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Asymmetric ring-opening reaction of meso-
epoxides with aromatic amines using homochiral

metal—organic frameworks as recyclable
heterogeneous catalystsy
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Kazusada Nakaji,® Maja Morawiak® and Zofia Urbanczyk-Lipkowska®

An efficient asymmetric ring-opening (ARO) reaction of meso-epoxides with aromatic amines catalysed by
a series of homochiral metal-organic frameworks (MOFs) was carried out. Excellent results (up to 95% ee)

for the ARO of cyclohexene oxide with several aromatic amines were achieved with a homochiral MOF

derived from the ligand (R)-2,2'-dihydroxyl-1,1-binaphthalene-5,5-dicarboxylic acid. Furthermore,

Received 16th June 2018
Accepted 31st July 2018

homochiral MOFs based on (R)-2,2'-dihydroxy-1,1-binaphthyl-4,4’-di(4-benzoic acid) and (R)-2,2'-

diethoxy-1,1'-binaphthyl-4,4’-di(5-isophthalic acid) catalysed ARO reactions of cis-stilboene oxide with 1-
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Introduction

Chiral B-amino alcohols are useful building blocks for biologically
active natural products such as therapeutic agents, B-blockers,
insecticidal agents, antimalarial agents and oxazolines," as well as
important auxiliaries and ligands in asymmetric synthesis.> Several
methods for the asymmetric synthesis of these compounds have
been developed. Among them, the catalytic asymmetric ring
opening (ARO) of meso-epoxides with amines is one of the most
important and straightforward strategies to synthesize optically
enriched B-amino alcohols.® Several reports have appeared for the
synthesis of B-amino alcohols through the ARO of meso-epoxides
with anilines.* However, homogeneous catalysts have been widely
applied. Porous metal-organic frameworks (MOFs) with high
surface areas and thermal stabilities have attracted much attention
recently owing to their versatile applications in storage,® separa-
tion,® sensing,” and catalysis.® In particular, chiral MOFs, which are
assembled using chiral organic ligands and metal ions, are of
interest for applications in enantioselective separation and catal-
ysis, which are important for the pharmaceutical industry. In 2008,
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naphthylamine in high yield (up to 95%) and excellent enantioselectivity (up to 97%) of the B-amino
alcohol. The MOF catalysts were recoverable and recyclable with retention of their performance.

we reported the synthesis of (R)-CuMOF-1** by treating (R)-2,2"-
dihydroxyl-1,1'-binaphthalene-5,5"-dicarboxylic ~acid 1 with
Cu(NO3),, and investigated its catalytic activity toward ARO reac-
tions of cyclohexene oxide with some aniline derivatives to furnish
the corresponding B-amino alcohols in moderate enantioselectiv-
ities ranging from 43-51% ee.** Recently, we synthesized (R)-
CuMOF-2 from (R)-2,2’-dihydroxyl-1,1"-binaphthalene-4,4’-di(4-
benzoic acid) 2 and its application to the efficient heterogeneous
catalyst for the asymmetric Diels-Alder reaction of isoprene with
N-ethyl maleimide has been reported.” We also constracted (R)-
CuMOF-3 from (R)-2,2'-dihydroxyl-1,1’-binaphthalene-5,5’-di(4-
benzoic acid) 3, which exhibited high catalytic activity in the
Diels-Alder reaction of acrolein and 1,3-cyclohexadiene.™
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In this study, we report the synthesis of a novel homochiral
(R)-ZnMOF-4 from (R)-2,2'-dihydroxy-1,1’-binaphthyl-4,4’-di(5-
isophthalic acid) 4 and the application of (R)-CuMOF-1, (R)-
CuMOF-2, (R)-CuMOF-3 and (R)-ZnMOF-4 as recyclable hetero-
geneous catalysts for the ARO reaction of meso-epoxides with
some aromatic amines to form optically active f-amino alcohols.

Results and discussion
Synthesis of (R)-CuMOF-1, (R)-CuMOF-2 and (R)-CuMOF-3

(R)-CuMOF-1,° (R)-CuMOF-2" and (R)-CuMOF-3"* were synthe-
sized by the methods reported earlier.

Synthesis and characterization of a new (R)-ZnMOF-4
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Chiral organic ligand (R)-2,2'-dihydroxy-1,1’-binaphthyl-4,4’-
di(5-isophthalic acid) 4 was synthesized by Suzuki cross-
coupling of dimethyl 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-ylisophthalate =~ and  (R)-4,4’-dibromo-2,2'-diethoxy-1,1'-
binaphthyl (prepared from (R)-4,4'-dibromo-2,2'-dihydroxy-1,1'-
binaphthyl),”* followed by hydrolysis and acidification. (R)-
ZnMOF-4 was obtained as pale-yellow prisms after a sol-
vothermal reaction of the chiral organic linker (R)-4 and
Zn(NOj3),-6H,0 in a mixed solvent (N,N-dimethylacetamide-
EtOH) at 110 °C for 2 days. The structure was characterized by IR
spectroscopy (Fig. S17), thermogravimetric analysis (Fig. S27),
solid CD spectroscopy (Fig. S31). The observed powder XRD
patterns (Fig. S47) are the same as the simulated ones (Fig. S57),
demonstrating phase purity of the bulk samples. N, adsorption
isotherm (Fig. S6+1) and BET plot (Fig. S7t) of (R)-ZnMOF-4 were
also determined.

