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The stereoselective construction of vicinal all-carbon
quaternary stereocenters has long been a formidable
synthetic challenge. Direct asymmetric coupling of a
tertiary carbon nucleophile with a tertiary carbon
electrophile is the most straightforward approach, but
it is sterically and energetically disfavored. Herein, we
describe a catalytic asymmetric substitution, where
racemic tertiary bromides coupled directly with
racemic secondary or tertiary carbanion, creating a
series of congested C(sp*)-C(sp®) bonds, including
isolated all-carbon quaternary stereocenters, vicinal
tertiary/all-carbon quaternary stereocenters and
vicinal all-carbon quaternary stereocenters. Using

Introduction

The use of high-throughput synthetic practices in tandem
with extensive use of Pd-coupling chemistry in medicinal
chemistry laboratories worldwide has led to a propensity
of achiral, aromatic compounds in screening libraries.!
Many secondary metabolites with interesting pharmaco-
logical activities contain all-carbon quaternary stereocen-
ters2* Introducing all-carbon quaternary stereocenters
into molecules will improve structural diversities in screen-
ing libraries. However, the stereoselective construction of
all-carbon quaternary stereocenters remains a significant
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pentanidium as a catalyst, this double stereoconver-
gent process afforded substituted products in good
enantioselectivities and diastereoselectivities.
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Keywords: ion-paired catalyst, asymmetric substitu-
tion, Sy2 substitution, Sy2X substitution, all-carbon
quaternary stereocenters

challenge in synthetic chemistry.>® Among the limited
number of strategies employed in forming this highly
congested moiety, double Heck coupling,”® double Aldol
reaction,’ and double allylation™ have been reported to be
useful (Figure 1a). In contrast, using multisubstituted
alkenes in [3+2] annulation,™? Diels-Alder,*™ and other
cycloadditions™” is another common approach
(Figure 1a). Recent advances include dearomatization
addition of B-naphthols on 3-bromooxindoles,™ Claisen
rearrangement of y,5-unsaturated carbonyl compounds,*
dialkylation of bisoxindoles,?° phosphine-catalyzed cycli-
zation of allenes,” and a nucleophilic substitution at a


mailto:jiangzhiyong@htu.edu.cn
mailto:choonhong@ntu.edu.sg
https://doi.org/10.31635/ccschem.021.202101013

@CCS

RESEARCH ARTICLE

Chemlstry

(a) Major previous strategies

Bi RS H H  (Double Heck, double
RM—{"R® s R'-—{~R® Aldol, double alkylation,
R2 R4 R2 R4 double allylation)
Vicinal quaternary
all-carbon
stereocenters
R!' R3 (Pericyclic reactions

including [3+2]
annulatlon Diels-Alder
and other cycloaddmons)

RZ)—( Ry I

(b) Radical dimerizations

(C) This work: direct C(sp3)-C(sp3) coupling

R1 R®
FiRS = R3?~Br+ H—{—R5
R R*

Figure 1| (a-c) Major strategies for the construction of
vicinal all-carbon quaternary stereocenters.

quaternary carbon center with the concurrent opening of
a cyclopropane ring.?% On the other hand, direct radical
coupling of two C(sp®) centers is a promising possibility as
it could overcome steric hindrance, but currently, it is
limited to a narrow substrates scope such as bisoxindoles
and chiral auxiliaries need to be deployed if enantioen-
riched compounds are required (Figure 1b).24?” Thus far,
there are no successful reports on the preparation of
vicinal all-carbon quaternary stereocenters through a cat-
alytic asymmetric coupling of two tertiary C(sp®) centers,
which should be the most direct and convenient, and yet,
conceivably, the most sterically challenging approach.
Nucleophilic substitution at a quaternary carbon center
is difficult and improbable to achieve if the nucleophile is
also a bulky tertiary carbanion.

