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SUMMARY

In this work, we described a remote desymmetrization reaction in
which cesium carboxylate, in the presence of bisguanidinium as
catalyst, was added to (cis)-a,0'-dibromocyclohexanone to access
6-oxocyclohex-1-enyl ester via a 1,2-acyl shift in a highly enantiose-
lective fashion. In this process, the carboxylate initiated a nucleo-
philic attack, and then a keto-enol tautomerism led to a 1,2-acyl shift
to the neighboring alcohol. Key intermediates were isolated and
determined using single-crystal X-ray crystallography. The remote
desymmetrization that includes stepwise Sy2 and intramolecular
acyl transfer was proposed and was further supported using compu-
tational studies. Finally, it was successfully applied to a tropinone
derivative, realizing carbonyl chain walking efficiently.

INTRODUCTION

The specific position of functional groups in compounds can strongly affect their bio-
logical and physical properties, as well as their strategic use as synthetic intermedi-
ates. As a result, developing simple and efficient methods to control the position
and orientation of functional groups plays an important role in organic synthesis.'
Transposition of a carbonyl group on a complex molecule is non-trivial and often
requires multiple synthetic steps.’”'" To overcome this challenge (Figure 1A),
Dong reported a concise approach by converting the ketone to the corresponding
alkenyl triflate, which can then undergo a palladium- and norbornene-catalyzed
regioselective a-amination and ipso-hydrogenation.'? The enamine intermediate
can subsequently be hydrolyzed to produce the 1,2-carbonyl-migrated product.
Recently, Bhawal and Morandi provided a new approach for the carbonyl 1,2-shift
of alkyl carbonyl compounds based on the Willgerodt-Kindler reaction.'® Pyrrolidine
and elemental sulfur were employed as catalysts to achieve this reversible transfor-
mation. Later, Dixon's group reported the 1,2-transposition of carbon atoms at the
oxidation level in cyclic and acyclic tertiary amides, resulting in the synthesis of 1,2-
and 1,3-oxytertiary amines in a one-pot method."* This transfer of oxidation level is
promoted through careful coordination between iridium catalytic reduction and
functionalization of the instantaneously formed enamine intermediate. Separately,
to the best of ourknowledge, there is currently a lack of reports on catalytic strategies
to realize the position shift of ketone and remote enantioselectivity at the same time.

Enantioselective desymmetrization is an efficient strategy for directly obtaining
complex chiral products from simple non-chiral starting materials.">** Among
various developed methods of desymmetrization, remote enantioselective desym-
metrization is more challenging due to its reaction site being further away from
the prochiral center (Figure 1B).?>*° Recently, Zhu's group reported the successful

THE BIGGER PICTURE

Enantioselective remote
desymmetrization is an efficient
strategy to obtain complex chiral
products from simple non-chiral
starting materials. We disclose
herein, for the first time, a new
remote desymmetrization
reaction with a 1,2-acyl shift. We
were able to convert
dibromoketone to
oxocyclohexenyl ester in one step
and in a highly enantioselective
manner. This remote
desymmetrization reaction allows
the transposition of a ketone to
the adjacent carbon, which usually
requires multiple synthetic steps.
We believe that this reaction can
be added to the toolbox for
medicinal chemists for the
modification of the core
architecture of pharmacophores.
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construction of a remote quaternary carbon chiral center through the asymmetric
Suzuki-Miyaura reaction.’’** Besides, Yang's group has recently developed an
enantioselective desymmetrization of 9,9-disubstituted 9,10-dihydroacridine for
the construction of a remote quaternary chiral center.*”

In this paper, we report a novel remote enantioselective desymmetrization via asym-
metric ion pair catalysis using a,o/-dihalo- and a,o/-dihydro-substituted cis-cyclohex-
anones as starting material (Figure 1C).>*"*® Over the years, we have developed a
series of chiral cations, such as pentanidinium and bisguanidinium (BG), and have
used them as phase-transfer and ion pair catalysts.”’*® Using BG as catalyst,
6-oxocyclohex-1-enyl esters can be obtained in a highly remote enantioselective
fashion through this newly developed 1,2-acyl shift method. Initially, we noticed
that the meso-dibromocyclohexanone was a Favorskii-type rearrangement sub-
strate,® but somehow and other, it did not undergo the rearrangement pathway
but gave a carbonyl chain-walking result instead. We have envisioned some reaction
pathways, and experiment results showed that the actual reaction mechanism is
quite different from what we expected. Stepwise Sy2 and intramolecular acyl trans-
fer were revealed to be the main processes of the desymmetrization reaction.

