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ABSTRACT: A new Cy-symmetrical P-chirogenic bisphosphine ligand with silyl substituents on the ligand backbone, (R,R)-5,8-
TMS-QuinoxP*, has been developed. This ligand showed higher reactivity and enantioselectivity for the direct enantioconvergent
borylation of cyclic allyl electrophiles than its parent ligand, (R,R)-QuinoxP* (e.g. for a piperidine-type substrate: 95% ee vs. 76%
ee). The borylative kinetic resolution of linear allyl electrophiles was also achieved using (R,R)-5,8-TMS-QuinoxP* (up to 90% ee,
s = 46.4). An investigation into the role of the silyl groups on the ligand backbone using X-ray crystallography and computational
studies displayed interlocking structures between the phosphine and silyl moieties of (R,R)-5,8-TMS-QuinoxP*. The results of DFT
calculations revealed that the entropy effect thermodynamically destabilizes the dormant dimer species in the catalytic cycle to im-
prove the reactivity. Furthermore, in the direct enantioconvergent case, detailed calculations indicated a pronounced enantioselective
recognition of carbon—carbon double bonds, which is virtually unaffected by the chirality at the allylic position, as a key for the

borylation from both enantiomers of racemic allyl electrophiles.

INTRODUCTION

Chiral bisphosphine ligands have significantly contributed to
the evolution of catalytic enantioselective organic transfor-
mations.> For several decades, tremendous effort has been de-
voted to the development of chiral bisphosphine ligands in or-
der to achieve high enantioselectivity and reactivity for transi-
tion-metal catalysis.* Careful design of the three-dimensional
structures of chiral bisphosphines is required to achieve high
enantioselectivity (Figure 1A). The most important factors in
the design of chiral bisphosphine ligands are the structure of the
backbone and the substituents on the phosphorus atoms. In tran-
sition-metal complexes, the bite angle between the two phos-
phorus atoms, which is crucial to the reactivity and stereo-envi-
ronment of the catalyst, depends on the backbone structure and
the metal center.5® The substituents on the phosphorus atoms
are also important for the stereoselectivity, as they interact with
the substrates via intermolecular interactions such as steric re-
pulsion and attraction via dispersion forces.”® The chirality of
C,-symmetrical bisphosphine ligands often arises from the
backbone structure as in e.g., BINAP and SEGPHOS;*'? how-
ever, the construction of chiral phosphine moieties, i.e., P-chi-
rogenic centers such as those in DIPAMP and QuinoxP*,*-1¢ or
the introduction of chiral motifs on the phosphorus atom in e.g.
Me-Duphos are also powerful approaches (Figure 1B).Y-*° Fur-
ther improvement of chiral bisphosphine ligands to achieve
higher enantioselectivity has also been attempted via

optimization of the substituents on the phosphorus atoms in e.g.
DTBM-SEGPHOS.10-12

In 2005, Imamoto and co-workers reported the quinoxaline-
based P-chirogenic bisphosphine ligand (R,R)-QuinoxP* (Fig-
ure 1B).% This ligand has shown high enantioselectivity for var-
ious asymmetric transformations.?® We have recently re-
ported new quinoxaline-based P-chirogenic bisphosphine lig-
ands for the enantioselective Markovnikov hydroboration of al-
iphatic terminal alkenes.®! Those ligands were obtained from
the introduction of sterically bulky substituents on the phospho-
rus atoms, which was assisted by DFT calculations, i.e., im-
provement of ligand performance was achieved via synthetic
modifications of the substituents on the phosphorus atoms.32
However, the synthesis of the ligands is laborious, and the num-
ber of potential substructures on the phosphorus atoms is lim-
ited.

In the present study, we developed a novel series of high-
performance C,-symmetrical chiral bisphosphine ligand, (R,R)-
5,8-Si-QuinoxP* [Si = trimethylsilyl (TMS) groups, triethylsi-
lyl (TES) groups, or triisopropylsilyl (TIPS) groups] modified
by the introduction of the silyl groups on the ligand backbone
(Figure 1C, top).%*-%¢ The structures of these bisphosphines are
characterized by interlocking structures between the substitu-
ents on the phosphorus atoms and the silyl groups introduced at
the 5- and 8-positions of the quinoxaline backbone. We tested
these ligands in the copper(l)-catalyzed direct enantioconver-
gent borylation of allyl electrophiles, which has previously been
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Figure 1. A novel series of C,-symmetrical P-chirogenic bisphosphine ligands modified by the introduction of the silyl groups on
the ligand backbone for the enantioselective borylation of racemic allyl electrophiles.

achieved by the parent ligand (R,R)-QuinoxP*, albeit that the
substrate scope was limited. The ligand bearing TMS groups,
(R,R)-5,8-TMS-QuinoxP*, showed higher reactivity and enan-
tioselectivity for the copper(l)-catalyzed direct enantioconver-
gent borylation of heterocyclic allyl electrophiles than (R,R)-
QuinoxP* (Figure 1C, middle).? Furthermore, we successfully
developed a borylative kinetic resolution of linear allyl electro-
philes using (R,R)-5,8-TMS-QuinoxP* (Figure 1C, bottom). A
computational study investigating the effects of the sterically
demanding silyl groups indicated that (R,R)-5,8-Si-QuinoxP*
relatively destabilizes a dormant dimeric borylcopper(l) species
in the catalytic cycle via the entropic effect. This effect can be
expected to be important for the enhancement of the reactivity.
Furthermore, detailed calculations of the transition state (TS) of
the stereoselectivity-determining step revealed a strong enanti-
oselective recognition of carbon—carbon double bonds, which is
virtually unaffected by the chirality around the leaving group of
the racemic substrates in the case of the direct enantioconver-
gent borylation.

