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ABSTRACT

Specific rotation of optically active glycerol analogues, (S)-3-(benzyloxy)propane-1,2-diol [(S)-1], (S)-3-
methoxypropane-1,2-diol [(S)-6] and (S)-3-phenoxypropane-1,2-diol [(S)-13], changed its sign from (+) to (-)
with increasing concentration in CHCl3, whereas no significant concentration-dependent change was observed in
MeOH. The *H NMR spectrum of (S)-1 showed concentration-dependent changes of the chemical shift in CDCls.
Intermolecular interaction by OH---OH hydrogen bonds was suggested by single crystal X-ray crystallography of
(S)-13. The concentration-dependent changes of specific rotation of (S)-1, (5)-6, and (S)-13 in CHCl3 can
therefore be presumed to be due to self-assembly of these compounds via intermolecular hydrogen bonding at
high concentration. The remarkable concentration-dependent changes in specific rotation were also observed to
occur in the compounds with related chemical structures, such as (S)-3-hydroxy-4-methoxy-4-oxobutanoic acid
[($)-101, (S)-1-[(2-methylpropan-2-yl)oxycarbonyl]pyrrolidine-2-carboxylic acid [Boc-L-Pro-OH, (S)-141, (R)-3-
hydroxy-4,4-dimethylhydrofran-2(3H)-one [(R)-15], (R)-tetrahydrofuran-2-carboxylic acid [(R)-16], (S)-3-
methyl-2-[(2-methylpropan-2-yl)oxycarbonylamino]butanoic acid [Boc-L-Val-OH, (S)-17], (R)-oxiran-2-ylme-
thanol [(R)-18], and (4S)-4-isopropyloxazolidin-2-one [(S)-19]. The existence of intermolecular interaction by
C=0---HO hydrogen bonds was suggested by single crystal X-ray crystallography of (S)-10, (S)-13, and (S)-14.
Thus, this series of chiral compounds have multiple functional groups in appropriate positions that serve as
hydrogen-bond donors and/or acceptors, resulting in significant concentration-dependent changes of specific
rotation.

1. Introduction

perature, the same wavelength, and the same solvent are used, it is
regarded as a physical constant of a chiral compound in the same

The specific rotation [a] of a chiral compound is defined based on the
observed optical rotation under the standard conditions, namely the
concentration (1 g/mL) and the path length (1 dm). However, it is
difficult to use the standard conditions all the time, and thus the specific
rotation is calculated from the observed rotation a in degree via the
following Eq. (1), where [a] is the specific rotation, a is the observed
rotation, [ is the path length (dm), and c is the concentration (g/dL)
[1-5].
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[a] (€8]
The specific rotation is influenced by measurement temperature,
wavelength of light employed, and solvent, but when the same tem-
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manner as its melting point, boiling point, and density. Previously, we
reported the synthetic method of glycerophospholipids using Horner-
Wadsworth-Emmons reaction of mixed phosphonoacetate [6,7]. At
that time, (S)-3-(benzyloxy)propane-1,2-diol [(S)-1], the optically
active intermediate of the synthetic pathway, showed different specific
rotations depending on the measurement concentration of (S)-1 (Fig. 1).
It has been reported in the literature that the specific rotation values of
(S)- and (R)-1 differ depending on the measurement conditions. For
example, (S)-1 was reported to have specific rotation of [a] %0 -5.4 (pure)
[8], [a]3® -3.64 (¢ 6.59, CHCl3) [9], [a]Z” + 2.50 (c 1.0, CHCls: 90 % ee)
[10], and [oc]ZDO -5.48 (c 20, CHCl3) [11], while (R)-1 was reported to
have specific rotation of [oc]%1 —0.98 (¢ 1.02, CHCI3: 73 % ee) [12], [(1]1230
+ 4.7 (¢ 1.0, CHCl3) [13], [a]3° + 5.5 (¢ 10, CHCl3) [14], [a]Z’ + 4.7 (¢
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Fig. 1. Chemical structure of (S)-3-(benzyloxy)propane-1,2-diol [(S)-1].

