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Abstract: Chiral thiourea, with a double hydrogen-bonding motif, emerged
as attractive structural templates for asymmetric catalysis. Despite the
significance, synthesis of enantioenriched thiourea predominantly relies on
the nucleophilic addition of a chiral amine to isothiocyanate; catalytic
synthesis of NH-free thiourea is highly desirable, albeit a formidable
challenge. We herein describe NHCs-catalyzed desymmetrizative
amidation of axially biaryl dialdehydes, providing structurally diversified
axially chiral thiourea and imides. Sequential kinetic resolution improves
the enantioenrichment of the desymmetrization product, dramatically
expanding the range of applicable substrates. This strategy features a broad
subtract scope and extremely excellent enantioselectivity. NHCs-catalyzed
desymmetrizative amidation of axially prochiral biaryl dialdehydes
provides modular platforms for synthesizing challenging axially chiral
thiourea, imines, and derivatives.

Thiourea derivatives!, such as carbonyl thiourea?, found
widespread applications in natural products, drug design, agricultural
chemicals, and antibacterial agent owing to their unique bioactive
activities. Chiral thiourea derivatives®, with double hydrogen-bonding
motif, emerged as important structural templates for the organocatalytic
design to activate carbonyl groups and related compounds through
weak hydrogen-bond interaction®. In this domain, as pioneered by
Wang® and Shi® group, axially chiral thiourea catalysts’ received
increasing attention in asymmetric catalysis in recent years (Scheme
1A), and chiral thiourea with different backbone were developed for
efficient asymmetric transformations, including Michael addition,
Morita-Baylis-Hillman reaction, Henry reaction, etc. Enantioenriched
thiourea scaffold synthesis has been a long-standing assignment in
organic chemistry, and the development of efficient methods for it is
crucial. The dominant pathway for achieving enantioenriched thiourea
scaffolds is through the nucleophilic addition of a chiral amine to
isothiocyanate, resulting in the formation of thiourea with central,
planar, or axial chirality (Scheme 1B). Notable catalytic approaches
were state-of-the-art intermolecular hydroamidation of alkenes, or
allenes developed by Liu and coworkers®, enables the efficient
construction of NH-protected thiourea (Scheme 1C). Despite the
significance, enantioselective catalytic synthesis of NH-free thiourea
has never been reported yet, which might be obstructed by catalyst
poisoning or competitive coordination (metal-catalytic system, Scheme

1

1Ca) as well as competitive substrate activation (organo-catalytic
system, Scheme 1Cb), resulting in reduced reaction activity and
selectivity. The prospect of developing a novel catalytic approach to
achieving efficient synthesis of highly enantioenriched NH-free
thiourea from easily accessible starting materials is extremely attractive,
albeit a formidable challenge.

Desymmetrization, the process of breaking the symmetry of meso
or prochiral molecules, is an attractive and powerful tool for achieving
enantioenriched complex chiral compounds.® Prochiral dialdehydes,
which could serve as substrates for desymmetrization,' have two
reaction sites and are susceptible to over-functionalization, leading to
the formation of bifunctionalization byproducts (Ps). Undoubtedly, in
the scenario of desymmetrization followed by matched Kinetic
resolution could amplifying stereoinduction via the accumulation of Pg,
resulting in extraordinary high theoretical ee (> 99%).