We have been developing chiral cationic salts such as
pentanidium (PN1) and bisguanidinium (BG1) as phase
transfer and ion-pair catalysts.?® Using these catalysts,
we recently reported an enantioconvergent halogen-
ophilic nucleophilic substitution (Sy2X) to generate
enantioenriched quaternary stereocenters using thiols
and azides.?*® In a conventional Sy2 substitution, the
nucleophile displaces a carbon-bound, leaving group X,
often a halogen, by attacking the carbon face opposite
the C-X bond; while in the Sy2X reaction, the nucleo-
phile approach a carbon-bound leaving group X from
the front, making it an ideal sterically-immune synthetic
approach. Soon afterward, a more in-depth investiga-
tion of the azide substitution with tertiary bromide
revealed a dynamic kinetic resolution modulated by a
base present in the reaction.®® Herein, we report our
recent progress into using nucleophilic substitutions to
construct vicinal all-carbon quaternary stereocenters,
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using insights from our previous reports, through direct
coupling of racemic tertiary electrophiles with racemic
tertiary nucleophiles using chiral cations as catalysts
(Figure 1c).

Experimental Methods

General procedure for the synthesis of chiral
isolated all-carbon quaternary stereocenters

The racemic tertiary bromide 1d (1.0 equiv), dimethyl
carbonate (1.2 equiv), and BG1 (5 mol %) were dissolved
in toluene, cooling down the reaction mixture to —30 °C,
and then 4 M aqg. KOH was added using a microsyringe.
The mixture was stirred at —30 °C for 2-3 days until
reaction completion. Thin-layer chromatography (TLC)
monitored the process. The reaction was quenched with
NH4CI (1 mL), and then water (10 mL) was added. The
organic phase was separated from the aqueous phase
using dichloromethane (DCM) extraction. The com-
bined organic phase was washed with brine, dried over
anhydrous Na,SOy, filtered, and concentrated. The resi-
due was purified by flash chromatography (hexane:
ether = 5:1 as the eluent) to get the chiral isolated
all-carbon quaternary stereocenters.

General procedure for the synthesis of vicinal
tertiary and quaternary stereocenters

The racemic tertiary bromide (1.0 equiv), dimethyl car-
bonate (1.2 equiv), and PN1 (5 mol %) were dissolved in
toluene, cooling down the reaction mixture to —20 °C,
and then 4 M aq. KOH was added using a microsyringe.
The mixture was stirred at —20 °C for 3-4 days until
reaction completion. TLC was utilized to monitor the
process. The reaction was quenched with NH,CI (1 mL),
and then water (10 mL) was added. Separate the organic
phase and extract the aqueous phase with DCM. The
combined organic phase was washed with brine, dried
over anhydrous Na,SOy, filtered, and concentrated. The
residue was purified by flash chromatography (hexane:
ether = 5:1 as the eluent) to obtain the chiral vicinal
tertiary and quaternary stereocenters. One of the chiral
centers which bore an acidic proton was not stable and
readily racemized with excess base. After purification,
the sample should be kept at —20 °C.

General procedure for the synthesis of vicinal
all-carbon quaternary stereocenters

The racemic tertiary bromide 1d (1.0 equiv), dimethyl
carbonate (1.2 equiv), and PN1 (5 mol %) were dissolved
in toluene, cooling down the reaction mixture to —20 °C,
and then Cs,COz (1.5 equiv) was added in one portion.
The mixture was stirred at =20 °C for 3-4 days until
reaction completion. TLC was utilized to monitor the
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process. The reaction was quenched with NH,CI (1 mL),
and then water (10 mL) was added. The organic phase
was separated from the aqueous phase by DCM extrac-
tion. The combined organic phase was washed with
brine, dried over anhydrous Na,SO,4, and membrane
filtered to concentrate. The residue was purified by
flash chromatography (hexane:ether = 5:1 as the eluent)
to obtain the chiral vicinal all-carbon quaternary
stereocenters.

Results and Discussion

Synthesis of isolated all-carbon quaternary
stereocenters

We began our investigation by extending our previous
work on enantioconvergent Sy2X substitution. Instead of
thiols and azides, we embarked on demonstrating that
carbon nucleophiles could add to racemic tertiary bro-
mides. First, methyl 2-bromo-2-cyanoacetate 1a was cho-
sen as the model, and various carbon pronucleophiles
were activated by an electron-withdrawing group such
as acetophenone isobutyronitrile and 2-nitropropane,
were examined under basic conditions (Scheme 1a). We
found that only protonated product 1a-H was obtained via
a base-mediated Sy2X debromination process. Further
exploration revealed that carbon pronucleophiles with
two electron-withdrawing groups, such as malononitrile
and dialkyl malonate, afforded the desired substituted
products (Scheme 1b).