RESULTS AND DISCUSSION

We investigated the remote enantioselective desymmetrization using cis-2,6-di-
bromo-4-(tert-butyl)cyclohexanone 1 as the model substrate and benzoate as the
nucleophile (Table 1). With BG1 as the catalyst, enone 3a was obtained only when ce-
sium benzoate was used as the nucleophile, while lithium benzoate, sodium benzo-
ate, and potassium benzoate were all incapable of driving the reaction (see
Table S1). It was worth noting that the reaction conversion and enantioselectivity
were higherin toluene (entry 1) than in othersolvents (entries 2-4). When the reaction
was conducted at room temperature, a disubstituted cis-diester side product 5a was
isolated in 8% yield, while product as a result of classical Favorskii rearrangement was
notdetected at all (entry 1). When disubstituted cis-diester 5a was resubmitted to the
same reaction condition (cf. Table 1, entry 1), enone 3a was obtained at a much-
reduced level of enantioselectivity (28% enantiomeric excess [ee]; see supplemental
experimental procedures section K). Formation and further transformation of 5a were
suppressed when the reaction temperature was decreased to 0°C, with concurrent
improvement in enantioselectivity; however, the yield was also lowered (entry 5). It
was found that with the addition of lithium acetate as an additive, enantioselectivity
can be improved (entry é). Lithium acetate is unable to undergo the remote enantio-
selective desymmetrization; we speculate that it promotes the acyl transfer step.
Finally, further improvement in enantioselectivity was achieved with BG7 as the cata-
lyst after investigation with a panel of catalysts (entries 7-12). Lowering the temper-
ature and prolonging the reacting time as well as increasing the loading of cesium
benzoate resulted in the optimized conditions (entries 12-15). The absolute config-
uration of enone 3a was confirmed with X-ray crystallography.

With the optimized condition, a series of cesium carboxylates were investigated
using cis-2,6-dibromo-4-(tert-butyl)cyclohexanone 1 (Scheme 1). Both electron-
donating groups (EDGs) and electron-withdrawing groups on the aromatic rings
of benzoates displayed high enantioselectivities between 83% and 95% ee
(3b-3f). Para-EDG-substituted benzoates delivered products in moderate yields
(i.e., 3d versus 3h and 3i versus 3h). Similarly, cesium carboxylates with higher
steric effects also resulted in slightly lower yields, while the enantioselectivity was
maintained (i.e., 3e versus 3f). Thiophene-based carboxylates and naphthyl carbox-
ylate also provided corresponding enones smoothly (3j-3m). The alkyl-substituted
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Figure 1. Carbonyl chain-walking and remote enantioselective desymmetrization strategies

(A) Carbonyl chain-walking strategies.

(B) Remote enantioselective desymmetrization strategies.

(C) Remote enantioselective desymmetrization with 1,2-acyl shift using bisguanidinium as catalyst.
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Table 1. Optimization of reaction conditions

? BG1-7 (10 mol%) 0o0CPh
Br Br

additive (5.0 equiv.) .

solvent, temp.