On the other hand, N-heterocyclic carbenes catalysis (NHCs)
received increasing attention in organic synthesis and asymmetric
catalysis owing to its unique reactivity in activating carbonyl** groups
and transfer acyl'? groups. NHCs-catalyzed transformations inject fresh
vitality for constructing axial chiral compounds via (dynamic) kinetic
resolution®, desymmetrization®!4 or atroposelective cyclization®
strategy. We speculated that NHCs-catalyzed desymmetrization of
axially prochiral dialdehydes!® exhibit high reactivity and selectivity,
might provide an opportunity for challenging asymmetric coupling
with weakly nucleophilic thiourea. As our continued efforts in NHC
catalysis'® and asymmetric catalysis'®!’, we now report NHCs-
catalyzed desymmetrizative amidation of axially biaryl dialdehydes
employing thiourea as amidation source, leading to the unprecedented
enantioselective catalytic synthesis of NH free thioureas (Scheme 1D).
The amidation reagents can be extended to amide. While there have
been reports of elegant sporadic catalytic construction of axially chiral
biaryl amides'®® 8 to the best of our knowledge, our approach
represents the first catalytic synthesis of axially chiral biaryl imides.
Additionally, the chiral amplification phenomenon can significantly
improve the enantioenrichment of the desymmetrization product. This
means that a high level of enantioinduction for the desymmetrization
step may not be necessary, which has dramatically expanded the range
of applicable substrates.
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A Organo-catalysts with Axial Chiral Thiourea Framework. B Dominant Pathway for Chiral Thiourea.
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Scheme 1. NHCs-catalyzed desymmetrizative amidation and sequential kinetic resolution for axial chiral thiourea and imide.
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amidation reaction, and generally high enantioselectivities (almost >
7 c7 DCM Cs2C0s 20 19 12 .
g cs THE Cs,CO 20 5 9% 90% ee) were afforded; among them, CHCIs was the best choice,
2 . . .
: and 3aa could isolated in 77% yield, 99% ee (entry 11). The base
9 C5 TBME Cs2C03 20 10 9 . - - -
screening revealed that the reactivity of amidation was significantly
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S: N . . .. .
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Scheme 2. Substrate scope for catalytic synthesis of axially chiral thiourea.[*®! [a] Unless otherwise noted, all the reactions were carried out with 1 (0.1 mmol), 2 (0.3 mmol), C5
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[c] Reactions were carried out with C5 (10 mmol%). [d] Reactions were carried out with C5 (15 mmol%)
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Scheme 3. Substrate scope for catalytic synthesis of axially chiral imide.[*! [a] Unless otherwise noted, all the reactions were carried out with 1 (0.1 mmol), 4 (0.3 mmol), NHC-
1(20 mol%), DQ (1.2 equiv), Cs2COs (1.5 equiv), and dry DCM (1.0 mL) at 30 °C under N2 atmosphere for 72 h. [b] Isolated yield, ee was determined by chiral-phase HPLC
analysis. [c] Reactions were carried out with NHC-1 (10 mmol%). [d] Reactions were carried out with 4 (5.0 equiv)
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With the optimized conditions in the hand, the scope and limitation
for the synthesis of axially chiral thiourea was then investigated. Firstly,
the limitation of the blocking group was firstly investigated by the
coupling with pheny| thiourea 2a. Switching the 2-phenyl group to 2-(4-

MeCsH4) has no effect to selectivity and reactivity, delivering 3ba in 85%

yield and > 99% ee in 15 mol% catalyst loading. Alkyl group inculding
minimal methyl, ethyl, and isopropyl have been proven to be effective,
generating desired thiourea (3ca-3ea) in moderate yields and excellent
enantioselectivity (>95%). Bromine (1f), methoxymethyl (1h), ester
carbonyl (1i), trifluoromethyl (1j) groups can be introduced in to the
ortho-position of axially prochiral dialdehydes, with the corresponding
products (3fa, 3ha-3ja) afforded in moderate to good yields and high
optical purities. Moreover, alkenyl groups were also tolerated, as
identified by the formation of 3ka (70%, 95% ee) and 3la (60%, 96%
ee). Induction of atroposelectivity is always significantly affected by the
steric hindrance of blocking groups, which is why bulky groups are
always required. Nonetheless, it is worth mentioning that our system
exhibits exceptional tolerance towards blocking groups, even the
challenging ones such as methyl (3ca), alkenyl (3ka and 3la), and other
groups. We fixed the methyl group as the blocking group and evaluated
different substrates with electron-donating groups (such as alkyl and
alkoxy) or fluorine groups at different positions of the aryl ring of 1.
Those prochiral dialdehydes with disubstitued (3ma-3ta), or tri-
substituted (3ua, 3va) aryl rings all reacted smoothly with 2a with good
yields (67-83%) and excellent enantioselectivity control (up to >99 %
ee). Naphthalene ring substituted dialdehydes were also suitable (3a’a),
with slightly reduced yield and ee. Finally, the substituent effect of
dialdehydes for 4’ position was investigated, and desired products 3xa-
3za was isolated in acceptable yields and 99% ee. Then we explored the
reaction scope of the aryl thiourea 2 by the coupling with 1a. Both
electron-donating alkyl (3ab, 3aj, 3an), alkoxy (3ak, 3a0); halogen (3ac,
3af, 3al); and electron-withdrawing ester carbonyl (3ad),
trifluoromethyl (3ai), trifluoromethoxy (3ae, 3am) substituents can be
introduced into different position on the aryl ring of thiourea, with the
corresponding axially chiral thiourea in moderate to good yield (44-80%)
and outstanding enatioinrichment (in allmost cases > 95%). The absolute
configuration of 3ah was determined by X-Ray studies (CCDC
2223845)111, For ortho-substituted aryl thiourea, acceptable yields and
excellent ee was observed for 3al-3ao, indicating the tolerance of steric
hindrance of thiourea. 2,4-disubstitued aryl thiourea were also tolerated
and generating 3ap in 79% yield and > 99% ee. Finally, 3,5-di-CFs
substituted aryl thiourea, frameworks prevalent in chiral catalysts, could
also undergo acylation smoothly, forming 3aq in acceptable yield and
96% ee. It is worth noting the remarkable enantioselectivity and wide-
ranging functional group and blocking group compatibility in our
asymmetric acylation of thiourea.