Subsequently, we found that in the presence of penta-
nidium PN1-3 or bisguanidinium BG1-3 as a catalyst,
substituted product 2a was obtained with moderate
yields and ee values (Table 1, entries 1-6). Bisguanidinium
BG1, bearing 3,5-bis(trifluoromethyl)benzyl groups, pro-
vided the most promising results (entry 4). Further opti-
mization by investigating various bases (entries 7 and 8),
solvents (entries 9-11), and temperature (entries 12 and
13) revealed that the ideal reaction conditions involved
using BG1 as catalyst, 4M aqg. KOH (1.5 equiv) as base in
toluene at —30 °C. Lowering the reaction temperature

Ph Br R' |, TBAB (5mol%) PN Ho
NC o2 K,CO NC a
Me R 2003
1a COMe EWG Tojuene, rt 12-0C02Me

R', R2 = aryl, alkyl, H
EWG = CN, NOz, COzMe
EWG

Ph} B, <EWG TBAB (5 mol %) Ph o
NC K,CO EWG
M 2003 NC
1a COMe  EWG Toluene, rt CO,Me

EWG = CN, CO,Me

Scheme 1| (a and b) Investigation of carbon pronucleo-
philies addition to racemic tertiary bromides.
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Table 1| Optimization of Reaction Conditions for Isolated
all-carbon Quaternary Stereocenters®

Ph
Br | COMe catalyst (5 mol %) Ph—, ¢OMe
_atalyst Lo mol %) | 1

NC CO,R CO,Me base, solvent, t NC™ CO,Me
1a: R = Me; 1b: R = Et; CO,R 2a-2d
1c:R='Pr; 1d: R =1Bu

R R R R
Ph, ,\:] ( Ph Ph, \] < Ph

.. N .._-N N

Lo T LN < T
) Cl Cl (

R R

Pentanidium (PN) Bisguanidinium (BG)

PN1/BG1: R = 3,5-di-trifluoromethylphenyl

PN2/BG2: R = 2-bromo-3,5-di-tert-butylphenyl
PN3/BG3: R = 3,5-di-tert-butylphenyl

Yield ee
Entry Catalyst Base Solvent 1 (%)° (%)
1 PN1 K>CO4 Toluene 1a 78 57
2 PN2 K,COz Toluene 1a 80 54
3 PN3 K>CO3 Toluene 1a 82 46
4 BG1 K,CO3 Toluene 1a 82 62
5 BG2 K>CO4 Toluene 1a 80 55
6 BG3 K>COz Toluene 1a 82 45
7 BG1 Cs,CO3 Toluene 1la 84 62
8 BG1 4M ag. KOH Toluene 1a 85 67
9 BG1 4M aqg. KOH Et,O la 84 56
10 BG1 4Maq.KOH Tetra- la 85 25

hydrofuran

n BG1 4Maq.KOH DCM la 78 20
129 BG1 4Mag. KOH Toluene 1la 85 75
13¢ BG1 4Mag. KOH Toluene 1a 47 78
14¢ BGl 4Maq.KOH Toluene 1 84 86
159 BGl 4Maqg.KOH Toluene 1¢ 80 89
16¢ BGl 4Mag.KOH Toluene 1d 78 94

@ Unless otherwise noted, reactions were carried out with
catalyst (5 mol %), 1a-1d (0.05 mmol), dimethyl malonate
(0.06 mmol), base (0.07 mmol) in the solvent (2 mL) at
room temperature.

b |solated yield of 2a-2d.

¢ Determined by HPLC using a chiral column.

? Reactions for 2 days at —30 °C.

¢ Reactions for 2 days at —40 °C.

further to —40 °C led to a significantly decreased yield
due to the formation of increased protonated product 1a-
H (entry 13). When methyl ester 1a was changed to ethyl
ester 1b, the ee value of adduct 2b improved to 84%
(entry 14). Further increase in steric bulk of the tertiary
bromides led to the formation of isopropyl ester 2¢ and
tert-butyl ester 2d with even higher ee values (entries 15
and 16; 89% and 95%, respectively). However, changing
dimethyl malonate to diethyl malonate or diisopropyl
malonate only led to an increased formation of 1a-H,
thereby decreasing the yield.
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R Br CO,Me BG1(5mol%) Ph— (OMe
NC * T 4Mag KOH =
CO,'Bu coMe  4Maa.KOH — NC COMe
3d-16d toluene, -30°C CO5R
R = benzyl, allylic, alkyl 2e-2q
R
COzMe Q COzMe
NC‘\)\COZMS NC;’)\COZMe
‘BuO,C tBuO,C .
. 2 2j: 72%
2e, R’ = F; 75% yield, 96% ee S CO,Me . o
2f, R = CI; 75% yield, 90% ee @— 2Me yield, 92% ee
29, R =Br; 77% yield, 92% ee NC= CO,Me
2h, R’ = NOy; 70% yield, 88% ee  tgy0,c  2k: 70%

