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ABSTRACT: We report a methodology for the catalytic asym-
metric cross-coupling of two C(sp®)-H bonds employing visible
light as an economical and environmentally benign source of en-
ergy. Photoredox catalysis is used for the oxidation of a diarylme-
thane to the corresponding cation, which is then trapped by an
enamine intermediate generated in situ from an aldehyde reactant
and a secondary amine organocatalyst. Notably, this mild method
is an ideal synthetic approach from the green chemistry point of
view. It does not require preinstallation of functional groups,
thereby constituting an atom economical, efficient transformation,
and allows the formation of a C—C bond with simultaneous instal-
lation of one or two new stereocenters in a highly enantio- and di-
astereoselective manner. Mechanistic studies by experimental and
computational methods aid to clarify the origin of the observed en-
antioselectivity.

Keywords: asymmetric catalysis, photoredox, coupling, mecha-
nism, DFT, organocatalysis

The direct functionalization of inert C—H bonds has emerged in
recent years as a powerful tool in synthetic organic chemistry.[*2
The cross-dehydrogenative coupling (CDC) reaction of the C-H
bond a to a nitrogen, oxygen or a carbonyl group represents one of
the most successful examples of mild and selective C—C bond for-
mations from C-H bonds.34 Compared with non-asymmetric
CDC reactions, only limited examples of enantioselective protocols
for the C—C coupling via C(sp®)-H activation have been reported
so far.’l Such a combination of dehydrogenative cross-coupling
with asymmetric catalysis not only provides a fast increase of the
structural complexity of a molecule, but also allows to install sim-
ultaneously one or multiple stereocenters.

In the past several years, due to its prominent energy-saving and
environmentally benign features, visible-light photoredox catalysis
has witnessed rapid development and attracted a great deal of
interest in both academia and industry.[®" The synergetic combina-
tion of photoredox with other modes of catalytic activation has
emerged as a powerful approach to discover novel reactivities and
improve reaction conditions.®! However, application of photoredox
catalysis to asymmetric CDC reactions remains a formidable
challenge, and few examples have been described in literature so
far (Figure 1).[5991 Rovis and co-workers reported the combination
of NHC-catalysis and visible light photocatalysis for the function-
alization of tetrahydroisoquinolines (Figure 1a).l%l Meggers group
developed an enantioselective a-alkylation of ketones using a chiral
at metal Rh-complex, which serves both as photoredox catalyst and
chiral Lewis acid in this transformation (Figure 1b).[4 Despite the

great progress in enantioselective photoredox a-alkylation of alde-
hydes using alkyl bromides, 1% there are few reports on the corre-
sponding photoredox CDC reactions with non-functionalized
C(sp®)-H bonds.[*Y We envisioned that the combination of enamine
and photoredox catalysis would enable an asymmetric coupling be-
tween diarylsubstituted CHz units and aldehydes (Figure 1c).
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Figure 1. Asymmetric visible-light driven CDC.

We commenced our study by investigating the asymmetric CDC
between xanthene 1a and pentanal 2a under visible-light photore-
dox conditions in presence of the Jorgensen’s catalyst cat.1 (Figure
2). The high-throughput experimentation (Figure 2, see Sl for more
details) allowed us to rapidly screen reaction conditions. We used
a 96-well-plate reactor engineered to allow each reaction to be ir-
radiated independently by a single light-emitting diode (LED) to
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evaluate important reaction parameters. Screening of solvents (see
Sl for details) and photocatalysts (Figure 2a) allowed us to identify
DCE and Ru(bpy)sCl2 as an optimal solvent and photocatalyst, cor-
respondingly. We did not observe any reasonable correlation be-
tween the reactivity and oxidation/reduction potentials of tested
photocatalysts. The Ru(bpy)s complex seems to have both poten-
tials matching the corresponding electrochemical properties of re-
agents/intermediates (vide infra). Due to a better solubility,
Ru(bpy)s(PFs)2 gave slightly better conversion when the reaction
was performed on a catalytic scale (0.2 mmol). Screening of differ-
ent oxidants showed that the presence of a weak C-Br bond is cru-
cial for the reactivity: among different bromoalkanes that were
tested BrCCls gave the highest conversion to the product. In con-
trast, other oxidants (Oz, CCls) showed no conversion to the desired
product (Figure 2b).
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Figure 2. HTE screening of reaction conditions (see details in Sl).

Control experiments (Table 1, entries 3-6) showed that light,
photocatalyst, base and oxidant are all crucial for achieving an ap-
preciable conversion to the product. Notably, base is required in
order to scavenge HBr - a stoichiometric product of the reaction. In
support of this hypothesis, in the absence of any base mostly self-
condensation products of aldehyde 2a along with 12% of the de-
sired product were observed in the reaction crude (Figure 2d, see
Sl for details). Other mild phosphate bases (e.g. NaH2POa,
Na2HPOs) also gave a reasonable conversion, whereas stronger car-
bonate bases (such as K2COs, Cs2COz) were ineffective in the stud-
ied reaction (Figure 2c). During the screening of organocatalysts
(Table 1, bottom) we found that MacMillan’s catalysts cat.2 and
cat.3 are catalytically active in the studied reaction, however infe-
rior enantioselectivities were observed. Comparison of different
prolinol derivatives cat.4-cat.6 highlights an importance of both
TMS protecting group and bis(trifluoromethyl)phenyl substituent
for reactivity and enantioselectivity. The loading of cat.1 can be
lowered to 10 mol% without affecting the reaction yield and enan-
tioselectivity (Table 1, entry 2). Finally, when the reaction was per-
formed in the presence of a radical scavenger (Table 1, entry 7),
much lower conversion to product was achieved, thus indicating a
radical nature of the process (vide infra).

