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/Abstract: A new class of bis-cyclometalated rhodium(lll) cat-
alysts containing two inert cyclometalated 6-tert-butyl-2-
phenyl-2H-indazole ligands and two labile acetonitriles is in-
troduced. Single enantiomers (>99%ee) were obtained
through a chiral-auxiliary-mediated approach using a mono-
fluorinated salicyloxazoline. The new chiral-at-metal complex

\is capable of catalyzing the visible-light-induced enantiose-

\

lective a-cyanoalkylation of 2-acyl imidazoles in which it
serves a dual function as the chiral Lewis acid catalyst for
the asymmetric radical chemistry and at the same time as
the photoredox catalyst for the visible-light-induced redox
chemistry (up to 80% vyield, 4:1 d.r., and 95%ee, 12 exam-
ples).

/

Introduction

Chiral transition-metal complexes are a prominent and power-
ful class of asymmetric catalysts, traditionally assembled from
chiral organic ligands and metal salts or organometallic precur-
sor complexes.! The chiral organic ligands are typically in-
volved in the asymmetric induction but also control the rela-
tive and absolute configuration of the transition metal com-
plexes. Following a different strategy, we and others have re-
cently demonstrated that chiral transition metal complexes
composed from entirely achiral ligands can be exquisite transi-
tion-metal catalysts for a wide variety of asymmetric conver-
sions, including asymmetric photocatalysis.>* Such chiral-at-
metal complexes rely on a configurationally stable stereogenic
metal center™ for generating metal-centered chirality which at
the same time must be a reactive metal center for performing
the asymmetric catalysis.”

Our initial design was based on bis-cyclometalated iridi-
um(lll) and rhodium(lll) complexes, in which two 5-tert-butyl-2-
phenylbenzoxazoles (Ir0” and RhO®) or 5-tert-butyl-2-phenyl-
benzothiazoles (IrS® and RhS"”) implement a stereogenic
metal center with either a left-handed (A-configuration) or
right-handed (A-configuration) overall helical topology
(Figure 1). These two cyclometalated ligands are configuration-
ally inert so that the overall stereochemical information is re-
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a) Previous Work: Chiral-at-metal Rh & Ir benzoxazole and benzothiazole catalysts
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Figure 1. Previous catalyst design and this work regarding bis-cyclometalat-
ed chiral-at-metal rhodium and iridium catalysts for asymmetric conversions.

tained in these complexes once they are generated in a non-
racemic fashion. Two additional monodentate acetonitrile li-
gands are labile and provide access of substrates or reagents
to the metal center.

We found that the nature of the cyclometalating ligand has
a profound influence on the reactivity and stereoselectivity of
the bis-cyclometalated iridium(lll) and rhodium(lll) complexes®
and we were therefore seeking to investigate ligands that
differ from our previous benzoxazole and benzothiazole sys-
tems. Here we now introduce a new class of bis-cyclometalat-
ed chiral-at-metal rhodium(lll) catalysts which are based on
two cyclometalated 6-tert-butyl-2-phenyl-2H-indazole ligands
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(A- and A-RhiInd). We demonstrate that this Rhind catalyst is
superior for the visible-light-induced enantioselective o-cya-
noalkylation of 2-acyl imidazoles in which Rhind serves a dual
function as the chiral catalyst but is also involved in the photo-
chemical induction.

Results and Discussion
Design and synthesis of the rhodium catalyst

As part of our ongoing interest in expanding the structural di-
versity of bis-cyclometalated rhodium-complexes, we chose 2-
phenyl-2H-indazole as an interesting candidate. Bis-cyclometa-
lated iridium complexes with 2-phenyl-2H-indazoles are well
established"” but the analogous rhodium(lll) complexes have
not been reported. The overall geometry of this ligand is com-
parable to our previously applied benzoxazole and benzothia-
zole ligands, however, the electron-rich aromatic system of 2H-
indazoles provides significantly distinct electronics that might
enable new catalytic transformations. The chiral-auxiliary-medi-
ated synthesis'">'¥ of the enantiopure catalyst Rhind started
with the reaction of rhodium trichloride hydrate with
2.0 equivalents of 6-tert-butyl-2-phenyl-2H-indazole (1), fol-
lowed by addition of 2.0 equivalents of AgPF, in MeCN to
obtain bis-cyclometalated rac-Rhind in 97% vyield (Scheme 1).
Afterwards, the racemic product was reacted with the mono-
fluorinated salicyloxazoline (5)-2"'%''% to provide the two dia-
stereomers A-(5)-3 and A-(5)-4 in 40% and 48% vyield, respec-
tively, which were separated by column chromatography on
deactivated silica gel. The required high diastereomeric purity
of the isolated auxiliary complexes was evaluated by 'H NMR
and "°F NMR spectroscopy. Cleavage of the auxiliary ligand was
subsequently performed under acidic conditions using tri-
fluoroacetic acid (TFA), followed by anion exchange
with NH,PF, to provide the individual enantiomers
A-RhInd (95 % yield) and A-Rhind (87 % yield).

The absolute configuration was assigned based on
a crystal structure of A-Rhind (Figure 2a). The CD
spectra of A- and A-Rhind are shown in Figure 3
and confirm their mirror-imaged structures. HPLC
analysis on a chiral stationary phase exhibited an ee
of >99% for both the A- and the A-Rhind complex
(Figure 4). Superimposition of the crystal structures
of Rhind and RhS reveals a slightly larger distance
between the two quaternary carbon atoms of the
tert-butyl groups for Rhind (11.3 A) making the cata-
lytic site slightly larger compared to RhS (10.5 A)
(Figure 2b).1"%

Initial experiments and optimization

With the new enantiopure complexes in hand, we
next investigated the application of Rhind in asym-
metric photoredox catalysis."”'® After some initial re-
action screening, we were delighted to find that A-
Rhind (2.0 mol%) catalyzes the a-cyanomethylation of 2-acyl

imidazole 5a with bromoacetonitrile (6a) in the presence of
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Scheme 1. Auxiliary-mediated synthesis of enantiopure A- and A-Rhind.

Figure 2. a) Crystal structure of A-Rhind. ORTEP drawing with 50% probability thermal
ellipsoids. Hexafluorophospate counterion and solvent molecules are omitted for clarity.
b) Superimposed crystal structure of A-Rhind (grey) with A-RhS (green). Fitted are the
central metals together with the metal-coordinated atoms.