2i, R’ = OMe; 77% yield, 90% ee yield, 88% ee

M
@.%CO o, Me;(iozme g o Gome
N=NC= Me NC=; M
Cc CO,Me Cc CO,Me NG COMe
tBUOzC 'BquC ¢
2l: 67% yield, 2m: 78% BuO,C 2, n = 3;
88% ee yield, 90% ee 88% yield, 91% ee
CO,Me
\\_h)” : Ph_\\_ CO,Me
NC= CO,Me “,
. NC= CO,Me _
tBuO,C 20, n =1; 80% yield, 92% ee 'Bu0,C 2q: 80%

2p, n = 3; 80% yield, 86% ee yield, 90% ee

Figure 2| Synthesis of isolated all-carbon quaternary
stereocenters. Unless otherwise noted, the reactions
were carried out with BG1 (5 mol %), 4M aq. KOH
(0.07 mmol), tertiary bromides 3d-16d (0.05 mmol),
dimethyl malonate (0.06 mmol) in toluene (2 mL) at
—-30 °C for 2-3 days. Isolated yields are reported. The ee
values were determined by HPLC analysis on the chiral
stationary phase. The absolute configuration was deter-
mined using an X-ray crystal structure of 2I-HC/ (see
Supporting Information, page S80).

Under the ideal set of conditions developed above,
various tertiary bromides 3d-16d were further evaluated
(Figure 2). Both electron-withdrawing and -donating
groups of the benzyl-substituted substrates were toler-
ated (2e-2i). Replacing the phenyl group with a
naphthyl group, thiophene or pyridine also resulted in
good vyields and ee values of the adducts 2j and 2k, 2I,
(88%, 92%, and 88%, respectively. Tertiary bromides
with alkyl groups can afford the desired substituted
adducts in good yields and ee (2m and 2n, 42% vyield,
88% ee, respectively). The reaction was also effective for
tertiary bromides bearing allylic or alkene substituents
(20-2q, 13% yield, 74% ee, respectively).

Synthesis of vicinal tertiary/all-carbon
quaternary stereocenters

Following the success of generating enantioenriched
quaternary carbon centers through the addition of di-
methyl malonate to racemic tertiary bromides, we won-
dered if significant diastereoselectivity could be
observed if the ester groups on malonates were different.
Thus, tertiary ,oromide 1a was treated with ethyl methyl
malonate 18a (Table 2, entry 1); it was found, after
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Table 2 | Optimization of Reaction Conditions for Vicinal
Tertiary and all-carbon Quaternary Stereocenters®

R CO,R’
Ph Br R’ PN1(5mol%) Ph— 2
—_— > 3 2
NC bor ™ g2 4Mag. KOH, toluene N% L COzR
2 Conon 4. RO, ]
1a-1d &’ 18a-18h 20 °C, 3-4 days 19a-19k
1a:R=Me 18a, R' = OMe, R? = OFEt; 18b, R' = OMe, R? =

1b: R = Et
1c:R=1/Pr
1d: R=1Bu

OiPr; 18¢, R' = OMe, R? = OBn; 18d, R' = OMe,
R2 = OtBu; 18e, R! = OEt, R2 = O/Pr; 18f, R! =
OEt, R? = O!Bu; 18g, R' = OMe, R? = StBu; 18h,
R! = OMe, R? = NH!Bu.

Entry 1 18 Yield (%) ee (%)° dr?
1 1a 18a 87 60 1.2:1
2 1a 18b 82 72 2:1
3 1a 18c 85 55 2:1
4 1a 18d 85 78 4
5 1a 18e 60 76 2:1
6 1a 18f Trace - -
7 1a 189 81 54 4:1
8 1a 18h Trace - -
9 1b 18d 82 84 8:1
10 1c 18d 80 89 9:1
1 1d 18d 80 90 4911

@ Unless otherwise noted, reactions were carried out with
PN1 (5 mol %), bromide 1a-1d (0.05 mmol), malonate 18a-
18h (0.0.06 mmol), 4M ag. KOH (0.05 mmol) in toluene
(2 mL) at =20 °C for 2 days.