X-ray diffraction analysis revealed that a rigid metal-organic
framework was constructed around two pentacoordinated Zn(u)
cations with the nearest Zn1---Zn2 distance 3.384(2) A, which
were bridged by three carboxy groups from three different chiral
ligands (Fig. 1). The Zn1-O distances were 1.977(4) A-2.062(6) A,
and the Zn2-O lengths span was in the range of 1.940(5)-
2.476(5) A. A trigonal bipyramidal coordination sphere of Zn1
cation was completed by another monodentate carboxylate, one
water and one C, whereas the coordination sphere of the Zn2
had as geometry of a very distorted trigonal bipyramid and was
completed by one monodentate carboxy groups (Fig. S6t). Other
structural features that may be essential for the catalytic process
is the presence of three N,N-dimethylacetamide molecules in
the structure - one coordinated to Zn1 and two trapped in the
crystal lattice by a few C-H---O hydrogen bonds. The crystal
contained two N,N-dimethyalcetamide, one water and one
ethanol molecules, all with half occupancy. A low R-factor
(0.0664), reasonable goodness-of-fit (1.08) and small residual
density (0.83 e) suggested that no additional solvent molecules
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Fig. 1 X-ray structure of (R)-ZnMOF-4, shown down a-axis. Color
codes: Zn(i) — green, O —red, N — blue, C, H — grey.

were present in crystals. A collection of separate voids present in
the unit cell of (R)}-ZnMOF-4 occupies only ca. 275 A® (8.6%) of
the total unit cell volume (Fig. S77).

When all solvent molecules excluding one scaffold-firming
and coordinated to Zn(u) N,N-dimethylacetamide molecule
were removed the structure became more porous. In such case,
the calculated volume of Connolly's surface that was acces-
sible for substrates (solvent) adsorption-desorption process was
enhanced to 1329 A%, ie. 41% of the unit cell volume. The
analysis of a spatial distribution of possible transportation
pathways in the chiral (R)-ZnMOF-4 revealed that there are two
channels present in the crystals that are oriented along g-axis.
Their estimated cross-sections are: for channel 1 - 4.7 x 7.7 A
and for channel 2 - 5.6 x 5.6 A (Fig. 2 and S67). It is obvious
from these estimations that all solvated epoxides as well as
aniline derivatives fit well to both channels. Moreover, both
channels have large chiral side compartments where reaction
might proceed and products might be temporarily stored.
Molecular dimensions of the reaction product 8a calculated
from X-ray data (CCDC 281038)"* suggest that such molecules
might migrate down the channels, particularly when raising
temperature facilitates higher motions of both, molecules
constructing MOF scaffold and reaction products. Efficient
catalyst turnover and lack of strong H-bond donor or acceptor in

channel 2

side entrance

Fig. 2 Connolly's surface calculated from X-ray structure of (R)-
ZnMOF-4 showing diameters and topology of two channels.

This journal is © The Royal Society of Chemistry 2018
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solid (R)-ZnMOF-4 suggests that probably N,N-dimethylaceta-
mide molecule coordinated to Zn(u) does not contribute
significantly to the stability of the MOF's scaffold and can be
replaced by epoxide molecule in catalytic process.

Asymmetric ring-opening reaction

First, we evaluated the catalytic asymmetric ring opening reac-
tion of cyclohexene oxide 5b with N-methylaniline using evac-
uated (R)-CuMOF-1 as a heterogeneous chiral catalyst. When an
equimolar mixture of cyclohexene oxide (0.5 mmol) and N-
methylaniline (0.5 mmol) was stirred in various solvents (1 mL)
in the presence of (R)-CuMOF-1 (10 mol%) at 50 °C for 48 h,
optically active B-amino alcohol 6b was formed in the yields
shown in Table 1. Among the various solvents tested, only
CHCI]; furnished the desired product 6b in good yield (86%)
with excellent enantioselectivity (85%) (Table 1, entry 2). MeOH,
THF or toluene led to almost racemic 6b in lower yields with
poor enantioselectivities (Table 1, entries 1, 3 and 4). The A-B-
type stacking mode of (R)-CuMOF-1°* makes it likely that the
catalytic reaction takes place on the MOF surface. MeOH and
THF solvents interfere the coordination between epoxide and
the MOF metal center. On the other hand, toluene molecules
might interact with naphthol group through CH-w and w-=
interactions and prevent the access of the substrates to the
copper-paddlewheel unit affording only the racemic product.

To show the scope of this reaction, we extended it to several
cyclic epoxides and N-methylanilines using (R)-CuMOF-1 as
a catalyst (Table 2). The reaction worked well on five-, six-, and
seven-membered epoxides with N-methylaniline to form the
corresponding B-amino alcohols 6a-6c with moderate to good
enantioselectivities (Table 2, entries 1-3). Of the substituted N-
methylanilines, N-methyl-p-toluidine, N-methyl-p-anisidine and
N-methyl-p-chloroaniline furnished the desired B-amino alco-
hols 6f-6h in good yields (85-94%) with excellent enantiose-
lectivities (92-95%) (Table 2, entries 6-8). In contrast, N-methyl-
m-toluidine gave the product 6e in good yield (90%) but with
lower enantioselectivity (78%). The N-methyl-o-toluidine affor-
ded 6d in lower efficiency (19% yield) with moderate enantio-
selectivity (43%), maybe because of the steric constraint (Table
2, entry 4).

