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[2.2]Paracyclophane and its derivatives have a privileged three-
dimensional framework which was first discovered by Brown
and Farthing in 1949." Structurally, two stacked benzene rings
are distorted into a boat conformation, which is locked by two
ethylene bridges at their para-positions.> Owing to their rigid
scaffold, substituted paracyclophanes can show planar chiral-
ity.> Planar-chiral paracyclophanes can be used in various
chiral materials,” and also serve as ligands or auxiliaries in
asymmetric catalysis and stereoselective synthesis.>® Various
methods for the synthesis of enantiopure paracyclophanes
have been developed including classical stoichiometric resolu-
tion methods, chromatographic separation on chiral stationary
phases”® and catalytic asymmetric processes.”*°
Monosubstituted [2.2]paracyclophanes have been employed
as chiral ligands in asymmetric dialkylzinc additions to alde-
hydes, asymmetric cyclopropanation reactions and asymmetric
epoxidation reactions.’”® Monosubstituted [2.2]paracyclo-
phanes bearing chiral substituents were proved to control the
enantioselectivity of the reaction effectively because of the
interplay between the planar chirality of the [2.2]paracyclo-
phane and the central chirality of the substituents.®” Catalytic
synthesis of paracyclophane derivatives with planar and
central chirality has been less explored. In 2001, the group of
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selective arylation with arylboronic acids. The catalytic process provided reliable access to enantiopure
paracyclophane derivatives with planar and central chirality as well as the recovered chiral aldimines with
a selectivity factor up to 368. Furthermore, the synthetic utility of the [2.2]paracyclophane aldimines has
been demonstrated by converting them into useful chiral building blocks.

Kagan realized the kinetic resolution of 4-acetyl[2.2]paracyclo-
phane by borane reduction in the presence of a CBS catalyst,
giving 1-[4-[2.2]-paracyclophan-yl]-ethan-1-ol with 74% ee and
9.4:1 dr (Scheme 1a).'°* Recently, the kinetic resolution of
enone-substituted [2.2]paracyclophane by peptide-catalyzed
Michael addition of nitromethane was developed by Kudo and
co-workers; the ee value of the recovered material was moder-
ate (63%) (Scheme 1b).'°” However, these examples of the
construction of paracyclophanes with planar and central chir-
ality featured limited substrate scope. Hence, the development
of a facile approach to prepare paracyclophane derivatives with
an excellent selectivity factor and broad substrate scope is
highly desirable.
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Scheme 1 Synthesis of [2.2]paracyclophane derivatives with planar and
central chirality via kinetic resolution.
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Metal-catalyzed addition of arylboron reagents to activated
imines has achieved great success in the construction of chiral
amine compounds.'>'* Due to the high efficacy and robust-
ness of palladium catalysts, much attention has been directed
to the development of palladium-catalyzed enantioselective
addition of arylboronic acids."”> We envisaged that palladium-
catalyzed asymmetric addition could be applied to the kinetic
resolution of [2.2]paracyclophane aldimines for the facile syn-
thesis of paracyclophane derivatives with planar and central
chirality. Herein, we report the kinetic resolution of [2.2]para-
cyclophane aldimines via palladium-catalyzed addition of aryl-
boronic acids, providing a series of paracyclophane derivatives
with planar and central chirality with an excellent selectivity
factor (Scheme 1c).