Bu 1 Bu 3a

[

X-ray of 3a
(CCDC 2203354)

PhCOOCs (2.0 equiv.) 0 PhCOO

BG1: R, Ar = Ph; BG2: R2, Ar = Ph;

. N //\ +/N BG3: R3, Ar = Ph; BG4: R4, Ar = Ph;
): />;N\_/N4<N . BG5: R®, Ar = Ph; BG6: R', Ar = 4-OMeCgHy;

OO0CPh

tBu Ba

Ar \ » “Ar BGT:R' Ar = 1-naphthyl
R ¢l cr R
tBu v OMe
R%Y=H,Z=H
X Rl:X=H Z R4%Y=0OMe,Z=H
Bu R2 X=Br MO RS;Y = OMe, Z = Br
Entry BG Solvent Additive Temperature (°C) Time (h) Yield of 3a (%) ee (%)
17 BG1 toluene - RT 24 74 45
2 BG1 mesitylene - RT 24 48 35
3 BG1 Et,O - RT 24 33 16
4 BG1 THF - RT 24 40 10
5 BG1 toluene - 0 24 29 54
6 BG1 toluene LiOAc 0 24 30 58
7 BG2 toluene LiOAc 0 24 35 32
8 BG3 toluene LiOAc 0 24 75 34
9 BG4 toluene LiOAc 0 24 34 42
10 BG5 toluene LiOAc 0 24 25 22
" BG6 toluene LiOAc 0 24 41 70
12 BG7 toluene LiOAc 0 24 70 80
13 BG7 toluene LiOAc -10 48 63 90
14 BG7 toluene LiOAc -20 72 48 92
i5° BG7 toluene LiOAc -20 72 71 91

Reaction was conducted with 1a (0.1 mmol, 1.0 equiv) and PhRCOOCs (0.2 mmol, 2.0 equiv) in 2.0 mL of toluene in the presence of 10 mol % BG. The yields were
isolated yields. The enantiomeric excess (ee) was determined by HPLC analysis on a chiral stationary phase. RT, room temperature.

°5a obtained in 8% yield.
BPhCOOCs was changed to 2.4 equiv.

carboxylates were examined (3n-3p), and in most cases, enantioselectivities were
moderate but above expectations. A notable example is enone 3p, which was ob-
tained with low enantioselectivity and yield. Cesium cinnamates were also applied
in standard condition, and more than moderate enantioselectivities (76%-85% ee)
were obtained (39-3t). Finally, when cis-2,6-dibromo-4-phenylcyclohexanone 2
was used, enantioselectivity was good but reactivity was decreased; the reactions
were thus conducted at 0°C (4a-4d).

Mechanistic studies

Our mechanistic hypothesis involves two parts. First, cis-2,6-dibromo-4-(tert-butyl)
cyclohexanone 1 undergoes the S\2 reaction, the enantioselective step, to produce
a monosubstituted intermediate; second, an intramolecular acyl transfer occurs, and

4 Chem Catalysis 4, 100953, April 18, 2024
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i BG7 (10 mol%) QO
mol7o
B
' Br LiOAc (5.0 equiv.) °
R'COOCs (2.4 equiv.)
R 1, R=1tBu toluene, -20 °C 3b - 3t; R =1Bu
2:R=Ph R 4a-4d;R=Ph

3e; X = Me, 55% yield, 83% ee
3f; X = tBu, 49% yield, 95% ee

39; 50% yield, 91% ee 3h; 42% yield, 92% ee

o o}
o 3b; X = Cl, 55% vield, 91% ee 0 o
o 3c; X =Br, 61% yield, 88% ee O o
X 3d; X = OMe, 67% yield, 85% ee
Cl OMe

tBu

o o (0] (0]
S
o o7 07 NF O/U\E@
(0] [¢] / (0] S / (o} s
OMe
Br Br
OMe
tBu tBu tBu tBu

3i; 52% yield, 85% ee?  3j; 51% yield, 84% ee  3k; 55% yield 90% ee 3l; 61% yield, 84% ee

O

i i oi
tBu
3m; 71% yield, 85% ee? 3n; 52% yield, 85% ee? 30; 53% yield, 77% ee” 3p; 43% y|eId, 59% ee®

o] o] o
Y
l¢] = o o) =
) )K/\C[ ] )@\ ) )@
T j X T :] X :] :
Br

3q; X =H, Y =H, 53% yield, 76% ee?  4a; X = H, 60% yield, 80% ee® 4d; 43% yield, 81% ee®
3r; X = OMe, Y = H, 42% yield, 80% ee? 4b; X = Cl, 56% yield, 84% ee®

3s; X=Cl, Y =H, 50% yield, 88% ee? 4c; X = OMe, 42% yield, 94% ee®

3t; X =H, Y =Cl, 44% yield, 85% ee?