RESULTS AND DISCUSSION

To implement the backbone modification strategy, we intro-
duced sterically demanding silyl groups at the 5- and 8-posi-
tions of the quinoxaline backbone of (R,R)-QuinoxP* to afford
the new series (R,R)-5,8-Si-QuinoxP* (Figure 2). The lithia-
tion/silylation of 2,3-dichloroquinoxaline with lithium 2,2,6,6-
tetramethyl piperidide (TMPLi) and the corresponding silyl
electrophiles (RsSi—X) was carried out according to the condi-
tions used by Knochel and co-workers (Figure 2A).%” The reac-
tion of the resulting 5,8-disilyl-2,3-dichloroquinoxaline with

the corresponding chiral phosphine-borane nucleophilic species,

followed by deprotection of the borane group furnished the chi-
ral bisphosphine ligand (R,R)-5,8-Si-QuinoxP*.163 By using
similar synthetic procedures, we prepared a series of novel chi-
ral ligands, (R,R)-5,8-Si-QuinoxP* [Si = TMS, TES, or TIPS],
which bear various sterically demanding silyl groups (Figures
S1-S5). A single-crystal X-ray diffraction analysis revealed
that (R,R)-5,8-TMS-QuinoxP* is entirely twisted with

interlocking structures between the phosphine and silyl moie-
ties on the ligand backbone (Figure 2B). To investigate the co-
ordination behavior of this ligand toward transition metals, we
then prepared a palladium(I1) dichloride complex (Figure 2C).
The solid-state structure of this palladium(ll) complex also
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Figure 2. Synthesis and characterization of the silyl-modified
QuinoxP*-type ligands (R,R)-5,8-Si-QuinoxP*.



indicated the presence of twisted molecular plane and interlock-
ing structures between the silyl groups on the ligand and the
phosphine substituents.

We then applied these modified ligands to the copper(l)-cat-
alyzed direct enantioconvergent allylic borylation of racemic
six-membered cyclic allyl electrophiles (1) in order to deter-
mine their effect on the catalytic performance (Table 1).243%40-
42 We have previously reported that the copper(l)-catalyzed di-
rect enantioconvergent borylation using (R,R)-QuinoxP* can
provide chiral allylboronates from racemic allyl electrophiles
without an in-situ symmetrization. Regardless of the chirality
of the substrate, a single enantiomer was obtained via the anti-
Sn2' pathway and the syn-Sn2’ pathway from both enantiomers.
The direct enantioconvergent borylation of five-membered cy-
clic racemic allyl electrophiles under the reported reaction con-
ditions with Cu(O-t-Bu) furnished the corresponding al-
lylboronates in high yield (up to 98% yield with 97% ee). Con-
versely, the reaction of the six-membered cyclic allyl electro-
phile rac-1a showed lower enantioselectivity compared to that
of five-membered allylic electrophiles (91% ee).2* Moreover,
there was only one example of the reaction of six-membered
cyclic substrate rac-la. In any case, the use of Cu(O-t-Bu),
which is neither commercially available nor easy to handle, di-
minishes the utility of this reaction. However, the use of the
commercially available copper(l) precursor [Cu(MeCN)4]BF4
resulted in low reactivity and enantioselectivity (entry 1: 12%,
79% ee). Therefore, we examined a series of silyl-modified lig-
ands, (R,R)-5,8-Si-QuinoxP* [Si = TMS, TES, or TIPS] in the
direct enantioconvergent borylation of rac-1a (entries 2-5). In
the presence of (R,R)-5,8-TMS-QuinoxP*, the reactivity and
enantioselectivity were improved, even when [Cu(MeCN)4]BF4
was used (entry 2: 92%, 93% ee). When (R,R)-5,8-TMS-
QuinoxP* was tested under the conditions used for Cu(O-t-Bu),
the enantioselectivity was higher than that using silyl-free
(R,R)-QuinoxP* (entry 3: 77%, 94% ee).2* The reaction using
(R,R)-5,8-TES-QuinoxP* exhibited lower enantioselectivity,
albeit that the reactivity was still high (entry 4: 94%, 85% ee).
Conversely, the reaction using (R,R)-5,8-TIPS-QuinoxP*
showed high reactivity and enantioselectivity (entry 5: 95%,
93% ee). We also examined several chiral bisphosphine ligands,
i.e.,, (R)-SEGPHOS and (R,R)-Me-Duphos (entries 6 and 7).
Both chiral bisphosphine ligands resulted in low enantioselec-
tivity (entry 6: 57%, 25% ee; entry 7: 89%, 45% ee). Therefore,
it is feasible to conclude that the presence of the silyl groups on
the backbone of QuinoxP*-type ligands enhances the reactivity
and enantioselectivity of the direct enantioconvergent boryla-
tion of the six-membered-ring substrate.