Na,HPO, and under irradiation with blue LEDs to provide (R)-
7 a with a high ee value of 94% but in only 22% yield (Table 1,
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Figure 3. CD spectra of A- and A-Rhind measured in MeOH (0.20 mm).

entry 1). Table 1 shows the stepwise optimization of this
enantioselective, visible-light-induced cyanoalkylation. First, dif-
ferent solvents were investigated (entries 1-6) and it was
found that MeOH/THF 4:1 provided the best results. Changing
the base from Na,HPO, to 2,6-lutidine or Cs,CO; provided
higher yields of 50% and 73 % but the enantioselectivity drop-
ped to 87% and 4%ee. (entries 7 and 8). N,N-Diisopropylethyl-
amine (DIPEA) as base only provided 2% yield and 42%ee
(entry 9). Despite the low yield, Na,HPO, was selected as the
most suitable base with respect to enantioselectivity. A higher
catalyst loading afforded improved yields but a significantly
lower enantioselectivity (entries 10 and 11). The reduced enan-
tioselectivity can be rationalized with a slow Rhind-catalyzed
racemization of the product upon coordination to the catalyst,
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Figure 4. HPLC traces of A, A, and racemic Rhind. HPLC conditions: Daicel
CHIRALPAK IB-N5, 250X 4.6 mm, column temp.=25°C, A,,, =254 nm, flow
rate=0.6 mLmin~" solvent A=0.1% aqueous TFA, solvent B=MeCN, gradi-
ent=40% to 50% B in 180 min.

followed by deprotonation and reprotonation (see Supporting
Information for more details). Increasing the amount of bro-
moacetonitrile to 6.0 equivalents improved the yield while
maintaining a high ee (entry 12). Increasing the amount of
base from 1.1 to 1.5 equivalents (entry 13) or 2.0 equivalents
(entry 14) provided further improved yields of 78% or 80%, re-
spectively. Increasing the amount of base to 2.5 equivalents
led to a sharp drop in the yield to 27%, probably due to the
resulting turbidity from the low solubility of Na,HPO, having a
negative effect on the penetration by the light into the reac-
tion suspension (entry 15). Finally, it is worth noting that we
found that small amounts of water provide a beneficial effect,
probably by facilitating rapid proton transfer, and therefore

Table 1. Initial experiments and optimization.””’

A-Rhind
o base
N\\Hl\/ph . Ben H20 (5.56 eq.)
<\,N~ solvent rt,24h Q,
Ph 24 W blue LEDs
5a 6a R) 7a
Entry Solvent Base (equiv) Catalyst (mol %) Equiv of 6a Yield [%] ee [%]™
1 MeOH/THF 4:1 Na,HPO, (1.1) 2 30 22 94
2 MeCN Na,HPO, (1.1) 2 3.0 - -
3 THF Na,HPO, (1.1) 2 3.0 - -
4 MeOH Na,HPO, (1.1) 2 3.0 15 80
5 MeOH/CH,Cl, 1:1 Na,HPO, (1.1) 2 3.0 17 79
6 MeOH/MeCN 4:1 Na,HPO, (1.1) 2 3.0 - -
7 MeOH/THF 4:1 2,6-Lutidine (1.1) 2 3.0 50 87
8 MeOH/THF 4:1 Cs,CO, (1.1) 2 3.0 73 4
9 MeOH/THF 4:1 DIPEA (1.1)9 2 3.0 2 42
10 MeOH/THF 4:1 Na,HPO, (1.1) 4 3.0 47 78
1 MeOH/THF 4:1 Na,HPO, (1.1) 8 3.0 29 56
12 MeOH/THF 4:1 Na,HPO, (1.1) 2 6.0 76 94
13 MeOH/THF 4:1 Na,HPO, (1.5) 2 6.0 78 94
14 MeOH/THF 4:1 Na,HPO, (2.0) 2 6.0 80 94
15 MeOH/THF 4:1 Na,HPO, (2.5) 2 6.0 27 92

pylethylamine.

[a] Conditions: 2-Acyl imidazole 5a (0.10 mmol), A-Rhind (2-8 mol%) and the corresponding base (0.11-0.25 mmol) were dissolved in the indicated sol-
vent (0.5 mL) under inert gas atmosphere and H,0 (0.56 mmol) was added. The resulting mixture was stirred for 5 min before bromoacetonitrile (0.30-
0.60 mmol) was added and the mixture was degassed via freeze-pump-thaw for three cycles. The reaction mixture was then stirred for 24 h under inert
gas atmosphere at r.t. in front of blue LEDs (24 W, 10 cm distance). [b] Determined by HPLC analysis on a chiral stationary phase. [c] DIPEA = N,N-diisopro-
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stoichiometric amounts of water were added to each reaction
shown in Table 1.

To summarize this part, we found reaction conditions for the
photoinduced cyanoalkylation reaction 5a+6a—(R)-7a in
80% vyield with 94%ee using 2 mol% of the chiral-at-rhodium
complex A-Rhind as the single catalyst.

Substrate scope

After having established the optimized reaction conditions, we
next investigated the scope of the a-cyanoalkylation with re-
spect to 2-acyl imidazoles (5a-j) and a-cyano bromides (6 a—f)
(Scheme 2). Substrate 5a provided the best results with un-
branched bromoacetonitrile (6a) with respect to yield and
enantioselectivity (7a). Interestingly, methyl substituted imida-
zole substrate 5b only gave 2% yield and 80%ee (7 b). Mesityl
substituted imidazole substrate 5c provided 52% yield and an
ee of 94% (7 ¢). The addition of electron withdrawing and elec-
tron donating groups at the phenyl moiety had a slightly dis-
advantageous effect on the yield as well as the enantioselectiv-

A-RhInd (2 mol%)

0] R3 R* NayHPO, (2.00 eq.) O R3 R*
N R2 X H,0 (5.56 eq.) N
S * Br” “CN 7Y eN
<\,N MeOH/THF (4:1) \_N R2
R’ rt, 24 h, blue LEDs ‘R
Sa-j 7a-0
0] o] (0]
Ns Ph Ns Ph N\ Ph
<\,N Q\,N <\, .
‘Ph CN ‘Me CN Mes CN
7a 7b 7c
80% vyield 2% yield 52% yield
94% ee 80% ee 94% ee
o Br
N AN
< ('
‘Ph CN ‘Ph CN Ph CN
7d 7e 7f
60% yield 68% yield 76% yield
87% ee 85% ee 84% ee
(0] o | S
o N y
> S »
<\,N <\, N, oN
‘Ph CN ‘Ph CN Ph
79 7h 7i
37% vyield no conversion 56% yield
76% ee 78% ee
? (@]
N O H_ CH(OEt), H_Me
S Me N N
" STY N o ; eN
‘PhCN Q\’N Ph \_N,_ Ph
7i ‘Ph Ph
J
i 7k 71
169 | X
goﬁsﬁy;eed 64% yield 71% yield
94% and 95% ee 94% and 83‘[’?} -
. dr 3.01:1
(0] H Ph dr 1.08:1 r
{\ CN O H Et OMe_ Me
N
Mo T <\N:\HJ\E)<CN WCN
o] N. Ph N, Ph
7m Ph Ph
56% yield
95% and 31% ee 7n 70
dr 4.01:1@ no conversion no conversion

Scheme 2. Substrate Scope. [a] Major diastereomer has the higher ee. [b] A-
RhiInd was used instead of the A-enantiomer for product 7m.
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ity (7d-f). The implementation of a naphthyl moiety resulted
in a significantly lower yield and a moderate enantioselectivity
of 76%ee. (7 g). 2-Thiophenyl substrate 5h showed no conver-
sion at all, whereas 3-thiophenyl substrate 5i provided 56 %
yield of 7i with 78 % ee. This can be rationalized by a bidentate
coordination of the catalyst to the sulfur atom and the acyl
oxygen of substrate 5h thus impeding the conversion. Aliphat-
ic substrate 5j only provided a low yield of 16% with 50%ee
(7). Furthermore, five branched a-cyano bromides were inves-
tigated. Diastereoselectivities were validated by 'H NMR spec-
troscopy of the crude products. Product 7k was formed in
64% yield with a d.r. of 1.08:1. Both of the diastereomers
showed high ee values of 94% and 95%. Product 71 was
formed with a d.r. of 3.01:1 with the major diastereomer exhib-
iting an ee of 94%. When a-bromophenylacetonitrile was used,
the cyanoalkylation product 7m was obtained in 56% yield
with a d.r. of 4.01:1. Interestingly, the major diastereomer
showed a very good ee of 95% while the minor diastereomer
was obtained with only 31%ee. Unfortunately, butyronitrile
and isobutyronitrile did not form any cyanoalkylation products
(7n and 7 o).