4.7, CHCly) [15], [o]3? + 5.63 (c 20, CHCly) [16], and [a]3’ + 5.9 (c 1,
CHCl3) [17]. In the product specification tables of Sigma-Aldrich, the
specific rotation is described as [oc]ZD0 —4.7 (c 20, CHClI3) for (S)-1 and
[ar] %0 + 5.5 (¢ 20, CHCI3) for (R)-1. It has been known for decades that L-
malic acid [(S)-2] changes its specific rotation even in sign with change
in its concentration in water, but the detailed reasons for this change are
unclear [18,19]. Herein, we report the remarkable concentration-
dependent changes in the specific rotation of (S)-1 and its structurally
related compounds, together with the data of 'H NMR spectroscopy and
X-ray crystallography.

2. Experimental section

All melting points were determined on a Yanagimoto micro melting
point apparatus and are uncorrected. IR spectra were obtained with a
JASCO FT/IR-6200 IR Fourier transform spectrometer. 1H NMR (500
MHz) and '*C NMR (125 MHz) spectra were recorded with a Bruker
AV500 spectrometer. Chemical shifts are given in § values (ppm) using
TMS as an internal standard. All reactions were monitored by TLC
employing 0.25 mm silica gel plates (Merck 5715; 60 Fos4). HRMS (ESI)
data were recorded with a Waters LCT Premier spectrometer. Elemental
combustion analyses were performed with a J-SCIENCE LAB JM10.
Column chromatography was carried out on silica gel [Silica Gel PSQ
60B (Fuji Silysia Chemical)]. Anhydrous THF, CH,Clz, MeOH and DMF
were used as purchased from Kanto Chemical. All other reagents
including (R)-3, ($)-13, ($)-14, (R)-15, (R)-16, (S)-17, (R)-18, and (S)-
19 were used as purchased. Specific rotations were recorded on JASCO
digital polarimeter P-2200 using a cylindrical glass cell (3.5 mm D x 50
mm L) and a rectangular quartz cell (path length 50 mm). Single crystal
X-ray diffraction experiments were performed on a Rigaku RAXIS-
RAPID diffractometer using graphite monochromated Mo-Ka radia-
tion. The structure was solved by direct methods [20] and expanded
using Fourier techniques. The non-hydrogen atoms were refined aniso-
tropically. Hydrogen atoms were refined using the riding model. All
calculations were performed using the CrystalStructure [21] crystallo-
graphic software package.

2.1. Preparation of optically active glycerol analogues [(S)-1, and (S)-6,
(R)-7, and (R)-8a]

2.1.1. (S)-3-(Benzyloxy)propane-1,2-diol [(S)-1] [8-11]

