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Abstract

Enantioselective gold catalysis remains a challenging area of research. By harnessing gold—
ligand cooperation in the presence of a chiral bifunctional phosphine ligand featuring a novel
3’-phosphine oxide moiety, highly enantioselective desymmetrization of 1-ethynylcyclobutanols
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is achieved, permitting access to chiral a-methylenecyclopentanones featuring a diverse array of
chiral quaternary and tertiary centers. This cooperative gold catalysis also enables parallel kinetic
resolution in gold catalysis, delivering cyclopentanone regioisomers with excellent enantiomeric
excesses. DFT calculations of the transition states support the distinct mechanism of asymmetric
induction via controlling the conformation of the bound substrate and hence dictating the ring
bond undergoing migration.

Despite much success in achieving enantioselective gold chemistry in the past,1~10 the
linear configuration of ligand—Au'—substrate and hence the difficulty in imposing a ligand
chiral environment at the reaction site still pose a challenge to further advances in this
important aspect of gold catalysis.11~13 For the past several years we have developed several
bifunctional biaryl-2-ylphosphine ligands for gold-ligand cooperative catalysis (Scheme
1A).14 The participation of the ligand remote basic functional group in bond-forming/
breaking events in this class of versatile catalysis'>-18 offers unique opportunities to achieve
asymmetric gold catalysis. This strategy is facilitated by the ease of access to the chiral
binaphthyl framework from commercial chiral binols.2® For example, the chiral version of
WangPhos featuring a remote amide group, i.e. (R)-L1, was initially prepared in 4 steps
from (R)-binol2 and later in 5 steps in a more reliable and divergent approach.1® By

using (/)-L 1 as the ligand, the cyclization of allenols is asymmetrically accelerated due

to the metal-ligand cooperation phenomenon and exhibits high levels of enantioselectivity
while with a catalyst loading of as low as 100 ppm (Scheme 2B).20 A facile asymmetric
dearomatization was later realized by using either an amide or a phosphonate as the remote
basic group.19:21 Both of these studies utilize a key H-bonding interaction between the basic
group and substrates to facilitate and organize the enantioselective nucleophilic cyclization.
In this work, we disclose a distinctively different approach to harnessing asymmetric gold-
ligand cooperation: that is, asymmetric ring enlargement via H-bond-dictated substrate
conformation control. The concept is shown in Scheme 1C, where 1-ethynylcyclobutanols
could undergo ring expansion to form a-methylenecyclopentanone products.22 The racemic/
achiral version of this chemistry was reported by Toste in 2005.23 In this asymmetric
transformation, as outlined in structure A, the H-bond between the ligand basic group and
the substrate HO group would control the rotation of the C(sp)—C(sp®) bond in red to

orient the migrating ring C(sp3)—C(sp3) bond in blue to be antiperiplanar to the gold—alkyne
interaction. As such, its selective migration would be achieved, leading to desymmetrization
or kinetic resolution. In addition, the H-bonding interaction should also accelerate the ring
expansion by accommodating the proton generated in the process. Due to the distal nature
of the prochiral center at cyclobutanol ring C3, the desymmetrization approach would permit
ready access to various quaternary and tertiary chiral centers.

We began the study by examining the desymmetric ring expansion of the 1-
ethynylcyclobutanol 1a possessing a quaternary carbon center at the ring C3 position. Its
HO group is cisto the TBS-protected hydroxymethyl group. This relative stereochemistry is
confirmed by single-crystal X-ray diffraction studies of the corresponding diol.24 By using
the binaphthyl-2-ylphosphine ligand (S)-L 2 featuring a distal A, A-dimethylamide group, the
desired ring expansion did occur, affording the cyclopentanone product 2a in 89% ee (Table
1, entry 1). However, the reaction yield was only 33%. The intermolecular reaction between
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the C—C triple bond and the tertiary alcohol moiety was posited as the major side reaction.
By sequentially diluting the reaction, the yield was improved to 46% and 58%, respectively
(entries 2 and 3). We then screened (S)-L 1, (S)-L 3, and (S)-L 4, and the diphenylphosphine
oxide functionalized ligand (S)-L5 (entries 4-7). The last ligand is a new addition to this
class of remotely functionalized bifunctional ligands and performed noticeably better than
the amide ligands [i.e., (S)-L 1-L 3] and the phosphonate ligand (S)-L 4. Subsequent tuning
of the electronics of the phenyl groups of L5 revealed that L 6 with electron-donating

MeO groups performed worse (entry 8) and that L 7 with moderately electron-withdrawing
chloro groups resulted in the same ee value but a substantially improved yield (90%, entry
9). When running in toluene, the reaction was lowyielding, although the enantioselectivity
(91%) remained excellent (entry 10). Changing BArF,~ to NTf,™ led to erosion of the

yield and enantioselectivity (entry 11). We also tried the reaction using the unfunctionalized
ligand (S)-L 0. Although most of the substrate was consumed, only a trace product was
detected. This result confirms the additional role of the remote basic group in accelerating/
promoting the ring expansion. In a preparative scale reaction, 2a was isolated in 95% yield
with 90% ee (entry 13). As expected, under the same conditions, the reaction of trans-la
afforded the opposite product enantiomer in a comparable yield and enantioselectivity (entry
14).