To begin our investigation, racemic N-tosyl[2.2]paracyclo-
phane-4-methanimine 1a and phenylboronic acid were chosen
as model substrates. Our previous work showed that bidentate
phosphine-oxazoline ligands are effective for the Pd-catalyzed
asymmetric addition of arylboronic acids to aldimine.'?*!
Based on the previous reports, (S)-‘Bu-Phox was chosen as the
initial ligand. This kinetic resolution of rac-1a was conducted
in the presence of the Pd(OCOCF;),/(S)-‘Bu-Phox catalyst at
60 °C. Satisfyingly, the reaction proceeded smoothly, giving the
desired addition adduct 3a. The obtained product 3a was
in situ allylated with allyl bromide to furnish less polar tertiary
N-allyl amine 2a which was more easily separable. At 55% con-
version of the substrate rac-1a, the recovered aldimine 1a and
product 2a could be resolved to 96.0% ee and 97.7% ee,
respectively, albeit with only 4:1 dr (Table 1, entry 1, s factor
was 32). Therefore, the main challenge is to improve the
diastereoselectivity. A series of planar chiral phosphinooxazo-
line ligands were examined (Table 1, entries 2-5). Ferrocene-
derived L2 was the favourable ligand in terms of diastereo-
selectivity and kinetic resolution efficiency. Solvents also
played an important role in the reaction. The reaction was
shut down in 1,2-dichloroethane or 1,4-dioxane (Table 1,
entries 6 and 7). When the addition was conducted in HFIP,
the conversion of the substrate rac-1a decreased dramatically
and only 13% conversion was obtained (Table 1, entry 8).
Subsequently, the effect of temperature was evaluated. On
decreasing or increasing the reaction temperature, the kinetic
resolution efficiency diminished (Table 1, entries 9 and 10).
The s factor was cooperatively affected by the conversion of the
substrate and enantioselectivity of the recovered aldimine 1a.
When the conversion was over 50%, the s factor was lower with
a higher conversion. When the quantity of PhB(OH), was
decreased to one equivalent, the reaction proceeded success-
fully with high kinetic resolution efficiency (Table 1, entry 11,
s factor was 115). Therefore, the optimal conditions were
established as: Pd(OCOCF;),/L2/PhB(OH), (1.0 eq.)/TFE
(2.0 mL)/60 °C.

With the optimized conditions in hand, we evaluated the
substrate scope and generality (Table 2). Firstly, the effect of
the substituent on the benzene ring of arylboronic acid was
examined. The diastereoselectivity could be influenced
unfavourably by steric effects. In comparison with the reac-
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Table 1 Optimization of the kinetic resolution?
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(S)-L1 (Rp,S)-L2 (Rp,S)-L3 (Rp,S)-L4 (Rp,S)-L5
rac-1a laee® 2aee’

Entry L Solvent conv.” (%) (%) (dr)? s¢
1 L1 TFE 55 96.0 97.7 (04:1) 32
2 L2 TFE 52 95.1 98.0 (12:1) 57
3 L3 TFE 50 85.9 94.0 (16:1) 36
4 L4 TFE 58 92.6 88.2(09:1) 16
5 L5 TFE 48 76.1 95.1(13:1) 24
6 L2 DCE <5 — — —
7 L2  Dioxane <5 — — —
8 L2  HFIP 13 8.1 97.3(12:1) 4
9f L2 TFE 48 76.0 99.1(15:1) 23
108 L2 TFE 56 93.8 97.6 (13:1) 23
11" L2 TFE 50 94.0 97.8(12:1) 115
12 L2  TFE 49 81.6 98.6 (11:1) 31

“ Conditions: rac-1a (0.10 mmol), PhB(OH), (0.15 mmol), Pd(OCOCFg,)2
(5.0 mol%) (5.0 mol%), solvent (2.0 mL), 60 °C, 15 h. ” Determined
by "H NMR analysis using benzyl ether as the 1nternal standard.

“Determined by chiral HPLC analysis. ¢ Determined by "H NMR spec-
troscopy. ¢ Calculated selectivity factors: C = conv., s = In[(1 — C)(1 — ee
of 1a)]/In[(1 — C)(1 + ee of 1a)]./ The reaction was carried out at 40 °C.
£The reaction was carried out at 80 °C. " Using 1.0 equiv. PhB(OH),
(0.10 mmol). * Using 0.6 equiv. PhB(OH), (0.06 mmol).

tions of the substrates bearing a meta-substituted or para-sub-
stituted aryl group, a slightly lower diastereomeric ratio was
obtained for the ortho-substituent on the benzene ring
(Table 2, entries 2-4). It was also found that the electronic pro-
perties of the arylboronic acids had an obvious influence on
the kinetic resolution efficiency. Electron-withdrawing substi-
tuents (-F, -CF3) on the aromatic ring were accommodated
with excellent kinetic resolution efficiency (Table 2, entries 5, 6
and 8). Halogens such as 4-Cl and 3-Cl were also suitable,
which allow further potential functionalization (Table 2,
entries 7 and 9). The reaction conditions were compatible with
a methoxy group, albeit with lower enantioselectivity of the
recovered aldimine (—)-1a (Table 2, entry 10, s factor was 39).
Moreover, a naphthalene-derived boronic acid also provided
the desired product (+)-2k (Table 2, entry 11). For aliphatic
boronic acids including methylboronic acid, n-butylboronic
acid and trans-2-phenylvinylboronic acid, when the reaction
was conducted under the standard conditions for 15 h, unfor-
tunately, no reaction occurred. We next focused on expanding
the aldimine scope. para-Substituted [2.2]paracyclophane ald-
imine rac-1b underwent the Kkinetic resolution process