Table 1. Ligand Screening for the Direct Enantioconvergent
Borylation of Racemic la.?

5 mol % [Cu(MeCN),]BF, 9&
Me0,CO 5 mol % ligand B"O

50 mol % K(O-t-Bu)
B,(pin), (2) (2.0 equiv)

rac-1a THF, 50°C, 24 h (S)-3a
. conv. Yyield ee
Entry Ligand )P (%) (%)
(R,R)-QuinoxP* 39 12 79
2 (R,R)-5,8-TMS-QuinoxP* 94 92 93
3d (R,R)-5,8-TMS-QuinoxP* >95 77 94

(RR)-58-TES-QuinoxP*  >95 94 85
(RR)-58-TIPS-QuinoxP*  >95 95 93

6 (R)-SEGPHOS 92 57 25
7 (R,R)-Me-Duphos 94 89 45

aConditions: [Cu(MeCN)4]BF4 (0.025 mmol), ligand (0.025
mmol), rac-1a (0.5 mmol), 2 (1.0 mmol), and K(O-t-Bu) (0.25
mmol) in THF (0.5 mL). *Yield and conversion values were de-
termined by quantitative *H NMR analysis of the crude material
using an internal standard. “Enantioselectivity values were de-
termined by HPLC analysis after derivatization by allylboration
of benzaldehyde with (S)-3a. 9Conditions: Cu(O-t-Bu) (0.05
mmol), ligand (0.05 mmol), rac-1a (0.5 mmol), and 2 (0.75
mmol) in Et20 (0.5 mL) at 30 °C.

Subsequently, we investigated the substrate scope of this di-
rect enantioconvergent borylation with respect to racemic five-,
six-, and seven-membered-ring substrates rac-1, including het-
erocycles, using (R,R)-5,8-TMS-QuinoxP* (Table 2). The ef-
fect of the silyl groups was also examined for each substrate
rac-1. Allylboronate (S)-3a was obtained in high yield and en-
antioselectivity when (R,R)-5,8-TMS-QuinoxP* was used
[(R,R)-5,8-TMS-QuinoxP*: 92%, 93% ee, (R,R)-QuinoxP*:
12%, 79% ee]. Furthermore, the reaction using (R,R)-5,8-TMS-
QuinoxP* was applicable to heterocyclic substrates rac-1b-1e.
Products including a piperidine structure with various protect-
ing groups were also furnished in higher yield and excellent en-
antioselectivity compared to those using (R,R)-QuinoxP* [(R)-
3b, (R,R)-5,8-TMS-QuinoxP*: 85%, 95% ee; (R,R)-QuinoxP*:
50%, 76% ee; (R)-3c, (R,R)-5,8-TMS-QuinoxP*: 84%, 90% ee;
(R,R)-QuinoxP*: 67%, 83% ee; (R)-3d, (R,R)-5,8-TMS-
QuinoxP*: 84%, 90% ee, (R,R)-QuinoxP*: 38%, 82% ee].
Moreover, the reaction of the dihydropyran-type substrate rac-
1e afforded (R)-3e with high reactivity and excellent enantiose-
lectivity, albeit that (R)-3e was slightly unstable toward purifi-
cation on silica gel [(R,R)-5,8-TMS-QuinoxP*: 92%, 96% ee;
(R,R)-QuinoxP*: 84%, 80% ee]. The reactivity of the products
were slightly lower for dimethyl-moiety-bearing substrate rac-
1f, whereas the use of (R,R)-QuinoxP* afforded only trace
amounts of (S)-3f [(R,R)-5,8-TMS-QuinoxP*: 73%, 84% ee;
(R,R)-QuinoxP*: <5%]. Furthermore, we tested N,O-acetal and
acetal-type electrophiles rac-1g and rac-1h as substrates. The
reaction of N,O-acetal rac-1g was carried out at low tempera-
ture (0 °C) due to the relatively high reactivity of the substrate.
Even then, the enantioselectivity of enamine-bearing product
(S)-3g was moderate (90%, 79% ee). However, the reactivity
and enantioselectivity obtained for acetal-type substrate rac-1h
were low (40%, 56% ee). (R,R)-QuinoxP* was not applicable
for either rac-1g or rac-1h [(S)-3g: 10%; (S)-3h,: <5%]. These
results clearly demonstrate the advantageous reactivity and en-
antioselectivity of 5,8-TMS-QuinoxP* relative to QuinoxP*.