With the optimal conditions (Table 1, entry 9) in hand, we proceeded to explore the
reaction scope. We first examined achiral 1-ethynylcyclobutanols 1 bearing a quaternary
carbon center at the ring 3 position. As shown in Table 2, a variety of functional groups
were tolerated in the cases of 2b—2j. They include esters of different types (2b, 2g, and
2h), C-C double bonds including allyl (2d), vinyl (2f), and electron-deficient C-C double
bond (2h), ketone carbonyl (2j), and NBoc (2i). The reaction yields range from 75% to
96%, and the enantiomeric excesses are mostly around or above 90%. In the case of 2e
possessing a sterically hindered isopropyl-substituted quaternary center, the ee was 85%.
In some cases, a slightly elevated reaction temperature (i.e., 40 °C) was employed to
accelerate the reaction. Similar to the case of 2a, by using the substrate c/sand trans
diastereomers, both enantiomers of the acetate 2b were isolated in 90% ee, respectively.
We then employed substrates containing a monosubstituted C3 center. The reactions led
to 2-methylenecyclopentanones 2k—20 possessing a chiral tertiary center at C4 in good to
excellent yields and with mostly excellent enantioselectivities. Different C4 substituents,
including silyl-protected hydroxy groups (2k and 20), phenyl (21), and bulky zert-butyl (2m)
were readily tolerated. Interestingly, the unprotected tertiary alcohol in 2n was allowed,
and the reaction was slightly slower, which can be attributed to the competing H-bonding
interaction between the tertiary alcohol and the phosphine oxide in the ligand. What is
remarkable about this chemistry is that it permits the creation of all-carbon quaternary chiral
centers of a range of synthetically valuable substitution patterns, including being at allylic
(2f and 2h), homoallylic (2d), alpha to ester (2g) and ketone (2j), and beta to heteroatoms
(2a—2c and 2i).

We were curious whether our catalytic system could achieve kinetic resolution of racemic
1-ethynylcyclobutanol with a substitution at the ring C2 position. As shown in Scheme
2, when the racemic frans-1p with the hydroxyl group #ransto the ring C2 substituent
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was treated by catalytic L 2Au*, we observed the formation of two cyclopentenone
regioisomers, i.e., 2p and 2p” in equal amounts and a combined 95% yield. Moreover,

both exhibited =296% enantiomeric excess. These surprising results reveal that our catalytic
system achieves parallel kinetic resolution,2>-27 in which the (1R,25)-1p is stereoselectively
isomerized to (S)-2p and (15,2R)-1p to the regioisomer (R)-2p”. It is noteworthy that

the N, N-dimethylamide ligand L 2 is the optimal ligand and no gold-catalyzed parallel
kinetic resolution is rare; moreover, the preferred migration of more substituted groups?? is
overruled by the catalyst. Electronic perturbation of the phenyl group of 1p by a CF3 or
MeOQ group was then probed. Racemization of (S)-2q possessing an electron-withdrawing
CF5 group was observed under the standard conditions including the use of excess NaBArF,
(2 x Au loading). This is likely due to the Lewis acidity of Na* and the increased acidity

of the ketone a-hydrogen of (5)-2q. By using AgNTTf; (stoichiometric to Au) as the
chloride scavenger, 92% ee was achieved for both (5)-2q and its regioisomer (R)-2q”. In
comparison, the MeO case resulted in the formation of (S)-2r and (R)-2r” with higher

ee values and excellent yields while using NaBArF, as the chloride scavenger. Functional
groups such as vinyl [(R)-25/(5)-2s"] and TIPS ether [(S)-2t/(R)-2t"] were readily tolerated.
The structure of the substrate frans-1t is confirmed by the X-ray single crystal structure

of its diol counterpart.28 In addition, a neopentyl group [(S)-2u/(R)-2u’] had little impact
on the regioselectivity (~1:1) and the enantioselectivities. On the other hand, the case with
a sterically demanding isopropyl group [(S)-2v and (R)-2v’] required running the reaction
at 0 °C for 18 h to achieve good to excellent resolution. The R-configuration of 2v” was
established by comparing its optical rotation with the literature report,2930 and the absolute
configurations of the other products in this series are assigned accordingly.