Mechanism of the cyanoalkylation
Mechanistic proposal

We previously reported a series of visible-light-induced enan-
tioselective a-alkylations of 2-acyl imidazoles using electron
deficient benzyl bromides, phenacyl bromides, perfluoroalkyl
halides, and enantioselective trichloromethylations with
BrCCl,.2%*2*2" These photoreactions were catalyzed most ef-
fectively with bis-cyclometalated iridium complexes, whereas
related photoinduced enantioselective a-aminations of 2-acyl
imidazoles were catalyzed by the related bis-cyclometalated
rhodium complexes.”?2%! These enantioselective photoredox
reactions serve as the basis for the proposed mechanism of
the here introduced rhodium-catalyzed photoinduced a-cya-
noalkylation of 2-acyl imidazoles. Accordingly, the catalytic re-
action begins with the coordination of the 2-acyl imidazole
substrate (e.g. 5a) to the rhodium catalyst in a bidentate fash-
ion upon release of the two labile MeCN ligands of Rhind,
thereby forming intermediate I. A subsequent deprotonation
induced by the added base Na,HPO, generates the rhodium
enolate complex Il which is a key intermediate of this asym-
metric photoreaction. It fulfills a dual function as reactive inter-
mediate in the catalytic cycle and as the in situ assembled visi-
ble light activatable photoredox catalyst. Upon absorption of
visible light, the rhodium enolate acts as a photoexcited reduc-
ing agent and transfers a single electron® to the a-cyanoalkyl
bromide (e.g. 6a), which in turn fragments into bromide and
the a-cyanoalkyl radical V. This free radical V is electron defi-
cient due to the electron withdrawing cyano group in a-posi-
tion and therefore rapidly reacts with the electron rich double
bond of the rhodium enolate Il to form the ketyl radical inter-
mediate lll upon formation of a new C—C bond and a stereo-
genic carbon, the absolute configuration of which is controlled
by the chiral rhodium complex.”” The ketyl radical Ill is a
strong reducing agent and either regenerates the oxidized
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photoredox mediator (Il —lll) or it directly transfers an electron
to a new a-cyanoalkyl bromide substrate to initiate a chain re-
action. Either way, rhodium-coordinated product IV is formed
and after product release (e.g. 7a) the coordination of new
substrate leads to another catalytic cycle.

Mechanistic control experiments

The proposed catalytic cycle is consistent with a number of
control experiments. First, the reaction requires both catalyst
and Brensted base for achieving conversion (Table 2, entries 1
and 2), indicating the important role of the intermediate rhodi-
um enolate (intermediate Il in Scheme 3). Under air, the C—C
coupling product is completely suppressed which is consistent

Table 2. Comparison with other catalysts and control reactions.”
Catalyst (2 mol%)
o} Na,HPO, (2.00 eq) o}
N\j)\, Ph Koo iuldlet i Ph
Q\,N‘ MeOH/THF 4:1,r.t, 24 h Q\,N*
Ph 24 W blue LEDs Ph CN
5a 6a (R)-7a
R "]+ PRe T]+Prs
@—Bu tBu
M
R M
(:( e | \
“Me N
SR 2%y
A-Rhind catalysts A-catalysts
R = H, Ph, 4-(MeO)CgHy, 4-(F3C)CgH4 =Ir (IrS), Rh (RhS)
Entry  Variations from Catalyst Yield ee
standard procedure [%] [%]™
1 without base A-Rhind - -
2 without catalyst - - -
3 under air A-Rhind - -
4 under air, without light ~ A-Rhind 20 86
5 with 1.0 equiv TEMPO A-Rhind 25 14
6 with 6.0 equiv TEMPO A-Rhind 20 0
7 without H,0 A-Rhind 77 80
8 CFL lamp A-Rhind 26 94
9 none A-Rhind 80 94
10 none A-IrS 23 94
n 50°C A-IrS 62 0
12 none A-RhS 83 90
13 under air, without light ~ A-RhS 38 87
14 none A-RhInd(Ph)'¢! 73 74
15 none rac Rhind(PhOMe)%? 43 -
16 none rac Rhind(PhCF;)"9’ 13 -
[a] Conditions: 2-Acyl imidazole (0.10 mmol), catalyst (2 mol%) and
Na,HPO, (0.20 mmol) were dissolved in MeOH/THF 4:1 (0.5 mL) under
inert gas atmosphere and H,O (0.56 mmol) was added. The resulting mix-
ture was stirred for 5 min before bromoacetonitrile (0.60 mmol) was
added and the mixture was degassed via freeze-pump-thaw for three
cycles. The reaction mixture was then stirred for 24 h under inert gas at-
mosphere at rt. in front of blue LEDs (24 W, 10 cm). [b] Determined by
chiral HPLC analysis. [c] Exclusive formation of a-keto-2-acyl imidazole as
side product. For more information, see Supporting Information. [d] For
further information on modified catalysts see Supporting Information.
[e] R=Ph. [f] R=4-(MeO)C¢H,. [g] R=4-(F;C)CcH,.
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with the interference of air with the proposed radical pathway,
thus resulting in the formation of a-keto-2-acyl imidazole as an
undesired side product (entry 3). Without any visible light, only
20% vyield with significantly lower enantioselectivity was ob-
served (entry 4). We propose that this product formation in the
dark is the result of a non-radical Sy2-pathway. When the pho-
toreaction was performed in the presence of the radical trap-
ping reagent (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO),
the vyield dropped to 25% (1.0 equiv  TEMPO) and 20%
(6.0 equiv TEMPO), strongly indicating the involvement of a
photoinduced radical mechanism (entries 5 and 6). A signifi-
cant drop in enantioselectivity to 80% is observed when H,O
is excluded, demonstrating its crucial effect (entry 7). The ben-
efit of small amounts of H,0 can be rationalized with an im-
proved solubility of the base Na,HPO, in the reaction solvent.
We also determined a quantum yield for this reactions, which
is 0.046 for the reaction 5a+6a—(R)-7 a, which suggests that
the chain propagation plays at most a minor role and instead
the rhodium enolate complex Il exerts the function of a real
photoredox catalyst which is closely coupled to the asymmet-
ric catalysis cycle. This is different from our previous iridium-
catalyzed a-alkylations™®*2%2" and rhodium-catalyzed o-amina-
tions®?? which apparently follow a chain mechanism (quan-
tum yields >1). Finally, UV/Vis absorption spectra shown in
Figure 5 demonstrate that the 2-acyl imidazole substrate 5a,
the catalyst Rhind, and the rhodium ketone complex I are not
capable of significantly absorbing visible light but that the rho-
dium enolate complex Il after deprotonation of | features a
new absorption band in the bathochromic region with a
shoulder above 400 nm, which should be responsible for the
visible-light-induced photochemistry. It also explains why the
shorter wavelength of blue LEDs provides better results com-
pared to a compact fluorescence light (CFL) bulb (entry 8).