To a solution of (R)-(2,2-dimethyl-1,3-dioxolan-4-yl)methanol [(R)-
3] (3.00 mL, 24.3 mmol) in anhydrous DMF (40 mL) were added NaH
(50-72 % in mineral oil, 1.28 g, 26.7 mmol) and benzyl bromide (3.20
mL, 26.7 mmol) at 0 °C under argon. The reaction mixture was stirred at
room temperature for 1.5 h under argon. Then 10 % NH4Cl aq. (40 mL)
was added and then extracted with n-hexane-AcOEt (1:5, 100 mL x 3).
The extract was washed with water (100 mL), dried over anhydrous
MgSOy, filtered, and concentrated in vacuo to afford (R)-4-[(benzyloxy)
methyl]-2,2-dimethyl-1,3-dioxolane [(R)-4], which was used in the next
reaction without further purification. To a solution of (R)-4 in THF (20
mL) was added 1 N HCI (20 mL), and the mixture was stirred at room
temperature for 3.5 h, and then extracted with AcOEt (40 mL x 4). The
extract was dried over anhydrous MgSOy, filtered, and concentrated in
vacuo. The oily residue was purified by silica gel column chromatog-
raphy [Silica Gel PSQ 60B: n-hexane-AcOEt (1:2)] to afford (S)-1 (4.10
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g, 93 %). Colorless oil; [a]Z + 3.0 (c 1.00, CHCl3); 'H NMR (500 MHz,
CDCls) 6 2.06 (brs, 1H), 2.57 (d, J = 4.5 Hz, 1H), 3.55 (dd, J = 6.2, 9.7
Hz, 1H), 3.58 (dd, J = 4.1, 9.7 Hz, 1H), 3.60-3.66 (m, 1H), 3.67-3.74
(m, 1H), 3.86-3.92 (m, 1H), 4.55 (s, 2H), 7.27-7.37 (m, 5H); °C NMR
(125 MHz, CDCl3) § 64.0, 70.8, 71.6,73.5, 127.79, 127.84, 128.5, 137.7;
IR (neat) 3392, 2870, 1717, 1653, 1454 cm™*; HRMS (ESI): m/z [M +
Na] ™ caled for C;oH1403Na: 205.0841; found, 205.0842.

2.1.2. (S)-3-Methoxypropan-1,2-diol [(S)-6] [22]

To a solution of (R)-(2,2-dimethyl-1,3-dioxolan-4-yl)methanol [(R)-
3] (3.00 mL, 24.3 mmol) in anhydrous DMF (40 mL) was added NaH
(50-72 % in mineral oil, 1.28 g, 26.7 mmol) and methyl iodide (1.70 mL,
26.7 mmol) at 0 °C under argon. The reaction mixture was stirred at
room temperature for 2 h under argon. Then 10 % NH4CI aq. (40 mL)
was added and then extracted with n-hexane—-AcOEt (1:5, 100 mL x 2).
The extract was washed with sat. NaS203 aq. (60 mL), dried over
anhydrous MgSOy,, filtered, and concentrated in vacuo to afford (R)-4-
(methoxymethyl)-2,2-dimethyl-1,3-dioxolane [(R)-5], which was used
in the next reaction without further purification. To a solution of (R)-5 in
THF (20 mL) was added 1 N HCI (20 mL), and the mixture was stirred at
room temperature for 2 h. The reaction mixture was concentrated in
vacuo, and the oily residue was purified by silica gel column chroma-
tography [Silica Gel PSQ 60B: CHCl3-MeOH (20:1)] to afford (S)-6
(2.40 g, 93 %). (S)-6: pale yellow oil; [oly + 4.5 (¢ 1.00, CHCl3); H
NMR (500 MHz, CDCl3) § 2.11 (dd, J = 5.3, 6.9 Hz, 1H), 2.59 (d, J = 4.9
Hz, 1H), 3.40 (s, 3H), 3.45-3.52 (m, 2H), 3.61-3.67 (m, 1H), 3.69-3.74
(m, 1H), 3.84-3.90 (m, 1H); '3C NMR (125 MHz, CDCls) § 59.2, 64.0,
70.7, 74.2; IR (neat) 3382, 2891, 1456, 1129 cm™'; MS (ESI): m/z [M +
Na]* 129.10.

2.1.3. (R)-{[(3-Methoxypropane-1,2-diyDbis(oxy)]bis(methylene) }
dibenzene [(R)-7]