We conducted mechanistic studies of the reaction of frans-1t to understand this parallel
kinetic resolution phenomenon. First, a control experiment using frans-1t and the
unfunctionalized ligand (S)-L 0 afforded 2t and 2t in low yields and a ratio of 1:1.25 after
60 h (Scheme 3A). Moreover, these products exhibited low enantiomeric excesses in the
opposite sense. We then monitored the parallel kinetic resolution reaction over time using
(S)-L 2 as the ligand (Scheme 3B). The initial formation of (S)-2t was noticeably faster
than (R)-2t’, but not sufficient to realize typical kinetic resolution. Interestingly, when we
monitored the reaction progress of racemic cis-1t, a large rate difference in the formation
of the two regioisomeric products was observed. As such, a typical kinetic resolution was
achieved when c¢is-1t was subjected to the standard conditions; with the reaction halted

at 61% conversion, (S)-2t” was afforded in 42% yield and in 83% ee, while 39% of the
unreacted (1R, 2/)-1t remained, and its ee is 85%.

The two transition states leading to the opposite enantiomers of cyclopentanone product 2f
in this desymmetrization reaction were located by DFT calculations and are shown in Figure

1A. NTf,™ instead of BAr",~ was employed as the counteranion in order to simplify the
calculation and permit hydrogen bonding with the substrate in both scenarios. As evident
in Table 1, entries 9 and 11, the switching of the counteranions has only a minor impact
on enantioselectivity. In the favored transition state (i.e., B) leading to the formation of the
major enantiomer of 2f, the ligand phosphine oxide forms a strong H-bonding interaction
[a(O”--H) = 1.5667 A] with the substrate hydroxyl group, and the H-O bond (o= 1.0040
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A) in the substrate experiences notable elongation. As predicted, this H-bonding interaction
facilitates selective migration of one of the cyclobutane ring C—C bonds by positioning

it antiperiplanar to the gold—alkyne interaction via conformational control. Of note, the
counteranion NTf,~ does not engage in H-bond interaction with the substrate HO group.

On the other hand, in the transition state C disfavored by 10.1 kcal/mol and leading to

the minor enantiomer, the substrate HO group forms a H-bonding interaction with NTf,™,
but the N---H distance - 1.6249 A - is notably longer than that of O”---H in B, while

the substrate OH bond (¢/= 1.0048 A) experiences a slight larger elongation. Although

the energy difference of these two TSs is overestimated, the data are consistent with the

fact that the ligand phosphine oxide plays a critical role in dictating the regioselective/
desymmetric ring expansion and accelerating the overall reaction. Figure 1B depicts the
four stereoisomers of 2-methylcyclobutanol (1w) and the DFT-calculated ring expansion
barriers of the preferred reaction pathway using (S)-L 2 as the ligand. In the cases of the two
enantiomers of frans-1w, the reaction barriers, 17.4 and 18.1 kcal/mol, are similar, consistent
with the observed parallel kinetic resolution phenomenon. The absence of a much lower
barrier in the preferred migration of a secondary alkyl group in the case of frans-1w-2 in
comparison to frans-1w-1 is attributed to some steric clash between the methyl group and the
reacting C—C triple bond in the transition state. On the other hand, the reaction of cis-1w-2
experiences a free energy barrier of 17.2 kcal/mol, which is 3.8 kcal/mol lower than that

of its enantiomer c¢/s-1w-1. This phenomenon is consistent with the fact that the migration
of a secondary alkyl group in ¢is-1w-2 is more facile than that of a primary alkyl group in
cfs-1w-1, and the methyl group in ¢/is-1w-2 does not cause similar steric clash as it points
away from the C—C triple bond.

In summary, an enantioselective desymmetrization of 1-ethynylcyclobutanols is achieved
via asymmetric cooperative gold catalysis. The chemistry is enabled by a chiral

bifunctional binaphthylphosphine ligand featuring a novel 3’-diarylphosphine oxide
substituent. a-Methylenecyclopentanones possessing a diverse range of quaternary and
tertiary chiral centers are formed with excellent enantioselectivities. Moreover, this gold—
ligand cooperation permits parallel kinetic resolution in gold catalysis, converting racemic
1-ethynylcyclobutanols into two regioisomeric cyclopentanones with excellent enantiomeric
excesses. This work represents a distinct approach to harnessing metal-ligand cooperation
and opens new opportunities for achieving asymmetric gold catalysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A. The competing TSs leading to 2f using NTf, as the counterion
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B. Energetics of the kinetic resolution TSs using a methyl-substituted substrate
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Figure 1.
DFT-calculated transition states at the M06/6-311G(d,p)/LAND2LZ(Au) level. Gibbs free