Comparison with other catalysts

The performance of the new catalyst Rhind was compared
with some related and previously reported bis-cyclometalated
complexes for the here introduced photoinduced cyanoalkyla-
tion. The bis-cyclometalated phenylbenzothiazole complex A-
IrS, which was very successfully applied to a variety of enantio-
selective photoinduced a-alkylations of 2-acyl imidazole-
52922020 hrovided a high enantioselectivity of 94 % ee but with
just 23% vyield (Table 2, entry 10). The low yield can be ex-
plained by the inhibition of the catalyst by blocking the active
site of the catalyst through coordination of the bromoacetoni-
trile substrate or the cyanoalkylated product. This is consistent
with the fact that the bis-cyclometalated iridium catalyst dis-
plays a much slower ligand exchange kinetics compared to its
rhodium congener and thus should be more sensitive to com-
peting coordinating functional groups.”” Indeed, when we in-
creased the reaction temperature to 50°C to speed up ligand
exchange, A-IrS gave a significantly higher yield of 62% but
provided a racemic mixture of the product, which might be
due to an uncatalyzed background reaction at higher tempera-
tures (entry 11). On the other hand, the bis-cyclometalated
phenylbenzothiazole complex A-RhS, which proved highly

15337  © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

CHEMISTRY

A European Journal

:@'*ChemPubSoc
Oerd-1 Europe Full Paper
Br
base + HY [Th]\o
Nv)\/Ph NC’8
= \'
Y
base Ph
enolate I
[Rh]+ [Rh]
0 e | o ,
PJ::7,¢J1\\~’,F)h [Fih]+ rd::lfljl\\*”th : PJ- . F)h - E
&, - G RN
‘Ph *Ph catalysis cycle ‘Ph “CN r§” : .§
5a ' n S g
. (9]
L -
S/ o
| 5, 8
product 7a [Rh] E-:

substrate 5a

| (6]

N \Hj\(Ph _
< =
N‘Ph CN k

v

hev

Scheme 3. Proposed mechanism. [Rh]* refers to the cationic, bis-cyclometalated fragment of Rhind.

that the higher enantioselectivity of Rhind over RhS for the
photoinduced cyanoalkylation is due to a slower S2 back-
ground catalysis with Rhind, and this is crucial because we ob-
served a lower enantioselectivity for this reaction pathway.
Indeed, in the presence of air and absence of light, A-RhS pro-
vided the cyanoalkylation product in 38% yield and with
88%ee (entry 13), as compared to a yield of only 20% with
86 % ee for A-Rhind under the same conditions (entry 4). Final-
ly, some modified Rhind-catalysts were also tested but provid-

ed inferior results (entries 14-16).
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We here introduced a new chiral-at-metal rhodium(lll) catalyst

(RhInd) based on cyclometalated 2-phenyl-2H-indazole ligands

A (nm)

Figure 5. UV/Vis absorbance of Rhind, 2-acyl imidazole 5a, imidazole-com-

plex I, and enolate-complex Il measured in CH,Cl, (0.05 mm).

suitable for a variety of photoinduced a-aminations of 2-acyl
imidazoles,”* %% provided the cyanoalkylation product with
83% vyield but a slightly lower enantioselectivity of 90%ee
(entry 12). At a first glance, this lower enantioselectivity is sur-
prising since the more constrained active site of the benzothia-
zole catalyst (see Figure 2b) should provide a higher asymmet-
ric induction. This is exactly what we observed for photoin-
duced a-aminations of 2-acyl imidazoles in which the benzo-
thiazole catalyst RhS provided significantly higher ee values
compared to the benzoxazole analogue RhO."% We suggest

Chem. Eur. J. 2019, 25, 15333 - 15340 www.chemeurj.org

and developed a chiral-auxiliary-mediated synthesis of the indi-

vidual A- and A-enantiomer which provides virtually enantio-

pure complexes (ee>99%). The new 2-phenylindazole com-
plex is structurally related to previously reported rhodium(lll)
catalysts containing cyclometalated 2-phenylbenzoxazole and
2-phenylbenzothiazole ligands. However, the indazole ligand
apparently provides Rhind with distinct catalytic properties as
demonstrated for an efficient visible-light-induced asymmetric

a-cyanoalkylation of 2-acyl imidazoles. This cyanoalkylation

complements previous photoredox-mediated a-alkylations
using electron deficient benzyl bromides, phenacyl bromides,

15338 © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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perfluoroalkyl halides, and enantioselective trichloromethyla-
tions with BrCCl,.29%*2"2% Especially branched a-cyano bro-
mides afford promising results with high enantioselectivities.
Future work will investigate other applications of Rhind as a
dual function catalyst for asymmetric photochemistry.

Experimental Section

General procedure for enantioselective a-alkylation of 2-
acyl imidazoles

2-Acyl imidazole (0.10 mmol), A-Rhind (2.00 mol%) and Na,HPO,
(0.20 mmol) were dissolved in MeOH/THF 4:1 (0.5 mL) under inert
gas atmosphere and H,O (0.56 mmol) was added. The resulting
mixture was stirred for 5 min before bromoacetonitrile (0.60 mmol)
was added and the mixture was thoroughly degassed via freeze-
pump-thaw for three cycles. The reaction mixture was then stirred
for 24 h under inert gas atmosphere at r.t. in front of blue LEDs
(24 W, 10cm). Afterwards, the solvent was evaporated under
vacuum and the precipitate was purified by column chromatogra-
phy on silica gel (n-pentane/EtOAc 5:1—2:1) to afford pure prod-
ucts. For compounds 7 k-m diastereomeric ratios were determined
by "H NMR spectroscopy of the crude products.

Conflict of interest

The authors declare no conflict of interest.

Keywords: asymmetric catalysis - bis-cyclometalated - chiral-
at-metal - metal-centered-chirality - photoredox catalysis
rhodium