Next, we examined the direct enantioconvergent borylation
of five-membered-ring substrates using (R,R)-5,8-TMS-
QuinoxP* and (R,R)-QuinoxP*. The reactions of the cyclopen-
tenol derivative rac-li using (R,R)-5,8-TMS-QuinoxP* or
(R,R)-QuinoxP* resulted in similar yield and enantioselectivity
of (S)-3i [(R,R)-5,8-TMS-QuinoxP*: 80%, 92% ee; (R,R)-
QuinoxP*: 81%, 91% ee]. Although the reaction of the five-
membered-ring racemic tertiary allyl alcohol substrate rac-1j
with (R,R)-5,8-TMS-QuinoxP* provided the corresponding al-
lylboronate (S)-3j with slightly lower enantioselectivity com-
pared to (R,R)-QuinoxP*, the reactivity of the borylation using
(R,R)-5,8-TMS-QuinoxP* was significantly higher than that of
(R,R)-QuinoxP* [(R,R)-5,8-TMS-QuinoxP*: 92%, 94% ee;
(R,R)-QuinoxP*: 48%, 97% ee]. In the case of the reaction of
the seven-membered-ring substrate, rac-1k, (R,R)-5,8-TMS-
QuinoxP* also showed higher reactivity and enantioselectivity




Table 2. Substrate Scope of the Direct Enantioconvergent Borylation with Respect to Racemic Substrates.?

\sli/ Me \L
LG o0 o 5 mol % [Cu(MeCN)JBF; o e
R x + \E—B: :t 5 mol % (R,R)-5,8-TMS-QuinoxP Ro 5._0 I
Yoy g o 50 mol % K(O-t-Bu) Yo N,
THF, 50°C, 24 h s 7(
rac- Ba(pin» (2) optically active I~ Me
o g (2.0 equiv) (SorRy3 (RR)5,8-TMS-QuinoxP*

Ts I'!soc ébz Me’ Me
(S)-3a [LG = OCO:-Me] (R)-3b [LG = OCO.Me] (R)-3c [LG = OCO:-Me] (R)-3d [LG = OCO;Me] (R)-3e [LG = OCO-Me] (S)-3f [LG = OCO.Me]
(R,R)-QuinoxP* (R,R)-QuinoxP* (R,R)-QuinoxP* (R,R)-QuinoxP* (R,R)-QuinoxP* (R,R)-QuinoxP*
12%, 79% ee 50%, 76% ee 67%, 83% ee 38%, 82% ee B84%, 80% ee <5%

(R,R)-5,8-TMS-QuinoxP* (R,R)-5,8-TMS-QuinoxP*  (R,R)-5,8-TMS-QuinoxP*  (R,R)-5,8-TMS-QuinoxP* (R,R)-5,8-TMS-QuinoxP*  (R,R)-5,8-TMS-QuinoxP*
92% (86%), 93% ee 85% (77%), 95% ee 84% (52%), 90% ee 84% (79%), 90% ee 92% (57%), 96% ee 73% (58%), 84% ee

% % p p%
? ? ?
o o 75 75
_N o) G (0] o)

(S)-3i¢ [LG = OBn] (S)-3j¢ [LG = OMe] (S)-3k [LG = OCO;Me]

(S)-3g°[LG = OMe] (S)}-3h [LG = OBn]
(R,R)-QuinoxP* (R,R)-QuinoxP* (R,R)-QuinoxP* (R,R)-QuinoxP* (R,R)-QuinoxP*
10% <5% 81% (57%), 91% ee 48%, 97% ee 27%, 63% ee
(R,R)-5,8-TMS-QuinoxP* (R,R)-5,8-TMS-QuinoxP* (R,R)-5,8-TMS-QuinoxP*

(R,R)-5,8-TMS-QuinoxP* (R,R)-5,8-TMS-QuinoxP*
90%, 79% ee 40%, 56% ee 80% (51%), 92% ee 92% (79%), 94% ee 79% (72%), 68% ee

aConditions: [Cu(MeCN)4]BF4 (0.025 mmol), ligand (0.025 mmol), rac-1 (0.5 mmol), 2 (1.0 mmol), and K(O-t-Bu) (0.25 mmol) in THF
(0.5 mL). Yield values were determined by quantitative *H NMR analysis of the crude material using an internal standard. Isolated yield
values are shown in parentheses. Enantioselectivity values were determined by HPLC analysis after derivatization by allylboration of
benzaldehyde with (S or R)-3. PReaction temperature: 0 °C with 0.025 mmol of K(O-t-Bu) (5 mol %). *Reaction temperature: 0 °C with
0.25 mmol of K(O-t-Bu) (50 mol %). YReaction temperature: 30 °C with 0.25 mmol of K(O-t-Bu) (50 mol %).

than (R,R)-QuinoxP*, albeit that the enantioselectivity was
moderate [(R,R)-5,8-TMS-QuinoxP*: 79%, 68% ee; (R,R)-

: Table 3. Substrate Scope for the Asymmetric Borylative Ki-
QuinoxP*: 27%, 63% ee].