The scope of the enantioselective CDC of xanthene with various
aldehydes was then extensively investigated under the optimized
reaction conditions (Figure 3). Aliphatic aldehydes delivered prod-
ucts in good yields and excellent enantioselectivities (3a-d). The
more sterically hindered isobutyraldehyde (2e) gave product 3e in
57% yield and 99.5:0.5 er. Thioxanthene (1b) was well tolerated in
the CDC reaction (3f). Substituted phenylpropanals as well as ben-
zyloxy-substituted aldehydes were compatible with the catalytic
system (3g-k). Surprisingly, product 3k with a benzyloxy substitu-
ent directly attached to the a-carbon of the aldehyde reactant (i.e.,

to the B-carbon of the enamine intermediate) was obtained as a ra-
cemic mixture.'2 Non-conformationally restricted, electron-rich
diarylmethanes (11,m) unfortunately did not give the desired prod-
ucts, probably due to a lower stability of the corresponding radical
(vide infra).

Table 1. Optimization of reaction conditions and control ex-
periments.
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Reactions performed on 0.2 mmol scale. [a] Conversion was de-
termined by GC analysis. [b] Yield of isolated product. [c] Deter-
mined by HPLC analysis using a chiral stationary phase. [d] Re-
sults for cat.2-cat.6 with no variation from standard conditions.
n.d.=not determined.
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Figure 3. Scope of aldehydes and diarylmethanes in the asymmet-
ric photoredox CDC. Reactions performed on 0.2 mmol scale. [a]
With 2 mol% of Ru(bpy)sClz. [b] With 20 mol% of cat.1.
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1. BrCCl3 (1.5 eq), NagPO, (1.5 eq)
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Figure 4. Scope of substituted xanthenes in the asymmetric photo-
redox CDC. Reactions performed on 0.2 mmol scale. [a] Carried
out with 10 mol% cat.1. [b] Diastereomeric ratio determined by
NMR analysis of the crude reaction mixture, given as 5/6 ratio.

Next, different substituted xanthenes were subjected to the pho-
toredox CDC with pentanal (Figure 4a).[*3 2-, 3- and 4-substituted
xanthenes delivered the corresponding products in good yields and
high enantioselectivities (up to 97.5:2.5 er), but eventually as 1:1
mixtures of diastereomers (5a-d). To our delight, the reaction with
1-methyl-substituted xanthenes gave much higher diastereoselec-
tivities (up to 10:1) and in many cases single diastereomers could
be easily isolated (5e-h,m-0). Products derived from benzo-fused
xanthenes (5i,j,n) were obtained in good yields and excellent dia-
stereo- and enantioselectivities. On the other side, 1-methoxyxan-
thenes gave the corresponding products with lower diastereoselec-
tivities (5k,1) allowing, however, the isolation of both diastere-

ACS Catalysis

omers in moderate yields and high enantiomeric purities. The reac-
tion tolerates different functional groups, such as methoxy, phe-
nolic hydroxyl, diethylamino, bromo, fluoro. This could open up
possibilities for the orthogonal functionalization of products by
cross-coupling (5m,n) or etherification (5h).

Interestingly, we found that switching from the Jergensen’s cat-
alyst cat.1 to MacMillan’s catalyst cat.2 allowed to switch the dia-
stereoselectivity in favor of a different diastereomer, where the
configuration of the a-carbon had been inverted (Figure 4b).[*4]
Several substrate combinations were tested with cat.2, affording
moderate to good yields of the corresponding products (up to 74%
combined yield of diastereomers). Due to the lower diastereoselec-
tivity achieved with this catalyst, the yields of individual diastere-
omers were relatively moderate. Enantioselectivities with cat.2
reached the modest level of 76:24 er (for 6e), and further screening
of imidazolinones did not significantly improve this result (e.g.,
79:21 er for 6e with cat.3, see Sl for more details). In general, in
the studied transformation the Jorgensen’s catalyst cat.1 is more
selective in terms of enantio- and diastereoselectivity, compared
with imidazolinones cat.2 and cat.3. In the case of 1-substituted
xanthenes 4e-o it leads to a stronger catalyst control of diastereose-
lectivity by cat.1, whereas the reaction in presence of cat.2 is sub-
strate controlled. The absolute configuration of product 5e was de-
termined by single-crystal X-ray diffraction of its ferrocene deriv-
ative.[® The second diastereomer (6e) was crystallized as a race-
mate, which allowed us to determine its relative configuration (Fig-
ure 5).091

Figure 5. X-ray structure of ferrocene derivative of 5e (left) and
(rac)-6e (right).