Scheme 1. Scope of (cis)-2,6-dibromo-4-substituted cyclohexanone and cesium carboxylates
®Reaction was conducted with 1 or 2 (0.1 mmol, 1.0 equiv) and R"COOCs (0.2 mmol, 2.4 equiv) in
2.0 mL toluene in the presence of 10 mol % BG7. The yields were isolated yields. The enantiomeric
excess (ee) was determined by high-performance liquid chromatography (HPLC) analysis on a chiral
stationary phase.

PReaction was conducted at —10°C.

“Reaction was conducted at 0°C.

the subsequent elimination leads to the final product. Hence, probing the identity of
the substituted intermediates is crucial to understanding the mechanism of the

reaction.

As previously discussed, the all-equatorial-disubstituted cis-diester 5a was obtained
when the reaction temperature was conducted at room temperature (Table 1, entry
1). When we quenched the reaction halfway (condition of Table 1, entry 15), another
side product was isolated and determined to be monosubstituted cis-monoester 7a
using single-crystal X-ray crystallography (Scheme 2A).
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A Identification of key intermediates 5a, 6¢c and 7a of remote desymmetrization
and their relationships
OOCPh (e}

o)
Br B pg7 (10 mol%) PhCOO,,, Br PhCOO Br
PhCOOCs (1.0 equiv.)

B LiOAc (5.0 equiv.) B By 92% ee, s
u u 920 '0 u
1 toluene, -20 °C, 24 h 3a 22 % ee, 6a 21% yield 7a
8% vyield o
) 00CPh 92% ee,
14% yield
Br Br  BG1 (10 mol%) PhCOO OOCPh
PhCOOCs (2.0 equiv.)
toluene, RT, 24 h (Table 1, entry 1)
Bu Bu  45% ee, Bu

3a 749, yield 5a 8% yield

4-BrPhCOO,, @,
s (CCDC 2257670
Ph000\¢/ %
(ccbe 2203353

tBu

B Identification of intermediate 6a as key intermediate for the formation of enone 3a

o 0OCPh
PhCOO,,, gr BG7 (10 mol%) o
' LiOAc (5.0 equiv.)
PhCOOCs (1.5equiv.) 6a + + 5a
toluene, 48 h
tBu tBu
6a -20°C or RT 3a
92% ee 1) 92% ee, 92% ee, trace; -20 °C
56% vyield, -20 °C 41% yield, -20 °C
2) 0% yield, RT 90% ee, 24% vyield

73% yield, RT
- intermediate 6a is the key intermediate that result in the formation of desired enone 3a
- intermediate 5a is a non-productive intermediate and can be suppressed at low

temperatureo(cf. Table 1, entry 1 and entry 5) OOCPh
PhCOO Br BG7 (10 mol%) o
LiOAc (5.0 equiv.)
PhCOOCs (1.5 equiv.) 7a + + ba
tBu toluene, 48 h tBu
7a -20°C 3a
92% ee 92% ee, 70% ee, 20%

60% yield 16% vyield
- intermediate 7a is expected to be converted back to 6a for the productive pathway
- leakage of enantioselectivity of both 5a and 7a is likely to go through disubstituted
trans-diester (not yet isolated)
C Origin of enantioselectivity and role of acetate anion

o 00CPh OAc
PhCOO.., B' TBAB (10 mol%) o o
CsOAc (1.5 equiv.) 6a * +
toluene, RT, 48 h
tBu Bu tBu
6a; 92% ee 92:/° €€,  3a;92% ee, 3p; N.D.
17% yield 80% yield

- enantioselectivity is achieved at the first step of the reaction ie formation of 6a
- acetate anion is sufficiently basic to promote the second step (acyl transfer)
and is also not an effective nucleophile for this rearrangement

6 Chem Catalysis 4, 100953, April 18, 2024
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Scheme 2. Identification of key intermediates and their relationships

(A) Identification of key intermediates 5a, 6¢, and 7a of meso-Favorskii rearrangement and their
relationships.