[1] P.J. Walsh, M. C. Kozlowski, Fundamentals of Asymmetric Catalysis, Uni-
versity of Science Books, Sausalito, CA, 2009.
[2] a)L. Zhang, E. Meggers, Acc. Chem. Res. 2017, 50, 320-330; b) X.
Huang, E. Meggers, Acc. Chem. Res. 2019, 52, 833-847.
For contributions from other groups, see: a) J. Hartung, R. H. Grubbs, J.
Am. Chem. Soc. 2013, 135, 10183-10185; b) J. Hartung, P.K. Dornan,
R. H. Grubbs, J. Am. Chem. Soc. 2014, 136, 13029-13037; ¢) G.-Q. Xu, H.
Liang, J. Fang, Z-L. Jia, J.-Q. Chen, P-F. Xu, Chem. Asian J. 2016, 11,
3355-3358; d) J. Gong, K. Li, S. Qurban, Q. Kang, Chin. J. Chem. 2016,
34, 1225-1235; e) T. Deng, G. K. Thota, Y. Li, Q. Kang, Org. Chem. Front.
2017, 4, 573-577; f) S.-X. Lin, G.-J. Sun, Q. Kang, Chem. Commun. 2017,
53, 7665-7668; g)J. Gong, S-W. Li, S. Qurban, Q. Kang, Eur. J. Org.
Chem. 2017, 3584-3593; h) G.-J. Sun, J. Gong, Q. Kang, J. Org. Chem.
2017, 82, 796-803; i) S.W. Li, J. Gong, Q. Kang, Org. Lett. 2017, 19,
1350-1353; j) K. Li, Q. Wan, Q. Kang, Org. Lett. 2017, 19, 3299-3302;
k) S.-W. Li, Q. Wan, Q. Kang, Org. Lett. 2018, 20, 1312-1315; I) M. Carmo-
na, R. Rodriguez, V. Passarelli, F. J. Lahoz, P. Garcia-Ordufa, D. Carmona,
J. Am. Chem. Soc. 2018, 140, 912-915; m) J. Téllez, I. Mendez, F. Viguri,
R. Rodriguez, F. J. Lahoz, P. Garcia-Orduna, D. Carmona, Organometallics
2018, 37, 3450-3464; n) M. Carmona, R. Rodriguez, V. Passarelli, D. Car-
mona, Organometallics 2019, 38, 988 -995.
For recent examples of using chiral-at-metal complexes as chiral auxilia-
ries, see: a) Z.-Z. Li, A--H. Wen, S.-Y. Yao, B.-H. Ye, Inorg. Chem. 2015, 54,
2726-2733; b) Z-Z. Li, S--Y. Yao, A-H. Wen, B.-H. Ye, Eur. J. Inorg. Chem.
2015, 26, 4335-4342; ¢)S.-Y. Yao, X.-Y. Chen, Y-L. Ou, B.-H. Ye, Inorg.
Chem. 2017, 56, 878-885; d) L-P. Li, B.-H. Ye, Inorg. Chem. 2019, 58,
7775-7784.
For reviews on different aspects of metal-centered chirality, see: a) J.-L.
Pierre, Coord. Chem. Rev. 1998, 178-180, 1183-1192; b)H. Brunner,
Angew. Chem. Int. Ed. 1999, 38, 1194-1208; Angew. Chem. 1999, 111,
1248-1263; c) U. Knof, A. von Zelewsky, Angew. Chem. Int. Ed. 1999, 38,
302-322; Angew. Chem. 1999, 111, 312-333; d) P. D. Knight, P. Scott,

[3

=

5]

Chem. Eur. J. 2019, 25, 15333 - 15340 www.chemeurj.org

[10]

[l

[12]
[13]
[14]

[15]

[16]

[17]

[18]

15339

CHEMISTRY

A European Journal

Full Paper

Coord. Chem. Rev. 2003, 242, 125-143; e) C. Ganter, Chem. Soc. Rev.
2003, 32, 130-138; f) M. Fontecave, O. Hamelin, S. Ménage, Top. Orga-
nomet. Chem. 2005, 15, 271-288; g) H. Amouri, M. Gruselle, Chirality in
Transition Metal Chemistry, Wiley, Chichester, 2008; h) E. Meggers, Eur. J.
Inorg. Chem. 2011, 2911-2926; i) E. B. Bauer, Chem. Soc. Rev. 2012, 41,
3153-3167; j) E.C. Constable, Chem. Soc. Rev. 2013, 42, 1637-1651;
k) A. von Zelewsky, Chimia 2014, 68, 297-298; |) L. Gong, L.-A. Chen, E.
Meggers, Angew. Chem. Int. Ed. 2014, 53, 10868-10874; Angew. Chem.
2014, 126, 11046-11053.

For a recent overview on asymmetric transition metal catalysis with
chiral-at-metal complexes, see: L. Zhang, E. Meggers, Chem. Asian J.
2017, 12, 2335-2342.

a)H. Huo, C. Fu, K. Harms, E. Meggers, J. Am. Chem. Soc. 2014, 136,
2990-2993; b) C. Wang, Y. Zheng, H. Huo, P. Rése, L. Zhang, K. Harms,
G. Hilt, E. Meggers, Chem. Eur. J. 2015, 21, 7355-7359.

C. Wang, L.-A. Chen, H. Huo, X. Shen, K. Harms, L. Gong, E. Meggers,
Chem. Sci. 2015, 6, 1094 -1100.

a) H. Huo, X. Shen, C. Wang, L. Zhang, P. Rose, L.-A. Chen, K. Harms, M.
Marsch, G. Hilt, E. Meggers, Nature 2014, 515, 100-103; b) X. Shen, H.
Huo, C. Wang, B. Zhang, K. Harms, E. Meggers, Chem. Eur. J. 2015, 21,
9720-9726.

a)J. Ma, X. Shen, K. Harms, E. Meggers, Dalton Trans. 2016, 45, 8320-
8323; b)H. Huo, K. Harms, E. Meggers, J. Am. Chem. Soc. 2016, 138,
6936-6939.

a) A. B. Tamayo, S. Garon, T. Sajoto, P.l. Djurovich, I. M. Tsyba, R. Bau,
M. E. Thompson, Inorg. Chem. 2005, 44, 8723-8732; b) N. M. Shavaleeyv,
R. Scopelliti, M. Gratzel, M. K. Nazeeruddin, Inorg. Chim. Acta 2012, 388,
84-87; ) K-Y. Zhao, G.-G. Shan, Q. Fu, Z.-M. Su, Organometallics 2016,
35, 3996-4001; d) Z-G. Niu, H.-B. Han, M. Li, Z. Zhao, G.-Y. Chen, Y-X.
Zheng, G.-N. Li, J.-L. Zuo, Organometallics 2018, 37, 3154-3164.

E. Meggers, Chem. Eur. J. 2010, 16, 752-758.

L. Gong, M. Wenzel, E. Meggers, Acc. Chem. Res. 2013, 46, 2635-2644.
a) M. Helms, Z. Lin, L. Gong, K. Harms, E. Meggers, Eur. J. Inorg. Chem.
2013, 4164-4172; b) L--A. Chen, W. Xu, B. Huang, J. Ma, L. Wang, J. Xi,
K. Harms, L. Gong, E. Meggers, J. Am. Chem. Soc. 2013, 135, 10598 -
10601.

J. Ma, X. Zhang, X. Huang, S. Luo, E. Meggers, Nat. Protoc. 2018, 13,
605-632.

E. Marchi, R. Sinisi, G. Bergamini, M. Tragni, M. Monari, M. Bandini, P.
Ceroni, Chem. Eur. J. 2012, 18, 8765-8773.

For reviews on combining photochemistry with asymmetric catalysis,
see: a) C. Wang, Z. Lu, Org. Chem. Front. 2015, 2, 179-190; b) E. Meg-
gers, Chem. Commun. 2015, 51, 3290-3301; ¢) R. Brimioulle, D. Lenhart,
M. M. Maturi, T. Bach, Angew. Chem. Int. Ed. 2015, 54, 3872-3890;
Angew. Chem. 2015, 127, 3944-3963; d)H. Huo, E. Meggers, Chimia
2016, 70, 186-191; e)A.F. Garrido-Castro, M. Carmen Maestro, J.
Aleman, Tetrahedron Lett. 2018, 59, 1286 -1294; f) M. Silvi, P. Melchiorre,
Nature 2018, 554, 41-49.