To a solution of (S)-3-methoxypropane-1,2-diol [(S)-6] (506 mg,
4.77 mmol) in anhydrous DMF (17 mL) were added NaH (50-72 % in
mineral oil, 456 mg, 9.54 mmol) and benzyl bromide (1.10 mL, 9.54
mmol) at 0 °C under argon. The reaction mixture was stirred at room
temperature for 1 h under argon. Then 10 % NH4CI aq. (15 mL) was
added and then extracted with n-hexane-AcOEt (1:5, 50 mL x 3). The
extract was washed with water (60 mL), dried over anhydrous MgSO4,
filtered, and concentrated in vacuo. The oily residue was purified by
silica gel column chromatography [Silica Gel PSQ 60B: n-hexane-AcOEt
(3:1)] to afford (R)-7 (1.18 g, 86 %). (R)-7: colorless oil; [0(]1137 + 6.2 (c
1.00, CHCl3); 'H NMR (500 MHz, CDCls) § 3.36 (s, 3H), 3.50-3.64 (m,
4H), 3.74-3.79 (m, 1H), 4.54 (s, 2H), 4.70 (s, 2H), 7.25-7.37 (m, 10H);
13C NMR (125 MHz, CDCls) § 59.3, 70.3, 72.2, 72.9, 73.4, 127.5, 127.55,
127.58, 127.7, 128.28, 128.33, 138.3, 138.6; IR (neat) 3298, 3030,
2875, 1454, 1104 cm’l; HRMS (ESI): m/z [M + Na]' caled for
C18H2203Na: 309.1467; found, 309.1470.

2.1.4. (R)-1-(Benzyloxy)-3-methoxypropan-2-ol [(R)-8a] [23]

To a solution of (S)-3-methoxypropan-1,2-diol [(S)-6] (940 mg, 8.56
mmol) in anhydrous CH3Cl, (30 mL) were added Ag>0O (2.98 g, 12.9
mmol) and benzyl bromide (1.35 mL, 12.9 mmol) at room temperature
under argon. The reaction mixture was stirred at room temperature for
16 h under argon, and then filtered and concentrated in vacuo. The oily
residue was purified by silica gel column chromatography [Silica Gel
PSQ 60B: n-hexane-AcOEt (3:1)] to afford an inseparable mixture of (R)-
1-(benzyloxy)-3-methoxypropan-2-ol [(R)-8a] and (S)-2-(benzyloxy)-3-
methoxypropan-1-ol [(S)-8b] (880 mg, 51 %). To the mixture of (R)-8a
and (S)-8b (720 mg, 3.67 mmol) in DMF (13 mL) were added imidazole
(300 mg, 4.40 mmol) and tert-butyldiphenylsilyl chloride (473 pL, 1.84
mmol) at room temperature under argon. The reaction mixture was
stirred at room temperature for 6 h under argon, and then 1 N HCI (13
mL) was added. The mixture was extracted with n-hexane-AcOEt (1:5,
45 mL x 3), and then the extract was washed with water (45 mL), dried
over anhydrous MgSOy, filtered, and concentrated in vacuo. The oily
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Table 1
Crystal data of (5)-10, (S)-13, and (S)-14.
(S)-10 ($)-13 (5)-14
Chemical formula CsHgOs CoH1203 C10H17NO4
Formula weight 148.12 168.19 215.25
Crystal system, space group Monoclinic Orthorhombic Orthorhombic
C2 (No. 5) P2;2,2; (No. 19) P2,2,2; (No. 19)
a, b, c (A) a=22.791(2) a = 5.06740(17) a = 7.9836(3)
b =4.1949(3) b =7.7275(2) b =11.8520(5)
¢ =7.0207(7) ¢ =20.9629(7) ¢ =12.2143(6)
BC) 100.628(3)
V(A% 659.70(11) 820.87(5) 1155.73(9)
Z 4 4 4
Calculated density (g/cm®) 1.491 1.361 1.237
p(Mo-Ko) (cm™) 1.361 1.014 0.951