¢ |solated yield of 19.

¢ Determined by HPLC using a chiral column.

9 Determined HPLC analysis.

screening our catalyst library, that PN1 can provide ad-
duct 19a with moderate enantioselectivity and some
diastereoselectivity. By introducing ‘Pr (18b), Bn (18¢),
or ‘Bu (18d) groups to monomethyl malonates to in-
crease steric discrimination, we found that diastereos-
electivities increased correspondingly (entries 2-4).
However, using ethyl isopropyl malonate 18e did not
improve the diastereoselectivity further, and the yield
decreased dramatically (entry 5). When ethyl tert-butyl
malonate 18f was used, mostly protonated product 1a-H
was obtained (entry 6). Thiolate 189 produced the cor-
responding adduct, but the ee and dr values obtained
were moderate (entry 7). Amide 18h was also examined,
but no desired adduct was observed (entry 8). Further
investigations were conducted with methyl tert-butyl
malonate 18d (entries 9-11) by varying different bromides
and found 1d gave 19k the best results with 90% ee and
49:1 dr (entry 11).

With these optimized reaction conditions in hand, vari-
ous tertiary bromides were studied (Figure 3). Tertiary
bromides with benzylic substitutions, heterocycles, alkyl,
and allylic substituents that were investigated afforded
their corresponding adducts 191-19s in good yields and
stereoselectivity.
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R Br . COMe  pNi(smol%)  R— §O2Me
—_—_— ~

NC CO,tBu CO,Bu 4M aq. KOH, toluene  NC= CO,tBu

4d-5d, 7d, 9d, 18d  ~20°C,3-4days CO.fBu qgj-19s

11d-14d

R = benzyl, allylic or alkyl

R 191, R’ = Cl; 79% 0,Me

o st (o S0
tgy 19m, R = Br; 82% : ,{Bu
CO,Me yield, 96% ee, 9:1 dr yield, 95% ee, 4:1 dr
nge? CO,tBu 19P: 81% yield I CO,Me
tBuOZC 89% ee, 13:1dr NC=: COztBu
\  co,Me ‘Bu0,C

19q, n = 2; 82% yield
94% ee, 19:1 dr

19r, n = 3; 80% yield
93% ee, 9:1dr

19s, 84% yield
NC=¢" “CO,!Bu 86% ee, 16:1 dr

Figure 3 | Synthesis of vicinal tertiary and all-carbon qua-
ternary stereocenters. Unless otherwise noted, the reac-
tions were carried out with PN1 (5 mol %), 4M aq. KOH
(0.05 mmol), tertiary bromides (0.05 mmol), malonate
18d (0.06 mmol) in toluene (2 mL) at =20 °C for 3-4 days.
Isolated yields are reported. The dr value was determined
by HPLC analysis. The ee values were determined by HPLC
analysis on the chiral stationary phase. The absolute con-
figuration was determined using an X-ray crystal structure
of a derivative and density functional theory (DFT) calcu-
lation (see Supporting Information, page S81).

Synthesis of vicinal all-carbon quaternary
stereocenter

As far as we know, there are no successful reports regard-
ing the formation of vicinal all-carbon quaternary stereo-
centers through the direct catalytic asymmetric coupling
of two C(sp®) centers. After our initial success, we were
keen on investigating the formation of vicinal all-carbon
quaternary stereocenters using this methodology. When
we treated tertiary bromide 1a with 1-ethyl 3-methyl
2-methylmalonate 20 (Scheme 2), we obtained protonat-
ed product of 1a-H. This debromination indicated that the
Sn2X occurred between the bromide 1a and tertiary car-
bon anion from 1-ethyl 3-methyl 2-methylmalonate 20,
while the C-C bond formation was depressed. Similar
results were observed when several other tertiary carbon
nucleophiles were investigated.