For selected examples from other groups on combining visible-light
photochemistry with asymmetric catalysis, see: a)D.A. Nicewicz,
D. W. C. MacMillan, Science 2008, 322, 77-80; b) E. Arceo, I. D. Jurberg,
A. Alvarez-Fernandez, P. Melchiorre, Nat. Chem. 2013, 5, 750-756; c) R.
Alonso, T. Bach, Angew. Chem. Int. Ed. 2014, 53, 4368-4371; Angew.
Chem. 2014, 126, 4457 -4460; d)D. Uraguchi, N. Kinoshita, T. Kizu, T.
Ooi, J. Am. Chem. Soc. 2015, 137, 13768-13771; e) L. Ruiz Espelt, I.S.
McPherson, E. M. Wiensch, T.P. Yoon, J. Am. Chem. Soc. 2015, 137,
2452-2455; f) Q. M. Kainz, C. D. Matier, A. Bartoszewicz, S. L. Zultanski,
J. C. Peters, G. C. Fu, Science 2016, 351, 681-684; g) J. J. Murphy, D. Bas-
tida, S. Paria, M. Fagnoni, P. Melchiorre, Nature 2016, 532, 218-222;
h) W. Ding, L-Q. Lu, Q-Q. Zhou, Y. Wei, J.-R. Chen, W.-J. Xiao, J. Am.
Chem. Soc. 2017, 139, 63-66; i) M. Silvi, C. Verrier, Y. P. Rey, L. Buzzetti, P.
Melchiorre, Nat. Chem. 2017, 9, 868-873; j) K.L. Skubi, J. B. Kidd, H.
Jung, I. A. Guzei, M.-H. Baik, T.P. Yoon, J. Am. Chem. Soc. 2017, 139,
17186-17192; k) C.-X. Ye, Y. Y. Melcamu, H.-H. Li, J.-T. Cheng, T.-T. Zhang,
Y--P. Ruan, X. Zheng, X. Lu, P-Q. Huang, Nat. Commun. 2018, 9, 410; ) J.
Li, M. Kong, B. Qiao, R. Lee, X. Zhao, Z. Jiang, Nat. Commun. 2018, 9,
2445; m) Y. Li, K. Zhou, Z. Wen, S. Cao, X. Shen, M. Lei, L. Gong, J. Am.
Chem. Soc. 2018, 140, 15850-15858; n) F.-D. Lu, D. Liu, L. Zhu, L.-Q. Lu,
Q. Yang, Q.-Q. Zhou, Y. Wei, Y. Lan, W.-J. Xiao, J. Am. Chem. Soc. 2019,
141, 6167-6172; o) W.-J. Xiao, K. Zhang, L.-Q. Lu, Y. Jia, Y. Wang, F.-D.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1021/acs.accounts.6b00586
https://doi.org/10.1021/acs.accounts.6b00586
https://doi.org/10.1021/acs.accounts.6b00586
https://doi.org/10.1021/acs.accounts.9b00028
https://doi.org/10.1021/acs.accounts.9b00028
https://doi.org/10.1021/acs.accounts.9b00028
https://doi.org/10.1021/ja4046422
https://doi.org/10.1021/ja4046422
https://doi.org/10.1021/ja4046422
https://doi.org/10.1021/ja4046422
https://doi.org/10.1021/ja506611k
https://doi.org/10.1021/ja506611k
https://doi.org/10.1021/ja506611k
https://doi.org/10.1002/asia.201601306
https://doi.org/10.1002/asia.201601306
https://doi.org/10.1002/asia.201601306
https://doi.org/10.1002/asia.201601306
https://doi.org/10.1002/cjoc.201600592
https://doi.org/10.1002/cjoc.201600592
https://doi.org/10.1002/cjoc.201600592
https://doi.org/10.1002/cjoc.201600592
https://doi.org/10.1039/C6QO00865H
https://doi.org/10.1039/C6QO00865H
https://doi.org/10.1039/C6QO00865H
https://doi.org/10.1039/C6QO00865H
https://doi.org/10.1039/C7CC03650G
https://doi.org/10.1039/C7CC03650G
https://doi.org/10.1039/C7CC03650G
https://doi.org/10.1039/C7CC03650G
https://doi.org/10.1002/ejoc.201700463
https://doi.org/10.1002/ejoc.201700463
https://doi.org/10.1002/ejoc.201700463
https://doi.org/10.1002/ejoc.201700463
https://doi.org/10.1021/acs.joc.6b02583
https://doi.org/10.1021/acs.joc.6b02583
https://doi.org/10.1021/acs.joc.6b02583
https://doi.org/10.1021/acs.joc.6b02583
https://doi.org/10.1021/acs.orglett.7b00220
https://doi.org/10.1021/acs.orglett.7b00220
https://doi.org/10.1021/acs.orglett.7b00220
https://doi.org/10.1021/acs.orglett.7b00220
https://doi.org/10.1021/acs.orglett.7b01456
https://doi.org/10.1021/acs.orglett.7b01456
https://doi.org/10.1021/acs.orglett.7b01456
https://doi.org/10.1021/acs.orglett.8b00040
https://doi.org/10.1021/acs.orglett.8b00040
https://doi.org/10.1021/acs.orglett.8b00040
https://doi.org/10.1021/jacs.7b12731
https://doi.org/10.1021/jacs.7b12731
https://doi.org/10.1021/jacs.7b12731
https://doi.org/10.1021/acs.organomet.8b00180
https://doi.org/10.1021/acs.organomet.8b00180
https://doi.org/10.1021/acs.organomet.8b00180
https://doi.org/10.1021/acs.organomet.8b00180
https://doi.org/10.1021/acs.organomet.8b00925
https://doi.org/10.1021/acs.organomet.8b00925
https://doi.org/10.1021/acs.organomet.8b00925
https://doi.org/10.1021/ic502898e
https://doi.org/10.1021/ic502898e
https://doi.org/10.1021/ic502898e
https://doi.org/10.1021/ic502898e
https://doi.org/10.1021/acs.inorgchem.6b02494
https://doi.org/10.1021/acs.inorgchem.6b02494
https://doi.org/10.1021/acs.inorgchem.6b02494
https://doi.org/10.1021/acs.inorgchem.6b02494
https://doi.org/10.1021/acs.inorgchem.9b00220
https://doi.org/10.1021/acs.inorgchem.9b00220
https://doi.org/10.1021/acs.inorgchem.9b00220
https://doi.org/10.1021/acs.inorgchem.9b00220
https://doi.org/10.1016/S0010-8545(98)00085-X
https://doi.org/10.1016/S0010-8545(98)00085-X
https://doi.org/10.1016/S0010-8545(98)00085-X
https://doi.org/10.1016/S0010-8545(98)00085-X
https://doi.org/10.1016/S0010-8545(98)00085-X
https://doi.org/10.1002/(SICI)1521-3773(19990503)38:9%3C1194::AID-ANIE1194%3E3.0.CO;2-X
https://doi.org/10.1002/(SICI)1521-3773(19990503)38:9%3C1194::AID-ANIE1194%3E3.0.CO;2-X
https://doi.org/10.1002/(SICI)1521-3773(19990503)38:9%3C1194::AID-ANIE1194%3E3.0.CO;2-X
https://doi.org/10.1002/(SICI)1521-3757(19990503)111:9%3C1248::AID-ANGE1248%3E3.0.CO;2-K
https://doi.org/10.1002/(SICI)1521-3757(19990503)111:9%3C1248::AID-ANGE1248%3E3.0.CO;2-K
https://doi.org/10.1002/(SICI)1521-3757(19990503)111:9%3C1248::AID-ANGE1248%3E3.0.CO;2-K
https://doi.org/10.1002/(SICI)1521-3757(19990503)111:9%3C1248::AID-ANGE1248%3E3.0.CO;2-K
https://doi.org/10.1002/(SICI)1521-3773(19990201)38:3%3C302::AID-ANIE302%3E3.0.CO;2-G
https://doi.org/10.1002/(SICI)1521-3773(19990201)38:3%3C302::AID-ANIE302%3E3.0.CO;2-G
https://doi.org/10.1002/(SICI)1521-3773(19990201)38:3%3C302::AID-ANIE302%3E3.0.CO;2-G
https://doi.org/10.1002/(SICI)1521-3773(19990201)38:3%3C302::AID-ANIE302%3E3.0.CO;2-G
https://doi.org/10.1002/(SICI)1521-3757(19990201)111:3%3C312::AID-ANGE312%3E3.0.CO;2-D
https://doi.org/10.1002/(SICI)1521-3757(19990201)111:3%3C312::AID-ANGE312%3E3.0.CO;2-D
https://doi.org/10.1002/(SICI)1521-3757(19990201)111:3%3C312::AID-ANGE312%3E3.0.CO;2-D