Crystal size (mm) 0.500 x 0.400 x 0.100

0.400 x 0.300 x 0.250 0.300 x 0.250 x 0.100

residue was purified by silica gel column chromatography [Silica Gel
PSQ 60B: n-hexane-AcOEt (2:1)] to afford (R)-[2-(benzyloxy)-3-
methoxypropoxy](tert-butyl)diphenylsilane [(R)-9] (910 mg, ca. 36 %)
and unreacted (R)-8a (335 mg, 47 %). (R)-8a: colorless oil; [0!]2]34 +3.6 (¢
1.00, CHCls); 'H NMR (500 MHz, CDCls) § 2.46 (brs, 1H), 3.38 (s, 3H),
3.43 (dd, J = 6.3, 9.7 Hz, 1H), 3.48 (dd, J = 4.3, 9.7 Hz, 1H), 3.50 (dd, J
= 6.3, 9.7 Hz, 1H), 3.55 (dd, J = 4.4, 9.7 Hz, 1H), 3.96-4.02 (m, 1H),
4.56 (s, 2H), 7.27-7.37 (m, 5H); '3C NMR (125 MHz, CDCls) § 59.2,
69.5,71.4,73.5,73.8,127.7,127.8, 128.4, 138.0; IR (neat) 3464, 2878,
1451, 1196, 1111 cmfl; HRMS (ESD): m/z [M + Na]' caled for
C11H1603Na: 219.0997; found, 219.1016.

2.2. Preparation of optically active L-malic acid analogues [(S)-10, (S)-
11, and (S)-12]

2.2.1. (S)-3-Hydroxy-4-methoxy-4-oxobutanoic acid [(S)-10] [24]

A solution of L-malic acid [(R)-2] (3.54 g, 26.3 mmol) in trifluoro-
acetic anhydride (15 mL) was stirred at room temperature for 40 min
under argon, and then concentrated in vacuo. MeOH (15 mL) was added
to the residue, and the stirring was continued at room temperature for
1.5 h. The reaction mixture was concentrated in vacuo, and the crude
product was washed with n-hexane to afford (S)-10 (2.87 g, 73 %). (S)-
10: colorless needles (Et;0-n-hexane); mp 73.2-74.0 °C; [0(]21)2 — 5.6 (¢
1.00, MeOH); 'H NMR (500 MHz, CDCls) 5 2.86 (dd, J = 6.2, 16.8 Hz,
1H), 2.94 (dd, J=4.2,16.8 Hz, 1H), 3.83 (s, 3H), 4.51-4.54 (m, 1H); 3¢
NMR (125 MHz, CDCl3) § 38.3, 53.0, 66.9, 173.6, 175.6; IR (KBr) 3439,
2959, 1740, 1440, 1401, 1223, 1181, 1119 cmfl; HRMS (ESI): m/z
[M—H]" caled for CsH;Os: 147.0293; found, 147.0289. Anal. Calcd for
CsHgOs: C, 40.55; H, 5.44. Found: C, 40.25; H, 5.34 %.

2.2.2. Dimethyl (S)-2-hydroxysuccinate [(S)-11] [25]

Thionyl chloride (1.10 mL, 14.9 mmol) and MeOH (5 mL) were
mixed and stirred at —10 °C for 10 min. L-Malic acid [(R)-2] (1.00 g,
7.46 mmol) was added and the mixture was stirred at room temperature
for 2 h. The reaction mixture was concentrated in vacuo, and the oily
residue was purified by silica gel column chromatography [Silica Gel
PSQ 60B: CHCI3-MeOH (9:1)] to afford (S)-11 (1.17 g, 95 %). (S)-11:
colorless oil; [a]& + 3.7 (c 1.00, CHCl3); 'H NMR (500 MHz, CDCls) 6

2.81 (dd, J = 6.2, 16.4 Hz, 1H), 2.87 (dd, J = 4.3, 16.4 Hz, 1H), 3.21 (d,
J=5.3Hz, 1H), 3.72 (s, 3H), 3.82 (s, 3H), 4.51 (q, J = 5.3 Hz, 1H); 3¢
NMR (125 MHz, CDCl3) § 38.5, 52.1, 52.9, 62.3, 171.1, 173.8; IR (neat)
3488, 2957, 1740, 1439, 1275, 1109 cmfl; HRMS (ESI): m/z [M + Na]™
caled for CgH19OsNa: 185.0426; found, 185.0420.