Table 1 Effect of solvent on the ARO reactions of cyclohexene oxide
and N-methyl aniline catalyzed by (R)-ZnMOF-1

OH

N

O>o + Ph-NH-Me

(R)-CuMOF-1

50C, 48 h, solvent

5b b e
Entry Solvent Yield® (%) Ee? (%) Config
1 MeOH 23 7 (1R,2R)
2 CHCl, 86 85 (1R,2R)
3 THF 1 9 (15,25)
4 Toluene 61 0 (1R,2R)

“ Determined by 'H-NMR. ” HPLC column: Chiralcel OD-H, eluent:
hexane/i-PrOH = 98/2, flow rate: 0.3 mL min ', detection: UV 254 nm.
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Table 2 Enantioselective ring-opening reaction of cycloalkane oxide
5 with aromatic amines catalyzed by (R)-CuMOF-1

(R)-CUMOF-1 OH
(CH@O + Ar-NH-Me (CH@ Ar
50°C, 48 h, CHCl3 ”rlu’
*gnid © e
cn=3
Entry Epoxide Ar Product Yield (%) Ee (%)
1 5a Ph 6a“ 93 68°
2 5b Ph 6b° 86 85
3 5¢ Ph 6¢ 20 89¢
4 5b 2-MePh 6d 19 43¢
5 5b 3-MePh 6e 90 78¢
6 5b 4-MePh of 94 92?
7 5b 4-MeOPh  6g 87 95¢
5b 4-CIPh 6h 85 92°¢

% HPLC column: Chiralcel OD-H, eluent: hexane/i-PrOH = 98/2, flow
rate: 0.3 mL min~}, detection: UV 254 nm. > HPLC column: Chiralcel

OB-H, eluent: hexane/i-PrOH = 99/1, flow rate: 0.5 mL min %,

detection: UV 254 nm. ° HPLC column: Chiralcel OB-H, eluent:
hexane/i-PrOH = 95/5, flow rate: 1.0 mL min~?, detection: UV 254 nm.
? (15,28)-isomer. ¢ (1R,2R)-isomer.

Next, we investigated the aminolysis of cis-stilbene oxide
with aniline, N-methylaniline and 1-naphthylamine by using
(R)-CuMOF-1, (R)-CuMOF-2, (R)-CuMOF-3 or (R)-ZnMOF-4 as
heterogeneous catalysts (Table 3). When an equimolar mixture
of cis-stilbene oxide and aniline were stirred in various solvents
in the presence of evacuated chiral MOFs at several tempera-
tures for 48 h, optically active B-amino alcohols 8a-c were
formed in the yields shown in Table 3. In the presence of (R)-
CuMOF-1 as a catalyst, cis-stilbene oxide 7 reacted with aniline
and N-methylaniline at 70 °C for 48 h afforded 8a and 8b in 19%
and 60% ee, respectively (Table 3, entries 1 and 2). The reaction
of cis-stilbene oxide 7 with bulky 1-naphthylamine gave 8c in
only 2% yield with 46% ee at 80 °C (Table 3, entry 3).

The reactions of cis-stilbene oxide with aniline and N-methyl
aniline using (R)-CuMOF-2 as a catalyst showed poor reactivity
and enantioselectivity (Table 3, entries 4-5), whereas the reac-
tion with bulky 1-naphthylamine furnished the product in 58%
yield and with excellent enantioselectivity (97% ee) at 80 °C
(Table 3, entry 6). (R)-ZnMOF-4 also exhibited moderate to good
enantioselectivities toward the reaction with aniline or N-
methyl aniline (Table 3, entries 10-11). While (R)-ZnMOF-4
catalyzed reaction with sterically bulky 1-naphthylamine fur-
nished in excellent enantioselectivity of 90% ee at 80 °C (Table
3, entry 12).

In contrast, the ARO reactions catalyzed by (R)-CuMOF-3
afforded the products in lower yields and enantioselectivities
(Table 3, entries 7-9).

Then we examined the temperature effect on the ARO reac-
tion of cis-stilbene oxide with 1-naphthylamine using (R)-
CuMOF-2 as a catalyst (Table 4). As shown in Table 4, the effi-
cient reaction did not occur at temperatures below 50 °C (Table
4, entries 1-4). When the temperature was higher than 60 °C,
the ARO reaction occurred efficiently with excellent enantiose-
lectivity up to 97% (Table 4, entries 5-7). A similar temperature

RSC Adv., 2018, 8, 28139-28146 | 28141
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Table 3 Enantioselective ring-opening reaction of cis-stilbene oxide
with aromatic amines in the presence of several homochiral MOFs
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Table 5 Control experiment of asymmetric ring-opening reactions of
cis-stilbene oxide and 1-naphthylamine