The proposed mechanism for the studied transformation is shown
in Figure 6. It consists of two separate catalytic cycles: photoredox
and organocatalytic. In the photoredox cycle, bromotrichloro-
methane (Ex2 = -0.18 V vs SCE)[* is first reduced by the excited
state of the Ru(I1) complex (Ew2 = -0.81 V vs SCE)[*"1 to the CCls
radical (oxidative gquenching), which then abstracts a hydrogen
atom from xanthene 1a to generate the xanthyl radical INT1.[19.20]
Suppression of the catalytic reaction in the presence of a radical
scavenger (vide supra) gave the first evidence for the radical nature
of the process. Secondly, an experimentally measured kinetic iso-
tope effect (KIE) of 4.0 indicates that C-H bond cleavage occurs
during the rate-limiting step. This was additionally confirmed by
DFT study of the reaction mechanism (see Sl for more details).[21:22
Calculations show that the hydrogen abstraction step by the CCls
radical through transition state TS1 is rate-limiting with an activa-
tion barrier AG* = 8.3 kcal/mol (Figure 6). Moreover, the KIE pre-
dicted by computations (4.3) is in a perfect accordance with the ex-
perimental value of 4.0.
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Figure 6. Mechanistic proposal and DFT results. The reduction po-
tentials for BrCCls,1*81 Ru complexes!”l and INT2[8] (vs SCE)
were taken from literature.

Stern-Volmer plot measurements show significant quenching of
the excited Ru(bpy)s?* by BrCCls (quenching rate kq = 1.5 x 108 M-
15’1y which is in agreement with the proposed mechanism (Figure
6).[23241 At this point we cannot exclude a radical chain mechanism
where radical INT1 (E12 = 0.12 V vs SCE) would directly reduce
BrCCls (Ev2 = -0.18 V vs SCE) to a CCls radical (Figure 6).[%1 In
this case photocatalyst is only required in the first cycle to start a
chain. The CCls radical is then regenerated in a chain propagation
step (AGmn = +6.9 kcal/mol).[28]

In the computational study of the C-C bond forming step we con-
sidered different possibilities, such as attack of radical INT1 onto
enamine INT3 (Pathway A in Figure 7, AG* = 20.6 kcal/mol) or
oxidation of enamine INT3 to the corresponding radical-cation
(E12 = 0.49 V vs SCE)?" followed by the attack of INT1 (Pathway
B in Figure 7, AG* = 30.9 kcal/mol). However, the most energeti-
cally favorable pathway was found to be an oxidation of xanthyl
radical INT1 to cation INT2 (Ew2 = 0.12 V vs SCE)I8l by the
Ru(l11) complex (E12 = 1.29 V vs SCE),[™ followed by the classi-
cal attack of so-generated cation on enamine INT3 via transition
state TS2 (Pathway C in Figure 7, AG* = 4.3 kcal/mol). The latter
step is the selectivity-determining, deciding which enantiomer of
INT4 and, correspondingly, of product 3b, is formed. Computed
energy difference between diastereomeric transition states (R)-TS2
and (S)-TS2 (AAG* = 1.7 kcal/mol) is in a perfect agreement with
the experimental data (AAG* = 2.0 kcal/mol).

We also considered an alternative pathway via the reductive
quenching of excited Ru(ll) species (Ex2 = 0.77 V vs SCE)I17] by
enamine INT3 (Ew2 = 0.49 V vs SCE).?” This redox step is there-
fore energetically favorable (see Sl for details). The next step, at-
tack of the corresponding radical-cation by radical INT1, has how-
ever a high activation barrier (Pathway B in Figure 7, AG* = 30.9
kcal/mol). This pathway is thus less favorable than the oxidative
quenching pathway.

INT1  + INT3 INT4

Pathway A:

@0

AG¥ = 20.6 keal/mol

Pathway B:

AG* = 30.9 keal/mol

Pathway C:
L/.e;@c\; o AG* = 4.3 keal/mol
N _/ e VN
L 1)
| ~F o ]
INT2

Figure 7. Possible pathways of the C-C bond forming step.

In conclusion, we have developed a unique catalytic asymmetric
cross-dehydrogenative coupling of xanthenes and thioxanthenes
with aldehydes using visible light as a sustainable source of energy.
The reaction features high enantioselectivities, good yields and
wide functional group tolerance. The method was extended to the
coupling of non-symmetrical xanthenes, which give CDC products
with high diastereoselectivities, thus allowing isolation of single
diastereomers in good yields and with high enantiomeric purities.
Mechanistic studies by experimental and computational methods
have shown that the reaction proceeds via the rate-limiting hydro-
gen abstraction followed by single-electron transfer and selectivity-
determining attack of cation on enamine. Ongoing studies focus on
the further extension of substrate scope in terms of variation of di-
arylmethane partner and application of this methodology to the syn-
thesis of complex molecules.
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