https://doi.org/10.1016/S0010-8545(03)00067-5
https://doi.org/10.1016/S0010-8545(03)00067-5
https://doi.org/10.1016/S0010-8545(03)00067-5
https://doi.org/10.1039/b205996g
https://doi.org/10.1039/b205996g
https://doi.org/10.1039/b205996g
https://doi.org/10.1039/b205996g
https://doi.org/10.1007/b136353
https://doi.org/10.1007/b136353
https://doi.org/10.1007/b136353
https://doi.org/10.1007/b136353
https://doi.org/10.1002/ejic.201100327
https://doi.org/10.1002/ejic.201100327
https://doi.org/10.1002/ejic.201100327
https://doi.org/10.1002/ejic.201100327
https://doi.org/10.1039/c2cs15234g
https://doi.org/10.1039/c2cs15234g
https://doi.org/10.1039/c2cs15234g
https://doi.org/10.1039/c2cs15234g
https://doi.org/10.1039/C2CS35270B
https://doi.org/10.1039/C2CS35270B
https://doi.org/10.1039/C2CS35270B
https://doi.org/10.1002/anie.201404305
https://doi.org/10.1002/anie.201404305
https://doi.org/10.1002/anie.201404305
https://doi.org/10.1002/ange.201404305
https://doi.org/10.1002/ange.201404305
https://doi.org/10.1002/ange.201404305
https://doi.org/10.1002/ange.201404305
https://doi.org/10.1002/asia.201700739
https://doi.org/10.1002/asia.201700739
https://doi.org/10.1002/asia.201700739
https://doi.org/10.1002/asia.201700739
https://doi.org/10.1021/ja4132505
https://doi.org/10.1021/ja4132505
https://doi.org/10.1021/ja4132505
https://doi.org/10.1021/ja4132505
https://doi.org/10.1002/chem.201500998
https://doi.org/10.1002/chem.201500998
https://doi.org/10.1002/chem.201500998
https://doi.org/10.1039/C4SC03101F
https://doi.org/10.1039/C4SC03101F
https://doi.org/10.1039/C4SC03101F
https://doi.org/10.1038/nature13892
https://doi.org/10.1038/nature13892
https://doi.org/10.1038/nature13892
https://doi.org/10.1002/chem.201500922
https://doi.org/10.1002/chem.201500922
https://doi.org/10.1002/chem.201500922
https://doi.org/10.1002/chem.201500922
https://doi.org/10.1039/C6DT01063F
https://doi.org/10.1039/C6DT01063F
https://doi.org/10.1039/C6DT01063F
https://doi.org/10.1021/jacs.6b03399
https://doi.org/10.1021/jacs.6b03399
https://doi.org/10.1021/jacs.6b03399
https://doi.org/10.1021/jacs.6b03399
https://doi.org/10.1021/ic050970t
https://doi.org/10.1021/ic050970t
https://doi.org/10.1021/ic050970t
https://doi.org/10.1016/j.ica.2012.03.008
https://doi.org/10.1016/j.ica.2012.03.008
https://doi.org/10.1016/j.ica.2012.03.008
https://doi.org/10.1016/j.ica.2012.03.008
https://doi.org/10.1021/acs.organomet.6b00788
https://doi.org/10.1021/acs.organomet.6b00788
https://doi.org/10.1021/acs.organomet.6b00788
https://doi.org/10.1021/acs.organomet.6b00788
https://doi.org/10.1021/acs.organomet.8b00491
https://doi.org/10.1021/acs.organomet.8b00491
https://doi.org/10.1021/acs.organomet.8b00491
https://doi.org/10.1002/chem.200902652
https://doi.org/10.1002/chem.200902652
https://doi.org/10.1002/chem.200902652
https://doi.org/10.1021/ar400083u
https://doi.org/10.1021/ar400083u
https://doi.org/10.1021/ar400083u
https://doi.org/10.1002/ejic.201300411
https://doi.org/10.1002/ejic.201300411
https://doi.org/10.1002/ejic.201300411
https://doi.org/10.1002/ejic.201300411
https://doi.org/10.1021/ja403777k
https://doi.org/10.1021/ja403777k
https://doi.org/10.1021/ja403777k
https://doi.org/10.1038/nprot.2017.138
https://doi.org/10.1038/nprot.2017.138
https://doi.org/10.1038/nprot.2017.138
https://doi.org/10.1038/nprot.2017.138
https://doi.org/10.1002/chem.201200709
https://doi.org/10.1002/chem.201200709
https://doi.org/10.1002/chem.201200709
https://doi.org/10.1039/C4QO00306C
https://doi.org/10.1039/C4QO00306C
https://doi.org/10.1039/C4QO00306C
https://doi.org/10.1039/C4CC09268F
https://doi.org/10.1039/C4CC09268F
https://doi.org/10.1039/C4CC09268F
https://doi.org/10.1002/anie.201411409
https://doi.org/10.1002/anie.201411409
https://doi.org/10.1002/anie.201411409
https://doi.org/10.1002/ange.201411409
https://doi.org/10.1002/ange.201411409
https://doi.org/10.1002/ange.201411409
https://doi.org/10.1016/j.tetlet.2018.02.040
https://doi.org/10.1016/j.tetlet.2018.02.040
https://doi.org/10.1016/j.tetlet.2018.02.040
https://doi.org/10.1038/nature25175
https://doi.org/10.1038/nature25175
https://doi.org/10.1038/nature25175
https://doi.org/10.1126/science.1161976
https://doi.org/10.1126/science.1161976
https://doi.org/10.1126/science.1161976
https://doi.org/10.1038/nchem.1727
https://doi.org/10.1038/nchem.1727
https://doi.org/10.1038/nchem.1727
https://doi.org/10.1002/anie.201310997
https://doi.org/10.1002/anie.201310997
https://doi.org/10.1002/anie.201310997
https://doi.org/10.1002/ange.201310997
https://doi.org/10.1002/ange.201310997
https://doi.org/10.1002/ange.201310997
https://doi.org/10.1002/ange.201310997
https://doi.org/10.1021/jacs.5b09329
https://doi.org/10.1021/jacs.5b09329
https://doi.org/10.1021/jacs.5b09329
https://doi.org/10.1021/ja512746q
https://doi.org/10.1021/ja512746q
https://doi.org/10.1021/ja512746q
https://doi.org/10.1021/ja512746q
https://doi.org/10.1126/science.aad8313
https://doi.org/10.1126/science.aad8313
https://doi.org/10.1126/science.aad8313
https://doi.org/10.1038/nature17438
https://doi.org/10.1038/nature17438
https://doi.org/10.1038/nature17438
https://doi.org/10.1021/jacs.6b11418
https://doi.org/10.1021/jacs.6b11418
https://doi.org/10.1021/jacs.6b11418
https://doi.org/10.1021/jacs.6b11418
https://doi.org/10.1038/nchem.2748
https://doi.org/10.1038/nchem.2748
https://doi.org/10.1038/nchem.2748
https://doi.org/10.1021/jacs.7b10586
https://doi.org/10.1021/jacs.7b10586
https://doi.org/10.1021/jacs.7b10586
https://doi.org/10.1021/jacs.7b10586
https://doi.org/10.1021/jacs.8b09251
https://doi.org/10.1021/jacs.8b09251
https://doi.org/10.1021/jacs.8b09251
https://doi.org/10.1021/jacs.8b09251
https://doi.org/10.1021/jacs.9b02338
https://doi.org/10.1021/jacs.9b02338
https://doi.org/10.1021/jacs.9b02338
https://doi.org/10.1021/jacs.9b02338
http://www.chemeurj.org