Subsequently, we identified cyclic p-ketone ester 21a as
a suitable model to study this reaction (Table 3). It

Ph_>( Br CO,Me TBAB (5 mol %) " H
+ Me

_— >
NC CO,Me CO,Et KoCO3 NC CO,Me
1a 20 toluene, rt 1a-H

Scheme 2 | Testing of tertiary carbon nucleophiles for
vicinal all-carbon quaternary stereocenters.
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Table 3 | Optimization of Reaction Conditions for Vicinal
all-carbon Quaternary Stereocenters®

O O
Ph CO,R
B 2
N;>( r, @é’COzR PN1 (5mol %) COMe
CO,Me " Base
1a 21a-21c toluene Ph 220N22
21a: R = Me; 21b: R a-zzc
= Et; 21c: R=1Bu

Entry 21 Base Yield (%)° ee (%) dr
1 2la 4M ag. KOH 60 45 2:1
2 21b 4M ag. KOH 50 53 2:1
3 21c 4M aqg. KOH 53 62 6:1
4 21c LiOH 34 60 5:1
5 21c NaOH 17 56 6:1
6 21c KOH 23 67 6:1
7 21c Na,COgz 45 70 5:1
8 21c K>CO3 76 70 5:1
9 21c Cs,COgz 84 72 6:1
10 21c K3zPOy4 78 70 6:1
ne 21c Cs,COgz 83 84 1011

@ Unless otherwise noted, reactions were carried out with
PN1 (5 mol %), 1a (0.1 mmol), 21a-21c (0.12 mmol), base
(0.15 mmol) in toluene (2 mL) at room temperature for
3-4 days.

b |solated yield.

¢ Determined by HPLC using a chiral column.

9 Determined HPLC analysis.

¢ Reaction temperature is —20 °C.

allowed the coupling with tertiary bromide 1a to proceed
(entry 1). Based on our previous studies, we concluded
that the steric effect played a crucial role in enantios-
electivity and diastereoselectivity. When we investigated
tertiary bromide 1b, we found that it led to an increased
yield of protonated product, while with tertiary bromide
1¢, no desired product was obtained. On the other hand,
changing cyclic p-ketone ester 21 led to more interesting
results. When tert-butyl ester 21¢c was used, both the ee
and dr values of the corresponding adduct were in-
creased (Table 3, entries 1-3). We hypothesized that the
protonated product could be suppressed by water re-
moval from the reaction condition. Thus, to improve the
yield of adduct 22, we needed to choose a more suitable
base. We investigated a series of bases ranging from
powdered hydroxides salts to carbonates (Table 3,
entries 4-10). We found that carbonate salts gave repro-
ducible results with high yields and stereoselectivities; in
particular, Cs,COz proved to be more reliable (entry 9),
yielding ideal reaction conditions at a lower reaction
temperature (-20 °C, entry 1D).

With the goldilocks zone identified, we expanded our
investigation on the scope of the tertiary bromides that
could be used. We reported successful cases in which the
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N 22h, R’ = Me; 72% yield, 91% ee, 22:1 dr

R 2 ?
CO,'B
Br ter.. PN1 (5 mol %) S
NC CO NTe Coz Bu—» COzMe
2 Cs,CO3, toluene R
3a-17a 21c -20°C r— CN
R = benzyl, alkyl 22d-22w
o 22d, R’ = F; 78% yield, 89% ee, 18:1dr [ .
CO,Bu 22, R’ = Cl; 78% yield, 92% ee, 10:1 dr LOBu
N CO,Me 22f, R = Br; 81% yield, 85% ee, 13:1 dr CO,Me
22g, R’ = NO,; 72% yield, 95% ee, 7:1 dr S%N

R’

0 0

}COztBu poztBu
) COzMe \ COzMe

-
221: 72% vyield
93% ee, 49:1 dr

»

Ly

89% ee, 15:1 dr

0 0
CO0,/Bu CO,Bu
CO,Me \ CO,Me
R 2 Me
}mnCN N
22pn=2; /.