2.2.3. Dimethyl (S)-2-methoxysuccinate [(S)-12] [26]

To a solution of (S)-11 (934 mg, 5.76 mmol) in anhydrous CHyCl,
(30 mL) were added Ag>0 (1.60 g, 6.90 mmol) and methyl iodide (4 mL,
64.2 mmol) at room temperature under argon. The reaction mixture was
stirred at room temperature for 24 h under argon, and then filtered and
concentrated in vacuo. The oily residue was purified by silica gel column
chromatography [Silica Gel PSQ 60B: n-hexane-AcOEt (3:1)] to afford
(5)-12 (661 mg, 65 %). (S)-12: colorless oil; [a]} —44.8 (¢ 1.00, CHCl3);
TH NMR (500 MHz, CDCl3) 6 2.74 (dd, J = 7.8, 16.1 Hz, 1H), 2.79 (dd, J
=4.9,16.1 Hz, 1H), 3.47 (s, 3H), 3.72 (s, 3H), 3.79 (s, 3H), 4.21 (dd, J =
4.9, 7.8 Hz, 1H); 13C NMR (125 MHz, CDCl3) § 37.6, 52.0, 52.3, 58.9,
76.7,170.5,171.8; IR (neat) 2956, 2836, 1740, 1282, 1129 cm_l; HRMS
(ESI): m/z [M + Na]™ caled for C;H;205Na: 199.0582; found, 199.0570.

2.3. Single crystal X-ray structure analysis of (S)-3-hydroxy-4-methoxy-
4-oxobutanoic acid [(S)-10], (S)-3-phenoxypropane-1,2-diol [(S)-13],
and (S)-1-[(2-methylpropan-2-yl)oxycarbonyl]pyrrolidine-2-carboxylic
acid [Boc-L-Pro-OH, (S)-14]

The data of (S)-10 (colorless needle) were collected at a temperature
of — 150 + 1 °C to a maximum 26 value of 54.8°. A total of 44 oscillation
images were collected. A sweep of data was done using o scans from
130.0° to 190.0° in 5.00° steps, at y = 45.0° and ¢ = 0.0°. The exposure
rate was 131.0 [sec./°]. A second sweep was performed using ® scans
from 0.0° to 160.0° in 5.00° steps, at y = 45.0° and ¢ = 180.0°. The
exposure rate was 131.0 [sec./°]. The crystal-to-detector distance was
127.40 mm. Readout was performed in the 0.100 mm pixel mode. The
data of (S)-13 (colorless needle) were collected at a temperature of —
150 + 1 °C to a maximum 20 value of 54.9°. A total of 44 oscillation
images were collected. A sweep of data was done using » scans from
130.0° to 190.0° in 5.00° steps, at y = 45.0° and ¢ = 30.0°. The exposure
rate was 135.0 [sec./°]. A second sweep was performed using ® scans

Table 2
Data collection of (S)-10, (S)-13, and (S)-14.
($)-10
Diffractometer Rigaku RAXIS-RAPID
Absorption correction Multi-scan
Tmin, Tmax 0.646, 0.986
No. of measured and independent reflections 3216, 1493