Besides the thiourea, the scope with respect to easy to access amide
were also evaluated. The atroposelective acylation of amides with
axially prochiral biaryl dialdehydes could lead to an unprecedented
catalytic synthesis of axially chiral biaryl imines. The successful
coupling of dialdehyde la and benzamide 4a was achieved by the
employment of C1 (20 mol%) as pre-catalyst, Cs2COs (1.5 equiv) as
base, DQ (1.2 equiv) as oxidant in dry DCM under N2 atmosphere at 30
°C for 72 hours (Details for optimization see Sl). This resulted in the

production of the desired axially chiral imine 5aa in a 75% yield and 99%

ee. Various blocking groups, such as aryl (5aa, 5ab), alkyl (5ca-5ea),
thiomethyl (5ga), methoxymethyl (5ha), ester carbonyl (5ia),
trifluoromethyl (5ja), alkenyl (5ka, 5la) substituent at the 2-position of
dialdehydes were successfully applicated in this atroposelective C-H
amidation, affording corresponding axial chiral imines in ranging from
58-77% vyields and excellent optical purities (up to 99% ee). The
dialdehydes that bear disubstituted or trisubstituted arenes with a fixed
methyl group at the 2-position have been proven to be versatile starting
materials for amidation. These dialdehydes delivering corresponding

5

axially chiral imines 5ma-5va with moderate yield (56-66%) and good
enantioenrichment (94-99% ee). Dialdehyde bearing 2,4-di-CF3
substituted aryl ring did not affect the reactivity and selectivity, as
evidenced by the 51% yield and 97% ee of 5wa. Next, the 4’-substituted
dialdehyde with a fixed phenyl group at the 2-position was tested, which
resulted in the production of desired axial chiral imines 5xa-5za in
wonderful ee and moderate yields. Moreover, the substitution pattern of
the amide could also be varied successfully. Aryl amides bearing
electron-donating, halogen, and electron-withdrawing groups at the
para-position of the aryl ring could deliver 5ab-5ah in 55-78% yield and
94-99% ee, indicating tolerance for electronic effects. Substituent at
meta- or ortho-position nearly no effect to reaction efficiency and chiral
induction, as identified by the formation of enantioenriched 5ai-5ar. It
is worth noting that the presence of halogens, particularly iodine (5ar)
and bromine (5af, 5ak, 5aq) atoms, in aryl amides can offer ability for
subsequent cross-coupling reactions, thus providing additional synthetic
opportunities. This transformation was also applicable to amide bearing
fused ring (5as, 5at), electron-rich (5au, 5av), or electron-deficient
heteroarene (5ax, 5aw). Finally, alkyl amides (5ay, 5az) were also
applied for this atroposelective amidation reaction and excellent
enantioselectivity was observed, albeit with lower reactivity.

AG'363.45 = 126.5 KJ mol!
t1jrac = 19.93 h (363.15 K)

Rotational Barrier e)

— O O
Pm:f

5aa, 3 mmol scale
0.67 g, 55%, 98% ee
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0.1mmol |

Cl
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6d: 65%, 97% ee
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COOH
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e
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Ts
i O
H
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Scheme 4. Large-scale synthesis and follow-up transformations. Reaction conditions: a)
C1 (20 mol%), Cs2CO3 (1.5 equiv), DQ (1.2 equiv), dry DCM (0.1 M), 25 °C, Nz, 72 h;
b) 1, PhMgBr (1.1 equiv), dry THF (0.1 M), 0 °C, 48 h, 2, H3*O; ¢) NaBH. (1.0 equiv),
THF/CH30H = 3:1 (0.1 M), 0 °C, 12 h; d) P-(1-diazo-2-oxopropyl)-diMethylester (1.5
equiv), K2CO3 (2.0 equiv), MeOH (1 mL), rt. 3 h; ) (PPh)sP-CHsBr* (1.2 equiv), "BuLi
(1.2 equiv), dry THF (0.1 M), 0 °C, 30 min, then drop 3aa, rt, 12 h; f) NaCIO: (3.7
equiv), NaHzPO4 (5.0 equiv), 2-methylbut-2-ene (13.0 equiv), 'BUOH (0.15 M), rt,
overnight; g) TSNHNH: (1.2 equiv), 2-Bromo-3,3,3-trifluoropropene (2.0 equiv), DBU
(3.0 equiv), PhMe (1 mL), 60 °C, 6 h; h) Tosylmethyl isocyanide (1.0 equiv), Cs2CO3
(2.0 equiv), DMF(0.05 M), 25 °C, N2, 8 h.