Ph MOF Ph OH
}o + Ar-NH-R I
_Ar
Ph 48 h, solvent Ph rIl
7 8 R

Entry MOF Ar R Solv.  Product T (°C) Yield (%) Ee® (%)
1 (RF1 Ph H MeOH 8a 70 20 19°
2 (R Ph Me MeOH 8b 70 38 60”
3 (R)-1 1-Naph H 2-PrOH 8c 80 2 46°
4 (R2 Ph H 2-PrOH 8a 80 8 20°
5 (R2 Ph Me 2-PrOH 8b 80 11 25¢
6 (R}2 1-Naph H 2-PrOH 8c 80 58 97°
7 (R-3 Ph H 2-PrOH 8a 80 1 15°
8 (RF3 Ph Me 2-PrOH 8b 80 19 14°
9 (R)-3 1-Naph H 2-PrOH 8c 80 11 14?
10 (R4 Ph H 2-PrOH 8a 80 80 57"
11 (R4 Ph Me CHCl; 8b 50 51 83°
12 (R}4 1-Naph H 2-PrOH 8c 80 95 90°

“ HPLC column: Chiralcel AD-H, eluent: hexane/i-PrOH = 95/5, flow
rate: 1.0 mL min~?, detection: UV 254 nm. ? (15,2S)-isomer. ° (1R,2R)-
isomer.

effect on the ARO reaction of cis-stilbene oxide with anilines has
been reported recently.*

We also performed control experiments to study the
confinement effect of (R)-ZnMOF-4 on the catalyst. When the
reaction was performed using Zn(OAc), as the catalyst, the
product was obtained in 7% yield (Table 5, entry 1). When the
reaction was performed using (R)-1,1-bi-2-naphthol (BINOL),
the (1R,2R)-8c was obtained in only 4% yield (Table 5, entry 2).
When a combination of (R)-BINOL and Zn(OAc), were used as
a catalyst, the reaction proceeded with a similar low efficiency,
affording a racemic mixture in 4% yield (Table 5, entry 3). These
results clearly showed that the reaction within the framework
can develop the enantioselectivity, and this may be attributed to

Table 4 Effect of temperature on the asymmetric ring-opening
reaction of cis-stilbene oxide with 1-naphthylamine in the presence of

(R)-CuMOF-2 as catalyst

Ph NHz (R)-CuMOF-2 Ph_,OH
}o + (IR, 2R)-I O

P OO heat, 48 h, 2-PrOH PH” N ‘
7

8c

Entry T (°C) Yield” (%) Ee? (%)
1 20 1 21
2 30 1 32
3 40 2 49
4 50 3 80
5 60 13 95
6 70 22 93
7 80 58 97

“ Determined by 'H-NMR. ” Determined by HPLC using Chiralpak AD-H
(Daicel).

28142 | RSC Adv,, 2018, 8, 28139-28146

Entry Cat. Yield (%) Ee (%) Config.
1 Zn(OAc), 7 0 —

2 (R)-BINOL Trace 3 (1R,2R)
3 Zn(OAc), + (R)}BINOL 4 0 —

4 (R)-CuMOF-1 4 46 (1R,2R)
5 (R)-CuMOF-2 58 97 (1R,2R)
6 (R)-CuMOF-3 11 14 (15,25)
7 (R)-ZnMOF-4 95 90 (15,25)

% HPLC column: Chiralcel AD-H, eluent: hexane/i-PrOH = 95/5, flow
rate: 1.0 mL min ", detection: UV 254 nm.

the restricted movement of the substrates in combination with
a multiple chiral induction in the confined system. It is also
interesting to note that the catalytic activity of (R)-ZnMOF-3"*
with higher solvent-accessible volume (66% of crystal volume)
was lower than that of (R)-ZnMOF-2'° (50% of crystal volume)
(Table 5, entries 5 and 6).

The reusability of the (R)-ZnMOF-4 catalyst was also inves-
tigated for the asymmetric ring-opening reactions of cis-stilbene
oxide and 1-naphthylamine. As shown in Table 6, (R)-ZnMOF-4
was recovered from the catalytic reaction by filtration, and the
recovered catalyst showed a similar high activity in conversion
and enantioselectivity. The decreasing reactivity of recovered
MOF in 3™ cycle may be due to the loss of the catalyst during the
filtration process. To confirm the heterogeneous nature of the
reaction, the asymmetric ring-opening reaction of cis-stilbene
oxide and 1-naphthylamine was performed under the optimized
reaction conditions. As shown in Fig. 3, the solid (R)-ZnMOF-4
catalyst was filtered from the reaction mixture after 24 h. The

Table 6 Recycling test of (R)-ZnMOF-4 in asymmetric ring-opening
reactions of cis-stilbene oxide and 1-naphthylamine

Entry Cycle Yield (%) Ee” (%)
1 1st 95 90
2 2nd 91 88
3 3rd 80 91

% HPLC column: Chiralcel AD-H, eluent: hexane/i-PrOH = 95/5, flow
rate: 1.0 mL min ™, detection: UV 254 nm.

100 et No Filtration = = = = = Filtration

80

so EESEEEEEEEESEE=
=X
40
20
1]
V] 24 48
Time(h)

Fig. 3 Heterogeneity test of asymmetric ring-opening reactions of
cis-stilbene oxide and 1-naphthylamine in the presence of (R)-
ZnMOF-4 (straight line) or after filtration of the catalyst at 24 h (dotted
line).

This journal is © The Royal Society of Chemistry 2018
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Scheme 1 A plausible mechanism of asymmetric ring-opening reac-
tion of cis-stilbene oxide with aromatic amine catalysed by (R)-
ZnMOF-4.

formation of product was interrupted by removing the catalyst
from the reaction mixture.