netic Resolution of Linear Allyl Electrophiles 4.2

As the QuinoxP*-type ligands showed strong prochiral face
recognition for the alkene structure, we applied the current cat- 5mol % [Cu(MeCN)JBF, C,)‘k<
alyst system to the reaction of the racemic linear allyl car- Ry 5 mol % (RRY5.8 TMS-QuinaxP R, RH/\
bonates rac-(2)-4 (Table 3).*® At first, we anticipated that the LG R® 50mol % K(O-t-Bu) R? LG R?
direct enantioconvergence would also proceed in the case of the rac-(Z)-4 ?ﬁ,ﬁﬁ"ﬁ%&?f’ﬁ@j& h (SE)-5 (524

linear allyl electrophiles. However, the reaction of rac-(Z)-4 un- ElZ=<199 | g=0c0.Me
der the optimized conditions (Table 2) resulted only in moder-

ate enantioselectivity (74%, 48% ee). Thus, we investigated the 0’& Ph

possibility of kinetic resolution of linear allyl electrophiles of Me e é~o LéYg‘ o
the type rac-(2)-4. Our modified ligand (R,R)-5,8-TMS- m"h © \/\(,Ph
QuinoxP* exhibited high selectivity and reactivity for the v
. . - (S.E)-5b: 45% (30%)
borylative kinetic resolution of rac-(Z)-4 at low temperature. E/Z = >99:1, 86% ee E/Z = >99:1, 89% ee E/Z = >99:1, 83% ee
The (Z)-allyl carbonates rac-(Z)-4 were converted into the cor- (S,2)-4a: 58% (49%) (S.2)-4b: 51% (45%) (S.2)-4c¢: 44% (38%)
responding allylboronates (S,E)-5 with high selectivity [(S,E)- Bz =<1:09, 63% eo BZ=<110,74%ee  5Z=<119 00%ea
5a: 42%, 86% ee, s = 21.2; (S,E)-5b: 45%, 89% e, s = 16.9; s=212 s=169 s=213
(S,E)-5¢: 51%, 83% ee, s = 21.3], while the allyl carbonates
(S,2)-4 were recovered with moderate to high enantioselectivity Ph 9J§< Me 9& e 9'&
[(S,2)-4a: 58%, 63% ee; (S,2)-4b: 51%, 74% ee; (S,2)-4c: 44%, PAVLE Me)\/\ﬁ:o Ifto\
92% ee].** Furthermore, substrates bearing linear alkyl chains Ph
and an iso-propyl group at the allylic position were also appli-
cable to this kinetic resolution [(S,E)-5d: 45%, 88% ee; (S,Z)-
4d: 45%, 81% ee, s = 12.0; (S,E)-5e: 36%, 88% ee; (S,Z)-4e:
51%, 55% ee, s = 6.3]. The reaction of a substrate including an
acetal moiety gave the allylboronate in high enantioselectivity
[(S,E)-5f: 42%, 90% ee, (S,Z)-4f: 57%, 69% ee, s = 46.4]. In

(S.E)-5ab: 42% (33%) (S.E)-5c0: 51% (45%)

OMOM

(S,E)-5d<: 45% (38%)
ElZ =>99:1,88% ee

(S,E)-5e<: 36% (27%)
ElZ =>99:1, 88% ee
(S,2)-4d: 45% (38%) (5.2)-4e: 51% (47%)
E/Z =<1:99, 81% ee ElZ = <1:99, 55% ee
§=120 s=6.3

(S,E)-5f<: 42% (34%)
E/Z=>99:1, 90% ee
(S,Z)-4f: 57% (52%)
E/Z = <1:99, 69% ee
s=46.4

contrast, (R,R)-QuinoxP* and (R,R)-BenzP* showed extremely
low conversion of rac-(Z)-4.4°

aConditions: [Cu(MeCN)4]BF4 (0.025 mmol), ligand (0.025 mmol),
rac-(Z)-4 (0.5 mmol), 2 (1.0 mmol), and K(O-t-Bu) (0.25 mmol) in
THF (0.5 mL) at 40 °C. Yield values were determined by



quantitative *H NMR analysis of the crude material using an inter-
nal standard. Isolated yield values are shown in parentheses. Enan-
tioselectivity values were determined by HPLC analysis. Selectiv-
ity factor calculated from s = In[(1-C)(1-ee)]/In[(1-C)(1+ee)],
where ee = ee(recovered substrate)/100 and C = conversion/100.
PReaction temperature: —40 °C. °Reaction temperature: —20 °C.
dReaction temperature: 0 °C.

As several of the allylboronates synthesized were unstable
toward purification by column chromatography on silica gel,
we carried out a subsequent borylation/allylboration of the al-
dehyde without quenching after the borylation (Figure 3A).46-4
The corresponding chiral secondary alcohol (S,S)-6, bearing an
unsaturated piperidine moiety, was obtained in high yield with
excellent enantio- and diastereoselectivity (87% over two steps,
87% ee).*® Subsequently, we carried out a direct enantioconver-
gent borylation of the deuterated allyl electrophile rac-1a-D to
confirm whether this reaction proceeds without symmetrization
i.e., via w-allyl metal species (Figure 3B). The reaction of rac-
1a-D furnished the corresponding allylboronate (S)-3a-D with
deuterium incorporation at the alkene position (84%, 93% ee),
while a product with deuterium incorporated at the carbon
bound to the boryl group was not detected. This result indicates
that this reaction convergently and exclusively furnishes enan-
tiomer (S)-3a-D without symmetrization via e.g. a w-allyl cop-
per(111) intermediate.*5-5