Gram-scale synthesis and subsequent transformations were
performed to further showcase the synthetic utilization of the
desymmetrizing amidation system. At a 3.0 mmol scale, a gram-scale
synthesis was conducted and yielding (R)-5aa in 55% (0.67 g) yield and
98% ee (Scheme 4a). The aldehyde group and imine group are highly
versatile organic building blocks that allow for further transformations.
5aa could undergo diastereoselective nucleophilic addition with
PhMgBr (Scheme 4b), affording axial chiral secondary alcohols 6a in
65% yield and 98% ee (> 20:1 dr). Axial chiral alcohols 6b (71%, 98%
ee) could obtained by the reduction of 5aa by NaBHs, and cascade C-N
cleavage (Scheme 4c). Intriguingly, Seyferth-Gilbert homologation
(Scheme 4d) or Wittig reaction (Scheme 4e) of 5aa produced axially
chiral biaryls containing alkynyl or alkenyl 6d (65%, 97% ee) group. In
the case of Seyferth-Gilbert homologation, the imine group was
hydrolyzed to amide 6¢ (91%, 97% ee). The oxidation of the aldehyde
group generates valuable axial chiral carboxylic acid 6e in 92% yield
and slightly eroded ee (Scheme 4f). The aldehyde group underwent
cascade annulation with TSNHNH: and 2-Bromo-3,3,3-trifluoropropene
delivering pyrazole 6f (Scheme 4g). 5aa underwent cycloaddition with
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tosylmethyl isocyanide delivering 6g (66%, 97% ee) in excellent dr
(Scheme 4h). The rotational barrier for the C-C bond in 5aa was then
investigated, and AG*ac = 126.5 KJ/mol, which corresponded to a half-
life of 19.9 hours at 90 °C (i-PrOH). 5aa’s configurational stability could
result in a high degree of chiral retention in subsequent transformations.
This methodology might provide a new avenue for the synthesis of axial
chiral imide, amide, and other derivative.

No deuteration
H
Ph.__N O ¥ X O
j( CHO OHC CHO
+

o O l Ph ! Ph
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Scheme 5. Mechanistic studies and proposed mechanism.

We conducted a series of mechanism investigations to get insight
into the reaction pathway. According to the deuterium exchange
experiment, deuterium atoms were not introduced into the product or the
recovered raw materials (Scheme 5A). This result suggests that the
cleavage of aldehyde C-H bonds is irreversible under the reaction
conditions. The Kinetic isotope effect measurement was conducted by
comparing the initial reaction rate of 1a and 1a-d; in parallel reactions.
The observed KIE was 3.5, which suggests that C-H bond cleavage may
be involved in the rate-determining step. Since C-H bond cleavage is
irreversible, the formation of Bl intermediates via the condensation of
aldehyde and NHC appears to be a rate- and enantio-determining step.
Control experiments were conducted and, the ee of 3ca could improve
from 90% to 96% by over-functionalization. By sacrificing minor
enantiomers generated in first desymmetrization step, the matched
kinetic resolutions severed as efficient enantioselective fitter in
enhancing enantioselectivity. Scheme 5d showed a linear correlation
between the ee value of C1 and product 5aa. It can be inferred that only
a single NHC is likely to be involved in the stereo-determining step, as
the absence of nonlinear effect.

In summary, we have developed NHCs-catalyzed general and robust
desymmetrizative amidation of readily accessible axially prochiral
dialdehydes, leading to unprecedented catalytic synthesis of axially
chiral thiourea and imines. Mechanistic studies indicate that
transformation proceed via irreversible rate- and enantio-determination
activation of aldehyde followed by oxidative C-N bond formation.
Sequential kinetic resolution served as an efficient enantioselective filter,
significantly enhanced the enantiomeric excess of the desymmetrization
product. This approach broken the requirement of rigorous
stereoselectivity induction for the desymmetrization step, which has
dramatically expanded the range of applicable substrates. This strategy
futures mild conditions, broad subtract scope (42 examples for axially

6

chiral thiourea; 50 examples for axially chiral imides), and excellent
enantioselectivity (up to 99% ee). The follow-up transformation
highlighted the synthetic value of the amidation system as it enables
direct access to versatile axially chiral biaryl compounds with minimal
erosion of enantioselectivity. NHCs-catalyzed desymmetrization and
functionalization of axially prochiral biaryl dialdehydes provide
modular platforms for synthesizing challenging axially chiral thiourea,
imines, and derivatives.
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