(B) Identification of intermediate 6a as key intermediate for the formation of enone 3a.

(C) Origin of enantioselectivity and role of acetate anion.

Separately, when we conducted the reaction at —20°C, another unknown species
was isolated in a small amount. This intermediate 6a has the characteristic peaks
of the trans-configuration in "H nuclear magnetic resonance (see Data S3). When
we used a different benzoate, we could recrystallize the intermediate 6c; therefore,
we can identify it as monosubstituted trans-monoester using single-crystal X-ray
crystallography.®” Following the successful identification of various intermediates,
understanding the relationship between those intermediates became critical in de-
ciphering the mechanism of this reaction.

When monosubstituted trans-monoester 6a was resubjected to the standard condi-
tion, the enantioselectivity of the product, enone 3a, was maintained, with minimal
loss (Scheme 2B). On the other hand, when monosubstituted cis-monoester 7a was
resubjected to the optimized reaction condition, the enantioselectivity of enone 3a
decreased from 91% to 70% ee (Scheme 2B). Thus, we proposed that monosubsti-
tuted trans-monoester 6a in trans-configuration was a more active species and the
key intermediate in the major pathway that led to the desired enone 3a. When we
use 6a to investigate its role under various conditions, we found that 6a can be con-
verted to 7ain the presence of just the catalyst BG7 (see supplemental experimental
procedures section J). In summary, both disubstituted cis-diester 5a and monosub-
stituted cis-monoester 7a lead to the leakage of enantioselectivity and may do so
through the disubstituted trans-diester.

Using CsOAc as nucleophile under optimized conditions, leading to the formation of
3p, occurred smoothly (Scheme 1). If we resubjected the most active intermediate,
monosubstituted trans-monoester 6a, into a condition in which we replaced catalyst
BG7 with a simple achiral catalyst TBAB, then desired enone 3a was obtained with a
similar ee value (Scheme 2C). This result implies that the enantioselectivity was
determined during the initial S\2 attack.

Density functional theory (DFT; see Data S2 for computational methods) was further
performed to elucidate the mechanism of this remote desymmetrization using a
truncated achiral BG organocatalyst and (cis)-2,6-dibromocyclohexanone substrate
1 (int-1; Figure 2). First, the cis-dibromocyclohexanone 1 was substituted with
PhCO, "~ via S\2 to form a monosubstituted int-6 (AGgo = —8.4 kcal mol™") through
an energetically viable solution free energy barrier of AG,o" = 22.4 kcal mol™" with
respect to int-1 (see Figure 2 for computed energy profile). From int-6 (6a above), it
could then further bifurcate into two possible pathways. The major pathway is pro-
posed to undergo isomerization on the benzoate-substituted C of int-6: first, by de-
protonation through TS2, with a AG,,* of 10.3 kcal mol™" relative to int-6, forming a
stable enol intermediate int-6-enol (AG,. = —10.0 kcal mol™"). Subsequent proton-
ation through TS3, with a AG.o ¥ of 13.8 kcal mol™" relative to int-6-enol, leads to a
very stable int-7 (7a above; AG,, = —17.5 kcal mol™ relative to int-1). A second Sn2
and Br displacement forms the highly exergonic trans-dibenzoate int-8 (AGy, =
—23.4 kcal mol™) through kinetically feasible barrier TS4, with a AGgt of
21.5 kcal mol™" relative to int-7. From int-8, enolization and subsequent acyl migra-
tion or shift through the highest representative barrier TS7, with a AG.o of 18.5 kcal
mol~" relative to int-8 (for complete elementary steps, refer to Data S2B), leads to
enolate int-11, and finally, a facile elimination TS8 affords the product pdt-3. The

Chem Catalysis 4, 100953, April 18, 2024 7
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Figure 2. DFT modeling and relative solution free energy profile for the proposed mechanism of remote enantioselective desymmetrization at B97-
XD/aug-cc-PVTZ/SMD(toluene)//B97-XD/6-31G(d,p) level of theory
Solution free energy values are in kcal mol™". Representative highest barrier TS7 for the enolization and acyl shift process is only shown for clarity, and

the same is true for TS3'". See supplemental information for the complete calculations.

minor pathway, on the other hand, can directly undergo acyl shift via TS3’, with a

AG,o of 16.0 kcal mol™" relative to int-6-enol, which is energetically less competi-
tive compared to TS3, and the concomitant elimination of Br~ leads to the product

(for complete elementary steps, refer to Scheme S1).