A. One-pot (direct enantioconvergent borylation/allylation) procedure
standard HO

. H
MeO,CO conditions RCHO 5
N without o N
rac-1¢ Boc quenching (5,516 Boc

87%, 87% ee

B. Deuterium experiment
5 mol % [Cu(MeCN),]BF,

Me0-CO 5 mol % (R.R)-5,8-TMS-QuinoxP* D B(pin)
D (95% D)\O
(95% D) 50 mol % K(O-t-Bu)
Bx(pin); (2) (2.0 equiv)
rac-1a-D THF, 50 °C, 24 h (S)-3a-D

84%, 93% ee

Figure 3. Synthetic applications and deuterium incorporation
for the direct enantioconvergent borylation of rac-1.

A plausible reaction pathway for the copper(l)-catalyzed di-
rect enantioconvergent borylation is shown in Figure 4A.245355
First, copper alkoxide I is formed from the cationic copper(l)
precursor and a potassium alkoxide. A subsequent reaction of
copper(l) alkoxide I with diboron 2 furnishes borylcopper(l)
species 1. The coordination of the substrate rac-1a, followed
by the enantioselective borylcupration (TS1) of the carbon—car-
bon double bond, gives alkylcopper(l) intermediate IV. In this
step, the catalyst mainly recognizes the alkene geometry and is
not affected by the chiral center around the C-O bond of the
allyl carbonate rac-1a. Both anti- and syn-elimination from the
resulting mixture of diastereoisomers of the alkylcopper(l) in-
termediate convergently generate the single enantiomer (S)-3a.
In addition, according to previously reported computational and
experimental results, the dimers V of the borylcopper(l)-
bisphosphine complexes Il would be thermodynamically more
stable than the corresponding monomers.%%  The
borylcopper(l) dimers V can thus be considered a dormant spe-
cies of the copper(l)/diboron catalytic borylation system.

A. Catalytic cycle for the direct enantioconvergent borylation of rac-1a
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Figure 4. Proposed catalytic cycle and evaluation of potentially
dormant species bearing (R,R)-QuinoxP* and (R,R)-5,8-TMS-
QuinoxP*

We began investigating the effect of the silyl groups of
(R,R)-5,8-TMS-QuinoxP* on the higher reactivity relative to
(R,R)-QuinoxP* by an energetic analysis of borylcopper(l) di-
mers V using DFT calculations (Figure 4B). We compared the
estimated thermodynamic stability of borylcopper(l) dimer
complexes V and V', which bear (R,R)-QuinoxP* and (R,R)-
5,8-TMS-QuinoxP*, respectively. Similar to the previous re-
port, the relative Gibbs free energies (AG) of both dimeric spe-
cies V and V' were lower than those of monomeric species 11
and 11" [(R,R)-QuinoxP*, V (dimer): AG =-8.3 kcal/mol; (R,R)-
5,8-TMS-QuinoxP*, V* (dimer): AG = -2.4 kcal/mol; Figure
4B]. Furthermore, the relative free energy of dimer V', which
bears (R,R)-5,8-TMS-QuinoxP*, was higher than that of the di-
mer V, which bears (R,R)-QuinoxP* (AAG = +5.9 kcal/mol).
Although both relative enthalpy values (AH) of the dimeric spe-
cies were almost identical [V: AH = -28.7 kcal/mol; V*: AH =
—28.8 kcal/mol; AAH = —0.1 kcal/mol], the value of the term
including the relative entropy (-TAS) for V' was significantly
higher than that of V [V: —TAS = 20.4 kcal/mol; V': —-TAS =
26.4 kcal/mol; A(-TAS) = +6.0 kcal/mol]. Accordingly, the dif-
ference of the Gibbs free energy (AG) of the dimeric species
strongly depends on the entropy factor (—TAS). This comparison
suggests that the dimers would be relatively destabilized in the
case of the reaction using (R,R)-5,8-TMS-QuinoxP*. This
would lead to a higher concentration of the monomeric complex,
which is an active species for the borylation, and thus enhance
the reactivity. This is consistent with the experimentally ob-
served higher reactivity of (R,R)-5,8-TMS-QuinoxP* (Table 2
and 3). Given that the entropy effect more strongly affected si-
lyl-modified V" rather than V, we speculate that an inhibition of
the free rotation of the silyl groups and phosphine substituents
by the interlocking interactions in (R,R)-5,8-TMS-QuinoxP*
potentially increases the value of (-TAS) to destabilize the di-
meric species (for details, see Figures S6-S9, Tables S4-S6).



A. Energy diagram of the direct enantioconvergent borylation of rac-1a
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Figure 5. Energy diagram of reaction pathways of the direct enantioconvergent borylation of rac-1a and the activation Gibbs

energy values (AGY) of the borylcupration step (TS1).