22q: 78% yield

P 2
0, 1 0, .
96% yield, 87% ee, 13:1 dr 98% ee, 12:1 dr

o)
pOZtBU
\_CO,Me
Me s
>%7 N

22t,n=2;
76% yield, 88% ee, 9:1 dr

22i, R’ = OMe; 77% yield, 95% ee, 9:1 dr
22j, R’ = SMe; 77% yield, 90% ee, 9:1 dr

o)
CO,'Bu
R" CO2Me 22y, R =
®/ CN yield, 90% ee, 11:1 dr

A
LO 22k: 72% yield

91% ee, 9:1 dr

0
t
LO2BU 290, n = 0; 81% yield
CO,Me 78% ee, 10:1 dr
220,n = 3; 80% yield

Me—(’anN 94% ee, 19:1 dr

22m, n = 3; 76% yield

2 0
CO,'Bu CO,Bu
COzMe \_CO,Me
22r: 74% yield Me/®/
oo I 2251 74% yield
A 92% ee, 9:1dr

22u,R" =
yield, 91% ee, 10:1 dr

Me; 81%

OMe; 82%

22w, R" = Cl; 80%
yield, 83% ee, 5:1 dr

Figure 4 | Synthesis of vicinal all-carbon quaternary stereocenters. Unless otherwise noted, the reactions were carried
out with PNT1 (5 mol %), Cs>COz (0.07 mmol), 1a (0.05 mmol), 21c (0.06 mmol) in toluene (2 mL) at =20 °C for 3-4 days.
Isolated yield. The dr value was determined by HPLC analysis. The ee value was determined by HPLC analysis on the
chiral stationary phase. The absolute configuration was determined using an X-ray crystal structure of 22c¢ (see

Supporting Information, page S85).

reaction proceeded smoothly with good vyields and
stereoselectivities (Figure 4, 22d-22w). For benzyl sub-
stitutions in bromides, both electron-withdrawing and
-donating groups were tolerated (22d-22k). Heterocycle
such as thiophene was well tolerated (22I). Also, simple
alkyl groups produced good results (22m-22p). Olefins
containing alkyl chains were transformed into the desired
product with good yields and stereoselectivities (22q).
Substitution on cyclic p—ketone ester 21e and 22f was also
well tolerated (22r-22w). Attempts to expand to other
tertiary carbon nucleophiles such as tert-butyl 1-oxo-
1,2,3,4-tetrahydronaphthalene-2-carboxylate, and tert
-butyl 2-oxocyclopentane-1-carboxylate were unsuccess-
ful. We continued to explore other potential tertiary
carbon nucleophiles, including bearing less electron do-
nating groups and linear vicinal all-carbon quaternary
stereocenters.

To gain a better understanding of the mechanism,
control experiments were designed accordingly.
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First, a carbanion-exchange experiment was conducted
between tertiary bromide 1a and cyclic p-ketone ester
21c. The reaction temperature was lowered from —20 to
—-40 °C and quenched using saturated NH,4CI after 8 h.
The transfer of Br atom from 1a to 21c was evident
through the significant production of bromide 23
(Scheme 3a). However, both protonated product 1a-H
and bromide 23 were obtained as racemic mixtures.
Moreover, a carbanion-trapping experiment using acry-
lonitrile further substantiated the presence of a carban-
jon intermediate generated from tertiary bromide 1d
(Scheme 3b). The conjugated addition product 24 was
obtained with moderate enantioselectivity, pointing to
close ion-pair interaction of the carbanion with
bisguanidinium BG1. Next, we prepared the enantioen-
riched tertiary bromide 23 using preparative high-
performance liquid chromatography (HPLC) and
subjected them to our conditions independently
(Scheme 3c). We found that both enantioenriched
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(a) carbanion-exchange experiment Ph H

o (1) PN1 5mol%), C CO,Me

Ph Cs,CO5 (1.5 equiv) 1a-H, 47% yield
_>(Br + co,tgy toluene -40°C ,  * 0
NC™ to,me 277 (2) sat. NH,Cl Br

1a 21¢ after 8 h co,'Bu

23, racemic bromide

(b) carbanion-trapping experiment 40% yield
Ph COzMe

Br
NC + ZCN

Ph—
BG1 (5 mol %) Z, CN
+
CO,'Bu COyMe
1d

4M aq. KOH
aq. tBuO,C 24

50 equiv toluene, 0 °C
1.2 equiv. 54% yield, 40% ee

(C) Reactions with enantioenriched tertiary bromides

0 CO,Bu
Ph PN1 (5 mol %) J
O S coste
NC Cs,CO5 (1.5 equiv)
CO,/Bu ~ COMe toluene, -20 °C ph— CN
(+)-23, 57% ee 22c: 78% yield, 87% ee, 9:1 dr
(-)-23,45% ee 22c: 75% yield, 85% ee, 9:1 dr
(d) Base-mediated racemization
0 0
Br PN1 (5 mol %) Br
Cs,CO5 (1.5 equiv)
@d CO,fBu " 2 3 CO,'Bu