Due to the computational cost for modeling the large chiral catalyst, we were unable

to model the stereoselectivity of this rearrangement, but the achiral model does sug-

gest that it is energetically feasible for the first Sy2 to occur, thus leading to trans-
monoester int-6. Isomerization of int-6 is facile leading to cis-monoester int-7, and
further SN2 generates the key resting state trans-dibenzoate int-8, which can further

undergo enolization, acyl shift, and elimination to give 3a.

Through control experiments and DFT calculations, we propose the mechanism of

remote enantioselective desymmetrization as follows (Figure 3). Initially, (cis)-2,6-di-
bromo-4-tert-butyl cyclohexanone 1 underwent an enantioselective Sy2 reaction on

the a-position in the presence of a chiral BG catalyst (BG?"), in which monosubsti-

tuted trans-monoester 6a formed. According to the computational result, the elim-

ination of equatorial ester on the a-position is easier than the elimination of bromide.
Hence, those monosubstituted trans-monoester 6a, which did not react promptly,
would turn into the more thermodynamically stable configuration, monosubstituted
cis-monoester 7a. 7a can also undergo the second nucleophilic attack to provide
disubstituted trans-diester intermediate 8a, which will lead to 3a in major pathways

and ent-3a in minor pathways (supported by DFT calculations). The disubstituted

trans-diester intermediate can also isomerize to all-equatorial-disubstituted cis-
diester 5a, which is the most stable configuration at low temperature. It was still
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Figure 3. Working model for the mechanism of remote enantioselective desymmetrization

worth noting that the result of Scheme 2C revealed another minor pathway to 3a. Us-
ing 6a as reagent, without the presence of cesium benzoate, a base-generated eno-
late led 6a to an intramolecular acyl transfer. As a result, enone 3a formation through
elimination of bromide still happened.

Probenecid, diclofenac, and isoxepac are commercially available non-steroidal anti-
inflammatory drugs.“® We selected these acid-type drugs, making them into carbox-
ylate state pairings with cesium as counter ion. The carboxylate salts worked as
nucleophile and got highly enantioselective drug derivatives 3u-3w successfully
(Scheme 3A).

The further transformation of 3b worked smoothly. The product could tolerate reduc-
tive condition (Scheme 3B). The a,B-unsaturated ketone was reduced in high ee and
dr. Lastbut not the least, the remote enantioselective desymmetrization strategy was
successfully applied to tropinone derivatives.*' ™ The a,a,o/-tribromo-substituted
N-benzyl tropinone was converted to a remote enantioselective desymmetrization
product under standard conditions (Scheme 3C), which illustrates more possibilities
for the modification of natural products.

Conclusion

We have successfully developed a catalytic remote enantioselective desymmetriza-
tion of (cis)-2,6-dibromocyclohexanone with an intramolecular 1,2-acyl shift. The
high enantioselectivities are achieved with chiral ion pair catalyst BG7. Key
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Scheme 3. Applications and further transformations

(A) Drug analogs in carboxylate states work as nucleophiles in remote enantioselective
desymmetrization.

(B) Reduction of 3b.

(C) 1,2-Carbonyl shifting in tropinone derivative.

intermediates were identified using single-crystal X-rays spectroscopy, and they
work hand in hand with control experiments and DFT calculations to decipher the
mechanism. We hope that this new approach toward chain walking of the carbonyl
group will become useful in natural product synthesis and drug development pro-
grams. In conclusion, this work contributed to the development of ion pair catalysis.
In the future, we endeavor to discover more nucleophile-promoted reaction models
with our ion pair catalyst, thus realizing functional group shifting in high efficiency.
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