Next, we carried out DFT calculations on the reaction paths
of the direct enantioconvergent borylation using (R,R)-5,8-
TMS-QuinoxP* (Figure 5A). In the case of the direct enantio-
convergent reaction of a racemic allyl electrophile with a C.-
symmetrical ligand, there are four possible reaction pathways:
two paths via which (R)- or (S)-1a afford the major product (S)-
3a [Figure 5A: path-a' and path-b'], and two via which they pro-
duce the minor product (R)-3a [Figure 5A: path-c' and path-d].
The calculated reaction pathways of rac-la, including the
borylcupration via TS1 and the p-elimination via TS2 suggest
that all activation energies of TS1 and TS2 can be reached at
the applied reaction temperature (50 °C), and that TS1 should
be the enantioselectivity-determining step because the borylcu-
pration is irreversible. Furthermore, four types of TSs of the
borylcupration of rac-1a (TS1) are conceivable: two transition
states (TSs) affording (S)-3a via the anti or syn-borylcupration
of (S)- or (R)-1a, respectively [Figure 5B: TS1-S-anti (TS1-a')
and TS1-R-syn (TS1-b%], and two affording (R)-3a via the syn
or anti-borylcupration of (S)- or (R)-1a [Figure 5B: TS1-S-syn
(TS1-c') and TS1-R-anti (TS1-d")]. The analysis of the free ac-
tivation energy values (AG!) of these four TSs (TS1-a'-d)
showed that the TS1 structures (TS1-a'-1: AG*= 28.2 kcal/mol;
TS1-b'-1: AG!= 27.6 kcal/mol) for the major enantiomer (S)-3a
are favored relative to those furnishing the minor product (R)-
3a (TS1-c-1: AGF = 29.7 kcal/mol; TS1-d-1: AG* =30.0
kcal/mol). Conversely, the activation-energy barriers are not
strongly affected by the geometry of the borylcupration (syn or
anti). The results of our calculations thus suggest that the

stereoselectivity of this direct enantioconvergent borylation is
controlled by the strong enantioselective recognition of the
prochiral alkene moiety, which does not depend on the allylic
stereogenic center.?* Furthermore, the Boltzmann-weighted av-
erage enantioselectivity of TS1 (for details, see Figures S13 and
S14) obtained from an exhaustive search for the TS1 structures
was in excellent agreement with the experimental value (eepre:
95% ee; eeexp: 93% eg).58

In order to further improve our understanding of the mech-
anism of the enantioselectivity, we focused on the confor-
mations of the bisphosphine ligand in the enantio-determining
TS (TS1) because the conformation of chiral bisphosphines
strongly relates to the chiral environment of the catalyst (Figure
6). An exhaustive structure search furnished 38 conformers of
TS1 (Figure S10). To categorize these structures, descriptors
based on the dihedral angles formed by the corresponding
bisphosphine-metal complex in the TS (¥, = C*-C2-P2-[M];
¥, C>-C-P1[M]) were defined.5*%° The dihedral angles can
be expected to describe a degree of twisting against the ligand
backbone for each phosphine moiety. For example, a negative
¥ value means that the tert-butyl group is inclined toward an
axial position, while a positive ¥ value means that the tert-bu-
tyl group is inclined toward an equatorial position (Figure 6A
bottom).

Subsequently, we plotted the calculated activation-energy
values (AG¥) of all TS1 conformations against both dihedral an-
gle () descriptors (Figure 6B). In this plot, the TS structures
could be categorized into three discretely distributed groups.



The conformations of the phosphine moieties in these groups
are represented by the combinations of the two dihedral angles
(%1 and ¥,): 1) bottom-opened conformers with positive ¥; and
negative ¥, (¥1 = 0, ¥, < 0) values; 2) top-opened conformers
with negative ¥; and positive ¥, (1< 0, ¥, £ 0) values; 3)
twisted conformers, in which both dihedral angles are negative
(P1< 0, ¥,<0). The lowest-energy TS structures of both race-
mic substrates for the major product (S)-3a (path-a' and path-b")
were found in the twisted conformer group (TS1-a'-1: AG* =
+28.2 kcal/mol, ¥ = -10.5°, ¥, = -21.9°; TS1-b'-1: AG* =
+27.6 kcal/mol, ¥, = -7.8°, ¥,=-24.1°), while the lowest-en-
ergy TS structures for the minor product (R)-3a (path-c' and
path-d") were found in the top-opened conformer group (TS1-
c-1: AG* = +29.7 kcal/mol, ¥, = -29.1°, ¥, = 7.2°; TS1-d-1:

AG* = +30.0 kcal/mol, ¥, =-27.7°, ¥,=8.0°). The plot based
on the dihedral angles (%) and the activation-energy (AG?*) thus
indicates that the twisted conformer group represents a favored
conformation for (S)-3a, and that the minor enantiomer (R)-3a
would mainly be furnished from the TS structures in the top-
opened conformer group. Interestingly, a distribution of the cal-
culated TS structures with (R,R)-QuinoxP* in this plot was con-

tinuously linear, and the twisted conformer group was not found,

which stands in contrast to those for (R,R)-5,8-TMS-QuinoxP*
(for details, see Figure S22). Therefore, these results suggest
that the dihedral angles (%) can be used as a descriptor for the
bisphosphines, and that there are conformational differences be-
tween (R,R)-5,8-TMS-QuinoxP* and (R,R)-QuinoxP* in the TS
of the borylcupration.®
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Figure 6. Relationship between the structure of the catalyst
conformers and the activation Gibbs energy values (AG¥) of the
borylcupration step (TS1).