The reaction may proceed as follows: first, cis-stilbene oxide
coordinates to the Lewis acidic Zn site of (R)-ZnMOF-4 to form
an adduct: meanwhile, 1-naphthylamine is fixed by the NH-O
hydrogen bond with the carboxylate oxygen and preferentially
attacks the adjacent (R)-carbon atom of cis-stilbene oxide from
the backside position to give (1S,2S)-B-amino alcohol with
inversion of stereochemistry (Scheme 1).%

Conclusions

In this work, we have developed an efficient heterogeneous chiral
MOF catalyst for the synthesis of B-amino alcohols. The enan-
tioselective ring-opening reaction of cyclohexene oxide with N-
methylaniline derivatives gave optically active B-amino alcohols
in good yields and good to excellent enantioselectivities (up to
95% ee) using (R)-CuMOF-1 as catalyst. On the other hand, (R)-
CuMOF-2 and (R)-ZnMOF-4 catalysed ARO reaction of cis-stilbene
oxide with 1-naphthylamine furnished the corresponding f-
amino alcohol in high yield (up to 95%) and excellent enantio-
selectivity (up to 97% ee). The MOF catalyst was recyclable with
retention of the enantioselectivity. Further study of the mecha-
nism and the scope of this reaction are now underway.

Experimental
Synthetic procedures of (R)-ZnMOF-4

(R)-4,4-dibromo-2,2'-diethoxy-1,1'-binaphthyl. (R)-4,4-
dibromo-2,2’-dihydroxy-1,1’-binaphthyl** (100 mg, 0.23 mmol)
was dissolved in warm acetone (25 mL). To this was added
potassium carbonate (317 mg, 2.3 mmol) and ethyl iodide (0.92
mL, 11.5 mmol) and stirred at room temperature for 24 h. The
mixture was then extracted with EtOAc. The organic layers were
washed with water and then dried over MgSO,. Removal of the
solvent afforded the product as a white solid (110 mg) in 99%
yield. Mp: 103-105 °C. 'H NMR (CDCl,, 400 MHz) 6 8.23 (d, ] =
8.2 Hz, 1H), 7.73 (s, 1H), 7.45-7.38 (m, 1H), 7.25-7.20 (m, 1H),
7.11 (d, J = 8.2 Hz, 1H), 4.08-3.98 (m, 2H), 1.07 (t,J = 7.1 Hz,

This journal is © The Royal Society of Chemistry 2018
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3H). **C NMR (DMSO-dg, 100 MHz) 6 154.03, 134.743, 127.90,
127.34, 127.13, 125.82, 125.04, 123.56, 119.96, 119.92, 65.53,
14.99. IR (KCl, cm ™) 3063, 2980, 2925, 1717, 1615, 1578, 1496,
1458, 1413, 1342, 1310, 1259, 1229, 1190, 1101, 1065, 1027, 940,
852, 754, 631, 527, 457, 434, 417.

(R)-2,2'-diethoxy-4,4'-di(3,5-bis(methoxycarbonyl)phenyl)-
2,2'-binaphthyl. To a degassed mixture of (R)-4,4’-dibromo-2,2’-
diethoxy-1,1"-binaphthyl (90.2 mg, 0.18 mmol), dimethyl 5-
(pinacolboryl)isophthalate (201 mg, 0.63 mmol), and anhydrous
K;PO, (382 g, 1.8 mmol) in dry 1,4-dioxane (13 mL) was added
Pd(PPh;), (20.8 mg). The resulting mixture was stirred for 72 h
at 100 °C under Ar atmosphere. After removal of the solvent, the
residue was diluted with CHCI; and H,O. The organic phase was
separated, and the organic phase was washed with brine and
dried over anhydrous MgSO,. After evaporation of the solvent,
the residue was purified by flash column chromatography (n-
hexane-ethyl acetate = 1/1) to give the desired compound as
a white solid (94 mg) in 72% yield. Mp: 128-133 °C; 'H NMR
(CDCl3, 400 MHz) ¢ (ppm): 8.83 (t,J = 1.6 Hz, 2H), 8.53 (d, ] =
1.4 Hz, 4H), 7.81-7.71 (m, 2H), 7.41 (s, 2H), 7.36-7.20 (m, 6H),
4.21-4.07 (m, 4H), 4.01 (s, 12H), 1.14 (t,] = 6.9 Hz, 6H); "*C NMR
(DMSO-ds, 100 MHz) 6 (ppm): 166.36, 153.79, 141.81, 139.37,
135.47, 134.69, 130.92, 129.81, 127.22, 126.49, 126.13, 125.51,
124.22, 120.78, 117.11, 65.40, 52.63, 15.19; IR (KCl, cm ™) 3063,
2980, 2925, 1717, 1615, 1578, 1496, 1458, 1413, 1342, 1310,
1259, 1229, 1190, 1101, 1065, 1027, 940, 852, 754, 631, 527, 457,
434, 417.

