60%. For a method to be
useful, it must be practical and scalable. When the reaction was



conducted on 1.0 mmol, 3r was produced in 88% yield with 89%
ee. After isolation by column chromatography, 4CzIPN can be
reused without any change in activity (for at least two cycles).

Scheme 2. Scope of aryl and (hetero)aryl iodides.?!

Ni(COD), (10 mol%)
o L6 (11 mol%)
4CzIPN (10 mol%) o
\)LOR + Ar—| ——— \)J\OR
HEH (3.0 equiv.)
] Cy,NMe (3.0 equiv.) Ar
DMA (0.2 M), RT

(rac)-1a blue light, 48 h

R = 2,3,3-trimethylbut-2-yl 3.0 equiv.

o) o) o)
\i)LOR \E)LOR \E)LOF(

R
R'=H 3a, 77%, 90% ee  R'=Me, 3n/) 70%,90% ee  3q, 58%, 86% ee
=Me  3b, 75%, 90% ee = OPh, 30, 71%, 90% ee
=t-Bu 3¢, 69%, 90% ee =Cl, 3p, 73%, 90% ee

=NMe, 3d], 72%, 84% ee
=OMe 3el’] 52%, 86% ee
= OCF; 3flbl 72%, 86% ee
=F 39, 72%, 90% ee
=CF; 3h, 69%, 87% ee
=Cl 3ildl, 70%, 86% ee
=Ac 3j, 70%, 90% ee

= CO,Et 3k, 72%, 91% ee
=CN 31, 73%, 89% ee
=Bpin 3m, 75%, 90% ee

o
o]

OO
O,

3r, 86%, 89% ee 3s, 85%, 88% ee
88%, 89% eeld

OR \)LOR

1 ). @
o
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OMe
3w, 49%, 69% ee

oY go
o
oy}

o
N \:)LOR
I =
_N N
o Q

3x, 60%, 89% ee 3y, 60%, 88% ee 3z, 47%, 84% ee 3za, 52%, 89% ee

[a] All reactions conducted under Ar on 0.1 mmol scale. Yield is that of the
isolated product. The ee values were determined by chiral-phase HPLC. [b]
The reactions were run for 96 h. [c] The reactions were run for 72 h. [d]
Conducted on 1.0 mmol scale.

We next examined the scope of the a-alkyl group of the a-chloro
esters (Scheme 3). We were please to find that not only primary
alkyl groups, such as Et (4a), n-Bu (4b) and i-Bu (4c), but also
secondary alkyl groups, including isopropyl (4d) and cyclopentyl
(4e), exhibited good vyields (77-82%) and excellent
enantioselectivities (91-94%). In prior publications, secondary
alkyl esters either gave low enantioselectivities or were not
included among the reported substrates.?> 2 53 Alkyl groups
bearing aryl substituents (4f—4i) were also tolerated and the
corresponding coupling products were isolated in 58-83% yield
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with enantioselectivities of 87-89%. Although a -OMe did not
impact the reaction yield (85%), diminished enantioselectivity
was observed (54%). When the methoxy group was located at
the O-position, however, it did not negatively impact the
enantioselectivity (90% ee, 73% yield). It should be noted that
only traces of product 4l was obtained, with most of the starting
ester recovered as dechlorination byproduct 4’ (65%, see
Supporting Information for details).

Scheme 3. Scope of a-chloro esters.[

Ni(COD), (10 mol%)
L6 (11 mol%)

0 4CzIPN (10 mol%)
o Alkyl
Alkyl%OR +  Phi V\)Lon

HEH (3.0 equiv.)

Cl Cy,NMe (3.0 equiv.) Ph
DMA (0.2 M), RT
(rac)1 blue light, 48 h 4

R = 2,3,3-trimethylbut-2-yl 3.0 equw

(¢] o (0]
. OR /\/\;)I\OR Y\;)LOR
Ph Ph Ph
4a, 82%, 93% ee 4b, 81%, 93% ee 4c, 79%, 94% ee
)\:/U\OR Y OR Ph/\;)I\OR
Ph Ph Ph
4d, 80%, 93% ee 4e, 77%, 91% ee 4f, 72%, 89% ee
(0] o (0]
Bn/\:)J\OR /@/\:)LOR /@/\:)J\OR
Ph Ph Ph
F3C F
49, 58%, 89% ee 4h, 83%, 87% ee 4i, 71%, 87% ee
o} (0} O
e I e SR
Me Ph Me Ph Ph
4j, 85%, 54% ee 4k, 73%, 90% ee 41, trace

[a] All reactions conducted under Ar on 0.1 mmol scale. Yield is that of the
isolated product. The ee values were determined by chiral-phase HPLC.

To gain insight into the mechanism of this reductive cross-
coupling reaction, additional experiments were performed. Both
the HEH and tertiary amines are known to behave as sacrificial
reducing agents. Therefore, we set out to understand the role of
these reagents in the reductive arylation. Conducting the
reaction of 1a and 2a under the standard conditions with 3 equiv
HEH and 3 equiv Cy2NMe (Scheme 4A), the product 3a was
isolated in 77% yield with 90% ee. The fate of the HEH was the
expected pyridine (isolated in 100% yield relative to HEH),
derived from donation of 2 electrons and two protons. The
Cy2NMe largely acted as a base in the reaction, as determined
by the isolation of 55% of the total Cy2NMe as Cy2NMe+*HX (6,
see supporting information for details).'”? Only about 5% of the
demethylated product, Cy2NH, was detected after workup. The
demethylated amine likely arises from oxidation of the amine by
*4CzIPN to the amine radical cation, loss of He to generate the
iminium ion, and hydrolysis by advantageous water during the



reaction or upon workup.'® These results indicate that HEH is
the terminal reductant for the reaction.