energy shown.
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A) Bifunctional phosphine ligands for gold-ligand cooperative catalysis
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B) Two examples of asymmetric cooperative gold catalysis
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Scheme 1.
Asymmetric Gold Catalysis Enabled by Metal-Ligand Cooperation
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A. Initial studies
racemic mixture
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4 Reaction run on a 0.20 mmol scale in DCM (0.025 M), the yield calculated based on
the isolated mixture of regioisomers, and the ee values determined using TLC-purified
materials. %5 mol % AgNTf, was used instead of NaBArF,. “Reaction was run at 0 °C.
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A) Control exepriment

OH (S)-LOAUCI (5 mol% W
= NaBAr, (10 mol%) é%
trans — . >

) DCM, rt, 5A M.S. A S

60 h
fansitt DTS _ (R)-2t (s)2t
79% conversion 12%, 7% ee  15%, 13% ee

B) Reaction kinetic study on PKR

trans

TIPSO TIPSO
“Rm gt | 1 Q
Y DCM, rt, 5A M.S.
(1S.2R) H Tans (Sy2t  (Ryar OTIPS
trans-1t OTIPS

racemic mixture
50

LR 2R 2R R A J
EEEEEEEEEE R R RS

. 40 °«* 3
= o o *
< . *
g 30 . & *
> . o2t
13 *
=3
3 20 o
Q
® 10

0

0 30 60 90 120

Reaction Time (minutes)
C) Reaction kinetic study with trans-1t

TIPSO o
OH (S)-L2AuClI (5 mol%) W (o]
s NaBArF, (10 mol%) é&
: — s s
CIS 23
DCM, rt, 5A M.S. o
)\ OTIPS
OoTIPS 2t i
2t
cis-1t
70
60
50
=
‘ )
s 40 o o2t
S 30 o
2 s .2t
$ 20 o
(4 *
10 ¢
0
0 60 120 180 240 300 360

2= . Reaction Time (minutes)
D) Kmetlc resolutlon

TIPSO~ (—‘ oH
— (S)-L2AuCI (5 mol%) (0]

r2r) (1 NaBArF, (10 mol%) &T'PSO\/@ OH

&
OH  DOM,rt,5AMS.

Y 40 minutes L_OTIPS
(1S,28) | - :
cis  61% conversion (S)-2t' (1R,2R)-1t

cis-1t =N OTIPS 42%, 83% ee 39%, 85% ee
racemic mixture

Scheme 3.
Mechanistic Studies

JAm Chem Soc. Author manuscript; available in PMC 2024 December 20.

Page 11



1duosnuepy Joyiny 1duosnue Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Zhao et al.

Optimization of the Reaction Conditions?

Table 1.

Page 12

CIS

o i

TBSO

i
Me

cis-1a

Entry

10
11
12

13

14

LAuUCI (5 mol%)
Cl scavenger (10 mol%) _

solvents (0.025 M), rt

Catalyst
(9-L2AUCI/INaBAF,
(5)-L2AuCI/NaBArF,
(5)-L2AuCI/NaBArF,
(S)-L LAUCI/NaBArF,
(5)-L3AuCI/NaBArF,
(S5)-L4AuCI/NaBArF,
(5)-L5AUCI/NaBArF,
(5)-LBAUCI/NaBArF,
(5)-L7AuCI/NaBArF,
(S-L7AUCI/NaBAIF,
(8)-L7AUCI/AgNTT,
(5)-LOAUCI/NaBAr",
(5)-L7AuCI/NaBArF,

(8)-L7AUCI/NaBArF,

Solvent
DCM (0.1 M)
DCM (0.05 M)
DCM
DCM
DCM
DCM
DCM
DCM
DCM
toluene
DCM
DCM
DCM

DCM

33%
46%
58%
63%
74%
64%
74%
69%
90%
36%
61%
3%d
95%°€

929667

yieldb

BSO

b X
Me

89%
89%
90%
90%
89%
73%
91%
85%
91%
91%
87%
NA

90%

-90%

2a

ecC

aReaction condition: 1a (0.05 mmol), LAuCI (5 mol %), NaBArF4 (10 mol %), and 30 mg 5 A MS in 2 mL of solvent, unless otherwise noted.

ineIds were determined by 14 NMR analysis using diethyl phthalate as the internal standard.

C . .
Determined by HPLC analysis.
d . .
>97% reaction conversion.
e N
Isolated yield in 0.2 mmol scale.

fTrans—la was used.
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