(R)-2,2'-diethoxy-1,1"-binaphthyl-4,4’-di (5-isophthalic acid)
4. To a methanol solution (1.5 mL) of (R)-2,2'-diethoxy-4,4'-
di(3,5-bis(methoxycarbonyl)phenyl)-2,2’-binaphthyl (80 mg,
0.11 mmol) was added 6 M NaOH aqueous solution (0.75 mL).
The mixture was stirred under reflux for 12 h. Then dil. HCI
solution (10 mL) was added to the reaction mixture in an ice-
water bath. After removal of the solvent, the residue was
diluted with EtOAc and H,O. The organic phase was separated,
and the organic phase was washed with brine and dried over
anhydrous MgSO,. After being dried under vacuum, 2,2'-dieth-
oxy-1,1'-binaphthyl-4,4’-di (5-isophthalic acid) was obtained as
white solid (67 mg) in 99% yield. Mp: >400 °C. '"H NMR (DMSO-
de, 400 MHz) 6 13.47 (br, 2H), 8.62 (s, 1H), 8.37 (d, J = 1.8 Hz,
2H), 7.72 (d,J = 7.9 Hz, 1H), 7.61 (s, 1H), 7.38-7.26 (m, 2H), 7.14
(d,] = 7.9 Hz, 1H), 4.26-4.10 (m, 2H), 1.06 (t, ] = 7.0 Hz, 3H); *C
NMR (DMSO-ds, 100 MHz) 6 166.58, 153.42, 140.76, 138.94,
134.63, 134.04, 131.74, 129.15, 126.55, 126.37, 125.55, 125.06,
124.27, 119.51, 116.77, 64.41, 14.86. IR (KCI, cm ™) 2927, 2544,
1701, 1598, 1509, 1447, 1405, 1371, 1340, 1268, 1109, 1064,
1031, 911, 862, 761, 708, 688, 627, 523, 488, 452, 410.

Synthesis of (R)-ZnMOF-4

A mixture of (R)-2,2-diethoxy-1,1"-binaphthyl-4,4’-di(5-
isophthalic acid) (4) (15 mg, 0.02 mmol) and Cu(NO3),-3H,0
(15 mg, 0.05 mmol) was dissolved in DMA (2 mL) and EtOH (1
mL). The solution was heated in a screw-capped vial (20 mL) at
110 °C for 48 h to give (R)-ZnMOF-3 (18 mg) as green prisms. IR
(KCI, em™Y): 3236, 3067, 2933, 1604, 1508, 1402, 1362, 1265,
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1214, 1103, 1029, 918, 862, 816, 769, 715, 593, 475, 457, 419.
TGA data for loss of guest solvent: 36%.

General procedure for asymmetric ring-opening reaction

A mixture of cis-stilbene oxide (0.042 mmol), aniline derivatives
(0.042 mmol) and desolvated (R)-ZnMOF-1 (5 mg) was stirred at
indicated temperature and for the indicated time in various
solvents (0.3 mL). Then, the solid catalyst was collected by
filtration, washed with MeOH, and the solvent of the filtrate
were removed in vacuo to give the optically active B-amino
alcohol. All known compounds were compared with data re-
ported in the literature. The enantiomeric purity and absolute
configuration of the product was determined by comparison
with the reported HPLC data.?

2-(N-Methyl-N-phenylamino)cyclopentanol

'H-NMR (CDCl;, 400 MHz) 6 7.23-7.19 (m, 2H), 6.86 (d, 2H, J =
8.4 Hz), 6.74-6.71 (m, 1H), 4.18-4.12 (m, 1H), 3.96-3.90 (m, 1H),
2.75 (s, 3H), 2.35 (brs, 1H), 1.96-1.54 (m, 6H). "*C-NMR (CDCl;,
100 MHz) 6 150.97, 128.99, 117.30, 114.16, 74.30, 67.98, 32.13,
31.50, 24.35, 19.82. Enantiomeric excess was determined by
HPLC with a Chiralcel OD-H column (Daicel) (n-hexane/2-PrOH
=90/10, 1.0 mL min~', 254 nm).

2-(N-Methyl-N-phenylamino)cyclohexanol

'H-NMR (CDCl;, 400 MHz) 6 7.25-7.30 (m, 2H), 6.97 (d, 2H, J =
8.6 Hz), 6.83 (t, 1H, ] = 8.1 Hz), 3.65-3.71 (ddd, 1H, ] = 10.2, 9.9,
4.3 Hz), 3.42-3.46 (m, 1H), 2.80 (bs, 1H), 2.78 (s, 3H), 2.20-2.24
(m, 1H), 1.70-1.80 (m, 3H), 1.27-1.45 (m, 4H). ">*C-NMR (CDCl;,
100 MHz) 6 151.32, 129.01, 118.45, 115.52, 69.94, 66.92, 33.29,
31.04, 25.97, 25.40, 24.26. Enantiomeric excess was determined
by HPLC with a Chiralcel OD-H column (Daicel) (n-hexane/2-
PrOH = 98/2, 0.3 mL min ', 254 nm).

2-(N-Methyl-N-phenylamino)cycloheptanol

'H-NMR (CDCl;, 400 MHz) 6 7.28-7.24 (m, 2H), 6.96 (d, 2H, ] =
7.6 Hz), 6.84 (t, 1H, ] = 7.6 Hz), 3.76-3.70 (m, 1H), 3.50-3.44 (m,
1H), 3.08 (brs, 1H), 2.74 (s, 3H), 2.11-2.05 (s, 1H), 1.79-1.37 (m,
9H). '*C-NMR (CDCl;, 100 MHz) & 151.32, 129.06, 119.01,
116.20, 72.36, 69.49, 32.64, 31.33, 26.67, 25.42, 24.33, 21.72.
Enantiomeric excess was determined by HPLC with a Chiralcel
OD-H column (Daicel) (eluent: n-hexane/2-PrOH = 90 : 10, flow
rate: 1.0 mL min~', 254 nm).