.@2 ChemPubSoc
x Europe

[19]

[20]

[21]

Chem. Eur. J. 2019, 25, 15333 - 15340

Lu, F-F. Pan, Angew. Chem. Int. Ed. 2019, 58, 13375—13379; Angew.
Chem. 2019, 131, 13509-13513.

For selected examples on cyanoalkylations, see: a) T. Bunlaksananusorn,
A. L. Rodriguez, P. Knochel, Chem. Commun. 2001, 745-746; b) G. Chen,
Z. Wang, K. Ding, Org. Lett. 2008, 10, 4573-4576; c) A. Bunescu, Q.
Wang, J. Zhu, Angew. Chem. Int. Ed. 2015, 54, 3132-3135; Angew. Chem.
2015, 127, 3175-3178; d) C. Chatalova-Sazepin, Q. Wang, G. M. Sammis,
J. Zhu, Angew. Chem. Int. Ed. 2015, 54, 5443 -5446; Angew. Chem. 2015,
127, 5533-5536; e) H-M. Su, L-Y. Wang, H.-H. Rao, H. Xu, Org. Lett.
2017, 19, 2226-2229; f) W. Zhang, C. Yang, Y.-L. Pan, X. Li, J.-P. Cheng,
Org. Biomol. Chem. 2018, 16, 5788-5792; g) F. Luo, Y. Lu, M. Hu, J. Tian,
L. Zhang, W. Bao, C. Yan, X. Huang, Z-X. Wang, B. Peng, Org. Chem.
Front. 2018, 5, 1756-1762; h) L. Yang, J.-Y. Zhang, X.-H. Duan, P. Gao, J.
Jiao, L.-N. Guo, J. Org. Chem. 2019, 84, 8615-8629.

H. Huo, C. Wang, K. Harms, E. Meggers, J. Am. Chem. Soc. 2015, 137,
9551-9554.

H. Huo, X. Huang, X. Shen, K. Harms, E. Meggers, Synlett 2016, 27, 749 -
753.

[22]

[23]

[24]

[25]

[26]

CHEMISTRY

A European Journal

Full Paper

X. Shen, K. Harms, M. Marsch, E. Meggers, Chem. Eur. J. 2016, 22, 9102 -
9105.

X. Huang, R. D. Webster, K. Harms, E. Meggers, J. Am. Chem. Soc. 2016,
138, 12636-12642.

For reactions involving single-electron transfer, see: N. Zhang, S.R. Sa-
manta, B. M. Rosen, V. Percec, Chem. Rev. 2014, 114, 5848-5958.

S. Chen, X. Huang, E. Meggers, K. N. Houk, J. Am. Chem. Soc. 2017, 139,
17902 -17907.

For for a recent review on 2-acyl imidazoles as ester surrogates in enan-
tioselective synthesis, see: J. Lauberteaux, D. Pichon, O. Baslé, M. Maud-
uit, R. Marcia de Figueiredo, J.-M. Campagne, ChemCatChem 2019,
https://doi.org/10.1002/cctc.201900754.

Manuscript received: July 24, 2019
Revised manuscript received: September 2, 2019

Accepted manuscript online: September 21, 2019

Version of record online: November 13, 2019

www.chemeurj.org

15340 © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1039/b101420j
https://doi.org/10.1039/b101420j
https://doi.org/10.1039/b101420j
https://doi.org/10.1021/ol801812a
https://doi.org/10.1021/ol801812a
https://doi.org/10.1021/ol801812a
https://doi.org/10.1002/anie.201411657
https://doi.org/10.1002/anie.201411657
https://doi.org/10.1002/anie.201411657
https://doi.org/10.1002/ange.201411657
https://doi.org/10.1002/ange.201411657
https://doi.org/10.1002/ange.201411657
https://doi.org/10.1002/ange.201411657
https://doi.org/10.1002/anie.201412357
https://doi.org/10.1002/anie.201412357
https://doi.org/10.1002/anie.201412357
https://doi.org/10.1002/ange.201412357
https://doi.org/10.1002/ange.201412357
https://doi.org/10.1002/ange.201412357
https://doi.org/10.1002/ange.201412357
https://doi.org/10.1021/acs.orglett.7b00678
https://doi.org/10.1021/acs.orglett.7b00678
https://doi.org/10.1021/acs.orglett.7b00678
https://doi.org/10.1021/acs.orglett.7b00678
https://doi.org/10.1039/C8OB01513A
https://doi.org/10.1039/C8OB01513A
https://doi.org/10.1039/C8OB01513A
https://doi.org/10.1039/C8QO00268A
https://doi.org/10.1039/C8QO00268A
https://doi.org/10.1039/C8QO00268A
https://doi.org/10.1039/C8QO00268A
https://doi.org/10.1021/acs.joc.9b01084
https://doi.org/10.1021/acs.joc.9b01084
https://doi.org/10.1021/acs.joc.9b01084
https://doi.org/10.1021/jacs.5b06010
https://doi.org/10.1021/jacs.5b06010
https://doi.org/10.1021/jacs.5b06010
https://doi.org/10.1021/jacs.5b06010
https://doi.org/10.1002/chem.201601572
https://doi.org/10.1002/chem.201601572
https://doi.org/10.1002/chem.201601572
https://doi.org/10.1021/jacs.6b07692
https://doi.org/10.1021/jacs.6b07692
https://doi.org/10.1021/jacs.6b07692
https://doi.org/10.1021/jacs.6b07692
https://doi.org/10.1021/cr400689s
https://doi.org/10.1021/cr400689s
https://doi.org/10.1021/cr400689s
https://doi.org/10.1021/jacs.7b08650
https://doi.org/10.1021/jacs.7b08650
https://doi.org/10.1021/jacs.7b08650
https://doi.org/10.1021/jacs.7b08650
https://doi.org/10.1002/cctc.201900754
http://www.chemeurj.org