Org. Chem. Front, 2019, 6, 3956-3960 | 3957
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Table 2 Substrate scope for the kinetic resolution of [2.2]paracyclophane aldimines 1

Pd(OCOCF3),, L2 A A~ B
R/%N/Ts - D . R/%N/Ts + A _Ts
ArB(OH),, TFE, RN

60°C, 15 h (R 3

NaH, DMF, 2 h

2a: Ar=CgHs

2b: Ar = 2-MeCgHy4
h 2c: Ar = 3-MeCgH4
Ts 2d: Ar = 4-MeCgHy4
2e: Ar=4-FCgHy
2f: Ar = 4-CF3CgH,

2g: Ar = 4-CICgH4

2h: Ar = 3-FCgH,4 HsC.
2i: Ar = 3-CICgHq4

2j: Ar = 4-MeOCgH,

2k: Ar = 2-Naphthyl

2l: Ar=CgHs
2m: Ar = 4-CICgH,

Entry rac-1 conv.” (%) 1 yield® (%) 1 ee? (%) 2 2 yield‘ (%) 2 ee? (%) 2 dr” s¢

1 50 39 93.7 2a 48 98.8 12:1 108
2 50 38 80.1 2b 50 98.7 7:1 22
3 56 28 91.2 2¢ 49 98.1 12:1 19
4 55 36 88.0 2d 53 98.3 13:1 17
5 51 43 99.2 2e 49 96.3 16:1 229
6 51 37 98.5 2f 51 98.7 >20:1 177
7 51 40 99.6 2g 50 98.9 >20:1 281
8 51 41 97.4 2h 50 98.9 >20:1 131
9 51 42 98.4 2i 50 99.4 >20:1 172
10 49 45 83.9 2j 48 96.5 13:1 39
11 50 41 82.3 2k 48 98.4 12:1 26
127 51 40 99.4 21 50 97.9 8:1 251
13/ 51 42 99.9 2m 47 97.9 17:1 368
14* 15 85 13.2 2n 12 99.4 >20:1 8

“ Conditions: rac-1 (0.20 mmol), ArB(OH), (0.20 mmol), Pd(OCOCF;), (5.0 mol%), L2 (5.0 mol%), TFE (4.0 mL), 60 °C, 15 h. ” Determined by 'H
NMR spectroscopy. ‘ Isolated yield. ¢ Determined by HPLC. ¢ Calculated selectivity factors: C = conv., s = In[(1 — C)(1 — ee of 1)/In[(1 — C)(1 + ee of

1)]./ rac-1b (0.20 mmol). € rac-1c (0.20 mmol).

smoothly under the optimized reaction conditions (Table 2,
entries 12 and 13). It is worth noting that by employing
4-chlorophenylboronic acid in this transformation, aldimine
(—)-1b was isolated with 42% yield and 99.9% ee together with
the addition product (+)-2m with 47% yield and 97.9% ee
(s factor was 368, 17:1 dr). But for the ortho-substituted [2.2]
paracyclophane aldimine rac-1¢, only a small amount of the
product was observed, and the s factor was low; the reason
might be the obvious steric effect (Table 2, entry 14). In
addition, we investigated the aldimine of [2.2]paracyclophane-
derived o,f-unsaturated aldehyde; the reaction system was
complicated. The vinylogous substrate might be unstable
under these conditions. The absolute configuration of (+)-2a
and (+)-21 was unambiguously confirmed as (S,,S) by X-ray
crystallographic analysis; the configuration of the recovered
aldimines (—)-1a and (—)-1b was assigned R, configuration by
comparison with X-ray crystallographic data of the compounds
(+)2a and (+)-21.

To demonstrate the synthetic versatility of the recovered
aldimine (Rp)-1a, a variety of transformations of (R,)-1a were
conducted (Scheme 2). Reduction of aldimine (R,)-1a with
sodium borohydride delivered amine 4 in 94% yield without
loss of optical purity. (Rp)-1a was also converted into the
corresponding aldehyde 5a by hydrolysis in the presence of
hydrochloric acid. Significantly, treatment of (R,)-1a with a
phenyl Grignard reagent afforded the desired adduct with high
diastereoselectivity, followed by allyl protection, giving the
enantiomer (Rp,R)-2a with 99% ee and 98% yield. In addition,
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H (RyR)-6
90% yield, 99% ee