2-(N-(2-Methylphenyl)-N-methylamino)cyclohexanol

'H-NMR (CDCl;, 400 MHz) 6 7.19-7.11 (m, 3H), 7.02-6.98 (m,
1H), 3.68-3.62 (m, 2H), 2.72-2.66 (m, 4H), 2.35 (s, 3H), 2.18-2.14
(m, 1H), 1.75-1.11 (m, 7H). "*C-NMR (CDCl;, 100 MHz)  151.15,
132.98, 131.60, 126.29, 123.61, 122.71, 70.46, 67.86, 33.47,
33.15, 25.38, 24.38, 23.33, 19.09. Enantiomeric excess was
determined by HPLC with a Chiralcel OD-H column (Daicel) (n-
hexane/2-PrOH = 98/2, 0.3 mL min_', 254 nm).
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2-(N-(3-Methylphenyl)-N-methylamino)cyclohexanol

'H-NMR (CDCl;, 400 MHz) 6 7.14-7.12 (m, 1H), 6.76-6.63 (3,
3H), 3.68-3.62 (m, 1H), 3.42-3.35 (m, 1H), 2.74 (s, 3H), 2.32 (s,
3H), 2.21-2.17 (m, 1H), 1.76-1.67 (m, 4H), 1.42-1.24 (m, 4H).
B3C-NMR (CDCl;, 100 MHz) 6 151.44, 138.76, 128.87, 119.46,
116.44, 112.72, 69.95, 67.02, 33.26, 31.07, 25.99, 25.44, 24.30,
21.77. Enantiomeric excess was determined by HPLC with
a Chiralcel OD-H column (Daicel) (n-hexane/2-PrOH = 98/2, 0.3
mL min ", 254 nm).

2-(N-(4-Methylphenyl)-N-methylamino)cyclohexanol

'H-NMR (CDCls, 400 MHz) 6 7.06 (d, 2H, J = 8.4 Hz), 6.86 (d, 2H,
J = 8.8 Hz), 3.66-3.59 (m, 1H), 3.33-3.27 (m, 1H), 2.71 (s, 3H),
2.26 (s, 3H), 2.21-2.16 (m, 1H), 1.77-1.63 (m, 3H). C-NMR
(CDCl;, 100 MHz) 6 149.20, 129.50, 128.11, 116.22, 69.82,
67.66, 33.23, 31.26, 25.45, 25.43, 24.26, 20.26. Enantiomeric
excess was determined by HPLC with a Chiralpak AD-H column
(Daicel) (n-hexane/2-PrOH = 95/5, 1.0 mL min ', 254 nm).

2-(N-(4-Methoxyphenyl)-N-methylamino)cyclohexanol

"H-NMR (CDCI3, 400 MHz) 6 6.93 (d, 2H, ] = 9.2 Hz) 6.85 (d, 2H,
J = 9.6 Hz), 3.77 (s, 3H), 3.64-3.57 (m, 1H), 3.18-3.12 (m, 2H),
2.69 (s, 3H), 2.21-2.16 (m, 1H), 1.75-1.63 (m, 3H), 1.42-1.19 (m,
4H). *C-NMR (CDCl;, 100 MHz) 6 153.22, 145.51, 118.59,
114.29, 69.76, 68.94, 55.57, 33.20, 31.91, 25.42, 24.80, 24.25.
Enantiomeric excess was determined by HPLC with a Chiralcel
OB-H column (Daicel) (n-hexane/2-PrOH = 95 : 5, flow rate : 1.0
mL min~ %, 254 nm).

2-(N-(4-Chlorophenyl)-N-methylamino)cyclohexanol

'H-NMR (CDCl;, 400 MHz) 6 7.15 (d, 2H, J = 9.2 Hz), 6.81 (d, 2H,
J = 9.2Hz), 3.65-3.58 (m, 1H), 3.44-3.28 (m, 1H), 2.7 (s, 1H),
2.18-2.13 (m, 3H), 1.75-1.63 (m, 3H), 1.42-1.16 (m, 5H). **C-
NMR (CDCl;, 100 MHz) ¢ 149.89, 128.74, 122.96, 116.40,
69.93, 66.96, 33.34, 31.08, 26.07, 25.31, 24.19. Enantiomeric
excess was determined by HPLC with a Chiralcel OB-H column
(Daicel) (n-hexane/2-PrOH = 95/5, 1.0 mL min ', 254 nm).

2-Phenylamino-1,2-diphenylethanol

"H-NMR (CDCls, 400 MHz) 6 7.20-7.09 (m, 10H), 7.04-7.00 (t, J
= 8.0 Hz, 2H), 6.62 (t, ] = 7.6 Hz, 1H), 6.48 (d, J = 8.0 Hz, 2H),
4.68 (d, J = 6.0 Hz, 1H), 4.42 (d, J = 6.0 Hz, 1H), 2.87 (brs, 1H).
3C-NMR (CDCl;, 100 MHz) 6 147.25, 140.54, 140.22, 129.05,
128.57, 128.26, 127.89, 127.52, 127.26, 126.54, 117.89, 114.11,
78.05, 64.70. Enantiomeric excess was determined by HPLC
with a Chiralpak AD-H column (Daicel) (n-hexane/2-PrOH = 95/
5,1.0 mL min~', 254 nm).