In addition to the role of the Ni catalyst in cleavage of the Ar—|
bond through oxidative addition, we considered the possibility
that Ni could act as a catalytic reductant!'® toward the a-chloro
ester. Stoichiometric studies with 1.0 equiv Ni(COD). and 1.1
equiv L6 under blue light irradiation and in the absence of HEH
and Cy2NMe, established that 1a reacted with 2a to form cross-
coupled product 3a (68% yield, 90% ee) (Scheme 4B). Likewise,
when this reaction was conducted without irradiation, cross-
coupled product 3a (66% yield, 90% ee) (Scheme 4B). It is
noteworthy that the ee of these stoichiometric reactions are
identical to that observed under the standard catalytic conditions
(Table 1, entry 13). This observation suggests that the
enantiodetermining step in the catalytic and stoichiometric
reactions (Scheme 4B) are identical, and do not involve the HEH
or Cy2NMe.

It is interesting to note that organic photoredox catalysts are also
reported to reduce o-halo esters to dehalogenated esters in the
presence of HEH as the hydrogen atom donor.?% We performed

the model reaction without Ni/L6 and iodobenzene (Scheme 4C).

The dehalogenated product (8) can be obtained in 84% AY. In
this experiment it is proposed that the photoredox catalyst
undergoes SET to the o-halo carbonyl compounds to generate
a-carbonyl radicals. Abstraction of He from HEH by o-carbonyl
radicals generates the dehalogenated products. Given that our
system also proceeds via an a-carbonyl radical, it must be that
the o-carbonyl radicals undergo addition to L*Ni(Ar)I faster than
HAT from HEH.

A. EtO,C CO,Et
| N | 3.0 equiv o EtOZCI/\LCOzEt
H
\-)\o)ﬁé Sy
Ph

10 mol% 4CzIPN

O =
10 mol% Ni(COD),
o + Phol TR 3a
cl

5
11 mol% L6 77%, 90% ee 100%
Cyo,NMe (3 equiv) .
+
1a 2a Cy,NMeH X~ Cy,NH
6 7
B. conv. 55% GC yield: 5%
o 1.0 equiv Ni(COD), 0
1.1 equiv L6 \)j\
\Hj\o * P a2 My, RT i 0
cl ©02M), Ph
1 2 3a
a a under blue light: 68%, 90% ee
In the dark: 66%, 90% ee
C. 10 mol% 4CzIPN
0 3.0 equiv HEH O
3.0 equiv Cy,NMe \Hl\
\)ko (0]
DMA (0.2 M), RT H
Cl blue light
8
1a

GC yield: 84%

Scheme 4. Mechanistic experiments.

Based on the mechanistic experiments above, and related
studies in the literature,?"! a dual catalytic process for the
asymmetric reductive cross-coupling appears reasonable
(Figure 1). The (BiOX)Ni(0) species oxidatively adds the aryl
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iodide (2) to give the (BiOX)Ni(Ar)l complex.®® Next, the o-
chloro ester (1) is reduced by SET to the a-carbonyl radical.
There are three possibilities for this reduction. Based on
Scheme 4B reduction could take place from Ni(0) (Figure 1) or
Ni(l) (Figure S1A in the Supporting Information). Alternatively,
the reduced photocatalyst 4CzIPN"~ may be responsible for the
reduction (as described abovel?”). The ca-carbonyl radical
species is quickly trapped by (BiOX)Ni(Ar)l to generate the
reactive Ni(lll) species. The resulting Ni(lll) complex??? then
undergoes rapid reductive elimination to form the C(sp?)-C(sp®)
bond of 3a. After excitation of 4CzIPN by blue light, the long
lived photoexcited state *4CzIPN (r = 5.1 + 0.5 us) can be
reduced by HEH to give 4CzIPN"~ (E1/2"® = -1.21 V vs SCE).[?%l
The LnNi©® species could be regenerated by SET [E1/27
(Ni"/Ni®) = =1.2'V vs SCE] from 4CzIPN"".[21a

EtOOC._~,COOEt I
112 m Ar;/' LNT
e H = LNi° Q
' 4CzIPN 7 ~or
1/2 HEH \f \/40 PN
- V4
4CzIPN GD [ -C SE o
1a <\ L N'ﬂAOR
h 4CzIPN I 4CzIPN |
v L,Ni-I I
L= BiOX v
3a

Figure 1. Plausible catalytic reaction pathway.

Conclusion

In summary, we have developed the first enantioselective dual
nickel and organic photoredox catalyzed reductive cross-
coupling between a-chloro esters and aryl iodides to afford a-
aryl esters. Enantioenriched o-aryl ester derivatives are
important  precursors to nonsteroidal anti-inflammatory
medications. Key features and advantages of this method
include broad scope in both coupling partners, avoidance of
preformed organometallic reagents, and circumvention of
stoichiometric metal reductants used in most cross-electrophile
coupling reactions. Future directions include the use of
electrochemical methods as a source of electrons for
enantioselective reductive coupling reactions.?4
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