We conducted a distortion—interaction analysis (DIA) of the
38 calculated TS structures to quantitatively investigate the
origin of the enantioselectivity (Figure 7).* The calculated dis-
tortion energies of a greater part of the TS structures for the ma-
jor enantiomer (S)-3a (TS1-a'and TS1-b'": Eqist > 44.4 kcal/mol)
were smaller than those for minor enantiomers (TS1-c¢' and
TS1-d" Egist > 47.1 kcal/mol). Conversely, considerable differ-
ences were not found in the interaction energies between the TS
structures for (S)-3a and (R)-3a. Therefore, this analysis also
suggests that the enantioselectivity of this direct enantioconver-
gent borylation can be expected to be mainly controlled by the
steric interactions that distort the ligand or substrate 1a rather
than the interactions between the catalyst and the substrate (for
details, see Figures S13-S16).

A. DIA model of TS1 B. Electronic energies (AE*) of TS1
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Figure 7. Distortion-interaction analysis (DIA) of the borylcu-
pration step (TS1).

Finally, to investigate factors that affect the enantioselective
recognition of the C—C double bond of racemic allyl carbonate
la by (R,R)-5,8-TMS-QuinoxP*, we focused on the TS struc-
tures with the lowest activation energies for each enantiomer in
order to carry out a detailed structural analysis [TS1-a'-1 and
TS1-b'-1 for (S)-3a; TS1-c'-1 and TS1-d-1 for (R)-3a] (Figure
8). In the quadrant modeling of (R,R)-5,8-TMS-QuinoxP*, the
twisted conformation is characterized by a bisphosphine con-
formation that exhibits large reaction spaces in quadrants | and
I11. Conversely, the top-opened conformation is characterized
by a bisphosphine conformation that exhibits relatively large re-
action spaces in quadrants | and I1. In the TS structures catego-
rized as a twisted conformer (TS1-a'-1 and TS1-b'-1), which
give the major enantiomer (S)-3a, the allyl carbonate (R)- or (S)-
la was located in proximity to the large reaction space in quad-
rant 111 (Figures 8A and 8B). The B(pin) moieties are inclined
and located in quadrant I, which is also sterically less hindered
than quadrant 11, to minimize steric repulsion between the
B(pin) moieties and 1a. The twisted conformers are able to af-
ford (S)-3a because they provide sufficient reaction space for
the cyclohexyl moieties and their leaving groups X, even in a
cis-configuration (TS1-b'-1). Therefore, the enantioselectivity
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and TS1-d-1) with (R,R)-5,8-TMS-QuinoxP*. X = OCO,Me.

of the reactions of both enantiomers of the substrate can be ex-
pected to be controlled only by the recognition of the prochiral
C=C double bonds rather than by the substrate on the stereocen-
ter via the leaving group X. In contrast, the lowest-energy TS
structures that furnish the minor product (R)-3a for (R,R)-5,8-
TMS-QuinoxP*, which are categorized as top-opened conform-
ers (TS1-c'-1 and TS1-d'-1), would be destabilized by the steric
interactions between the cyclohexyl moieties of the substrates
and the tert-butyl group in quadrant IV (Figures 8C and 8D).
The results of our DFT calculations on the reaction of acetal
substrate rac-1h, which shows low enantioselectivity (56% ee),
furthermore indicate that the steric demand of the substrate on
the position adjacent to the leaving group located in quadrant
IV is important for the enantioselective recognition (Figure
S17).%2

CONCLUSIONS

We have developed a novel series of chiral bisphosphine lig-
ands, (R,R)-5,8-Si-QuinoxP*, modified by the introduction of
the silyl moieties on the backbone. The ligand displays high
performance in copper(l)-catalyzed direct enantioconvergent
allylic borylation and borylative kinetic resolution reactions.
The direct enantioconvergent allylic borylation using (R,R)-5,8-
TMS-QuinoxP* converts racemic heterocyclic compounds into
the corresponding allylboronate-functionalized heterocyclic
compounds in high yield and enantioselectivity (up to 92%
yield and 96% ee). Furthermore, the borylative kinetic resolu-
tion showed high s values for the chiral allylboronates (up to
90% ee, s = 46.4). A computational study of the effect of the
silyl groups on the backbone in (R,R)-5,8-TMS-QuinoxP* by
DFT calculations revealed that the rigid interlocking structure
entropically destabilizes the borylcopper(l) dimer, which is a
dormant species in the catalytic cycle, to enhance the reactivity.
Further mechanistic studies indicated the highly selective direct

enantioconvergent borylation is possible by the strong enanti-
oselective recognition of the prochiral alkene moiety which
does almost not depend on the chiral center at the allylic posi-
tion. Efforts to apply the new chiral bisphosphine ligand to other
enantioselective reactions, as well as to further develop back-
bone-modified P-chirogenic bisphosphine ligands, are currently
in progress in our laboratory.
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