2-(N-Methyl-N-phenylamino)-1,2-diphenylethanol

'H-NMR (CDCl;, 400 MHz) 6 7.37 (d,J = 7.2 Hz, 2H), 7.27-7.07
(m, 8H), 6.99-6.93 (m, 4H), 6.48 (d, J = 8.0 Hz, 2H), 6.90-6.86
(m, 1H), 5.25 (d,J = 10.0 Hz, 1H), 4.86 (d, J = 10.4 Hz, 1H), 4.04
(brs, 1H), 2.64 (s, 3H). *C-NMR (CDCl;, 100 MHz) 6 151.20,
140.59, 134.60, 129.03, 128.66, 128.11, 127.86, 127.66, 127.55,
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127.50, 120.15, 117.53, 73.51, 71.40, 32.56. Enantiomeric excess
was determined by HPLC with a Chiralpak AD-H column (Dai-
cel) (n-hexane/2-PrOH = 95/5, 1.0 mL min ™", 254 nm).

2-(Naphtalene-1-ylamino)-1,2-diphenylethanol

'H-NMR (CDCl;, 400 MHz) 6 8.01-7.95 (m, 1H), 7.78-7.70 (m,
1H), 7.52-7.42 (m, 2H), 7.39-7.26 (m, 8H), 7.26-7.07 (m, 3H),
6.29 (d,J = 7.3 Hz 1H), 5.55 (s, 1H), 5.05 (d, ] = 5.5 Hz, 1H), 4.72
(d, J = 5.5 Hz, 1H), 2.44 (s, 1H). *C-NMR (CDCl;, 100 MHz)
0 142.11, 140.65, 139.94, 134.19, 128.64, 128.59, 128.34, 127.99,
127.58, 127.19, 126.49, 126.35, 125.64, 124.80, 123.92, 120.00,
117.64, 106.54, 78.28, 64.36. Enantiomeric excess was deter-
mined by HPLC with a Chiralpak AD-H column (Daicel) (n-
hexane/2-PrOH = 95/5, 1.0 mL min~', 254 nm).

X-ray crystallographic data collection, data processing,
structure determination and refinement, thermal analysis,
Zn-coordination

A yellow crystal of (R)-ZnMOF-1 of dimensions 0.196 x 0.191 x
0.145 mm was mounted in a cryoloop and transferred to
a diffractometer. Intensity data for the single crystal was ob-
tained by collecting reflections on a Bruker X8 diffractometer
furnished with an APEX II CCD detector and CuKo (A = 1.54178
A) radiation at 296 K using 0.5° « scans. Integration was done
using the SAINT software package'® that is a part of the APEX II
software suite and absorption corrections were conducted using
SADABS. Structures were solved via direct methods SHELXS-
2014." The APEX II program package was used to determine the
unit-cell parameters and for data collection (60 sec per frame
scan time for a sphere of diffraction data). The raw frame data
was processed using SAINT and S4 SADABS to yield the reflec-
tion data file. Subsequent calculations were carried out using
the SHELXTL program. The diffraction symmetry was consis-
tent with the monoclinic space groups P2,. The structure was
solved by direct methods and refined on F* by full-matrix least-
squares techniques. The analytical scattering factors8 for
neutral atoms were used throughout the analysis.

Asymmetric unit contains (R)-ZnMOF-4 ligand, two Zn(u)
cations and three N,N-dimethylacetamide molecules - one
coordinated to Zn1 via carbonyl O-atom and two other with half
occupancy included into the void space of the crystal by CH---O
interactions. There were 1.5 molecules of water present in the
asymmetric unit — one coordinated to Zn1 atom and the second
was distributed over two positions with 0.5 total occupancy.
Additionally one ethanol molecule with site occupancy 0.5 is
also present in this crystal. Moreover, crystallographic refine-
ment strongly suggests that there are two slightly different
ligand molecules present in the studied crystals: one with full
ethylation of both hydroxy groups and second, where OH
groups was substituted in ca. 50% (hard to separate mixture by
any of chromatographic methods). Disordered ethyl groups and
all solvent molecules were refined in isotropic mode. All non-
hydrogen atoms were located via difference Fourier maps and
refined anisotropically as an inversion twin. Aromatic and
methyl/methylene groups hydrogen atom positions were placed
at their idealized positions and allowed to ride on the
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coordinates of the parent atom with isotropic thermal param-
eters (Uiso) fixed at 1.2 Ueq of the carbon atom to which they are
attached. All solvent molecules were refined in isotropic mode
with geometric restraints for all three N,N-dimethylacetamide
molecules. Presence of disorder in the methoxy groups gener-
ates close contacts between protons. Refinement converged at
WR, = 0.1811 refined against 11 706 data (0.80 A), and R, =
0.0664 for 10 606 data with I > 2.00(I) with GOF = 1.08. There
was a single residual density 0.84 e present in the final
difference-Fourier map located around Zn atoms (min —0.63 e).
crystallographic data have been deposited with the Cambridge
Crystallographic Data Centre as CCDC 1832085.
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