(+)-23, 57% ee toluene, -20 °C
(-)-23, 45% ee 23, racemized bromide

Scheme 3 | (a-d) Control experiments performed to un-
derstand the mechanism of formation of vicinal
all-carbon quaternary stereocenters.

tertiary bromides 23 were transformed to the same
stereoisomer 22c¢. Finally, base-mediated racemization
was observed when treated enantioenriched bromides
23 with Cs,COgz, indicating that the Cs,COz induced
dynamic kinetic resolution before the C-C bond coupling
thereby contributing to the high stereoselectivity
(Scheme 3d).

To gain a better understanding of the mechanism,
control experiments were designed accordingly. First, a
carbanion-exchange experiment was conducted be-
tween tertiary bromide 1a and cyclic p-ketone ester
21c. The reaction temperature was lowered from -20
to —40 °C, and the reaction was gquenched using satu-
rated NH,Cl after 8 h. The transfer of Br atom from 1a to
21c was evident through the significant production of
bromide 23 (Scheme 3a). However, both protonated
product 1a-H and bromide 23 were obtained as racemic
mixtures. Further, a carbanion-trapping experiment
using acrylonitrile substantiated the presence of a carb-
anion intermediate generated from tertiary bromide 1d
(Scheme 3b). The conjugated addition product 24 was
obtained with moderate enantioselectivity, pointing to
close ion-pair interaction of the carbanion with the
bisguanidinium BG1. Next, we prepared the enantioen-
riched tertiary bromide 23 using preparative HPLC and
subjected them to our conditions independently
(Scheme 3c). We found that both enantioenriched
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(a) Previous work on Sy2X reaction
S\2X substitution 0

R Br Q Sy2X R
NC)( + )J\S@K® _ONER ){S

Ar g
o COMe NC"Come
Dynamic kinetic resolution
R Br R R Bi Nse R
)( Base )/Bf Fast B |——» N3
NC m INC”- = NC 4 SN2 NC”2
CO,Bu CO,Bu CO,'Bu CO,Bu

Base-mediated racemization
(b) Proposed mechanism for direct C(sp®)-C(sp®) coupling

®
0 PN1Q°

@é‘COztBu Base_ OztBu
21c B

.

SNZX‘ /’%\COzMe
® RZ CN

CO,'Bu © PN1 0 0

R2—>\
©:§\<002Me NC, CoMe @E/f Br fast [ﬂ B
g2~ CN 2 CO,Bu CO,!Bu

High ee; high dr ()23 ) (+)-23
Base-mediated racemization

Scheme 4 | (a and b) Proposed mechanism for construc-
tion of vicinal all-carbon quaternary stereocenters.

tertiary bromides 23 were transformed to the same
stereoisomer 22c¢. Finally, base-mediated racemization
was observed when enantioenriched bromide 23 was
treated with Cs,COgx; this indicated that Cs,COz induced
dynamic kinetic resolution prior to the C-C bond
coupling, contributing to the high stereoselectivity
(Scheme 3d).

Based on previous investigations (Scheme 4a) and our
preliminary studies, we proposed that cyclic p-ketone
ester 21c and tertiary bromide underwent carbanion-
exchange through Sy2X (Scheme 4b). Cyclic p-ketone
ester bromide 23, generated at this step, could undergo
further racemization through Sy2X, modulated by a base.
Finally, Sn2 substitution occurred between the PN1
paired carbanion generated from tertiary bromide A and
cyclic p-ketone ester bromide 23 to install the vicinal
all-carbon quaternary stereocenters through the cou-
pling of two C(sp®) centers.

Conclusion

We have successfully developed a pentanidium-
catalyzed direct coupling of tertiary carbon nucleo-
philes and tertiary carbon electrophiles through
C(sp®)-C(sp®) bond formation. These reactions allowed
the direct construction of the challenging vicinal
all-carbon quaternary stereocenters at high efficiencies.
This transformation is so far the most efficient approach
for assembling this congested C(sp®*)-C(sp®) bond. Syn-
thetic application of this new methodology is currently
ongoing in our group.
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