1. Allyl bromide, Zn
2. Allyl bromide, NaH
3. Grubbs's Il catalyst
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(Ry)-5a (Rp)-4
95% yield, 99% ee 94% vyield, 99% ee

1. PhMgBr
2. Allyl bromide, NaH

(Rp,R)-2a
98% yield, 99% ee

Scheme 2 Derivatizations of the recovered material (Ry)-1a.

the Barbier reaction of (Rp)-1a worked well to provide the
addition product with high diastereoselectivity, followed by
protection of the secondary amino group to form the allyl-
amine. Ring-closing metathesis with the Grubbs catalyst suc-
cessfully gave the heterocycle 6 with 99% ee and 90% yield
over two steps. For the planar-chiral addition product (S,,S)-
2a, the selective removal of the tosyl group was achieved using
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N T Na/naphthalenide

(Sp,S)-2a: 99% ee (S5, 5)-T: 99% ee, 94% yield

Scheme 3 Desulfonylation of (S,,,S)-2a.

sodium naphthalenide, providing the free amine 7 with 99%
ee and 94% yield (Scheme 3).

Conclusion

In summary, an efficient method for the kinetic resolution of
racemic [2.2]paracyclophane aldimines has been developed via
palladium-catalyzed addition of arylboronic acids, giving a
variety of paracyclophane derivatives with planar and central
chirality as well as the recovered chiral aldimines with an
excellent selectivity factor. Moreover, the synthetic utility of the
recovered aldimines was demonstrated by converting them
into useful chiral [2.2]paracyclophane-based building blocks.
This protocol provides new access to paracyclophane deriva-
tives with planar and central chirality. Further studies toward
new approaches to synthesize chiral [2.2]paracyclophanes will
be reported in due course.

Experimental

A typical procedure for kinetic resolution of [2.2]
paracyclophane aldimines

A Schlenk tube was charged with Pd(OCOCF;), (3.3 mg,
0.01 mmol) and (Rp,$)-L2 (5.0 mg, 0.01 mmol) under nitrogen,
and degassed anhydrous acetone (1.5 mL) was added. The
mixture was stirred at room temperature for 1 h. The solvent
was removed under vacuum to obtain the catalyst. Then the
substrate rac-1a (0.20 mmol), arylboronic acid (0.20 mmol)
and 2,2,2-trifluoroethanol (4.0 mL) were added into the tube
under nitrogen. The mixture was heated to 60 °C. After stirring
at 60 °C for 15 h, the reaction mixture was cooled to room
temperature, and the solvent was removed by rotary evapor-
ation. The resulting mixture was dried under vacuum and the
conversion of rac-1a was confirmed by "H NMR analysis with
benzyl ether as an internal standard. The solvent was removed
in vacuo; the recovered material (—)-1a (30.7 mg, 50% conv.,
39% yield, 93.7% ee) and the addition product 3a were isolated
by column chromatography on silica gel using hexanes and
ethyl acetate as an eluent. Enantiomeric excess of the recov-
ered material (—)-1a was determined by HPLC (AD-3 column,
n-hexane/i-PrOH 80/20, 0.8 mL min™", 254 nm, 30 °C), t; =
16.6 min (minor), ¢, = 18.9 min (major).

To a solution of the addition product 3a in dry N,N-di-
methylformamide (DMF, 1.0 mL), sodium hydride (15 mg,
0.38 mmol, 60% wt.) was added at 0 °C, and then allyl
bromide (36 mg, 26.0 uL, 0.30 mmol) was added dropwise.

This journal is © the Partner Organisations 2019
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The reaction mixture was warmed to room temperature and
stirred at room temperature for 2 h. Water (5.0 mL) was added,
and the reaction mixture was extracted with ethyl acetate
(10 mL x 3). The combined organic layer was washed with
brine, dried using anhydrous sodium sulfate and filtered, con-
centrated in vacuo and analyzed by crude 'H NMR to deter-
mine the diastereomeric ratio. The solvent was removed
in vacuo, and the residue was purified by column chromato-
graphy on silica gel using hexanes and ethyl acetate as an
eluent to afford the product (+)-2a (48.9 mg, 48% yield, 12:1
dr, 98.8% ee). Enantiomeric excess of the product (+)-2a was
determined by HPLC (AD-H column, n-hexane/i-PrOH 90/10,
1.0 mL min~', 254 nm, 30 °C), ¢, = 6.9 min (major), ¢, =
7.5 min (minor).
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