Rint 0.0212

($-13 (S)-14

Rigaku RAXIS-RAPID Rigaku RAXIS-RAPID
Multi-scan Multi-scan

0.879, 0.975 0.845, 0.991

7945, 1861 11322, 2628

0.0132 0.0408
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Table 3
Data refinement of (S)-10, (S)-13, and (S)-14.
(S)-10 ($)-13 (5)-14
Final R indices [I > 2.000(D)], S R; = 0.0273, R; = 0.0278, Ry, = 0.0391,
wR, = 0.1036 wR; = 0.1005 WR, = 0.1441
S$=0.834 S =0.954 S =1.023
No. of reflections 1493 1861 2628
No. of parameters 93 111 137
H-atom treatment Constrained refinement Constrained refinement Constrained refinement
APmaxs Apmin (e A7) 0.21,-0.14 0.27,-0.17 0.25,-0.25
Table 4
Hydrogen bond geometry of (S)-10, (S)-13, and (S)-14.
D-H--A D-H (&) H--A (A) D--A (A) D-H--A (°) Symmetry codes
(S)-10
O(1)-H(1)---0(2) 0.84 1.833 2.663(2) 169.29 X+1/2+1,Y+1/2-1,-Z
0O(3)-H(2)---0(1) 0.84 1.954 2.782(2) 168.35 X+2,Y,-Z+1
(S)-13
O(1)-H(1)---0(2) 0.84 1.971 2.7896(13) 164.43 X+2,Y+1/2-1,-Z+1/2
0(2)-H(2)---0(1) 0.84 1.912 2.7474(13) 172.59 X+1,Y,Z
(S)-14
0(2)-H(2)---0(3) 0.84 1.792 2.631(3) 177.33 X, Y+ 1/2,-Z+1/2

from 0.0° to 160.0° in 5.00° steps, at y = 45.0° and ¢ = 180.0°. The
exposure rate was 135.0 [sec./°]. The crystal-to-detector distance was
127.40 mm. Readout was performed in the 0.100 mm pixel mode. The
data of (S)-14 (colorless plate) were collected at a temperature of — 150
+ 1 °C to a maximum 26 value of 54.8°. A total of 44 oscillation images
were collected. A sweep of data was done using o scans from 130.0° to
190.0° in 5.00° steps, at y = 45.0° and ¢ = 0.0°. The exposure rate was

136.0 [sec./°]. A second sweep was performed using o scans from 0.0° to
160.0° in 5.00° steps, at y = 45.0° and ¢ = 180.0°. The exposure rate was
136.0 [sec./°]. The crystal-to-detector distance was 127.40 mm.
Readout was performed in the 0.100 mm pixel mode. The crystallo-
graphic data for (S)-10, (S)-13, and (S)-14 are summarized in
Tables 1-4.

NaH (1.1 mol eq) (R) 1M HCI (S)
BnBr(1.1moleq) BnO" 27 "0 (0.82moleq)  gno” ;7 OH
O0—+Me K
DMF MZL THF H OH
(R) r,1.5h r,3.5h (S
, - ,
HO/}?-:/\o (R) 93% (two steps)
O7LMe
Me NaH (1.1 mol eq) (R) 1M HCI ()
(R)-3 Mel (1.1 moleq) MeO” r” “o (0.82moleq)  Meo” > “OH
@) Me — _— - = K
DMF MZL THF H OH
rn,2h S)-6
: (R)5 r,2h (S)
93% (two steps)
NaH (2 mol eq)
BnBr (2 mol eq) R)
MeO -~ "OBn
DMF 86% H OBn
rt, 1h (R-7
(S)-6
Ag,0 (1.5 mol eq)
BnBr (1.5 mol eq) (R) (S)
MeO” 7 “OBn , MeO” r” “OH
CHLCL g0 H OH H OBn
16 h (R)-8a (S)-8b
TBDPSCI (0.5 mol eq)
Imidazole (1.2 mol eq) (R)
(R)-8a + MeO o OTBDPS
DMF H OBn
479 . 369
rt,6h % ca. 36% (R)-9

Scheme 1. Synthesis of (S)-1, (S)-6, (R)-7, and (R)-8a.
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TFAA MeOH ) O
4.2 mol e 14 mol e HO
( A Q) N oM
o rt, 40 min r, 1.5h 0 H OH
) % (910
NOH
O H OH SOCl, o Ag,0 (1.2 mol eq) o
L-malic acid (2 mol eq) MeO () Mel (11 mol eq) MeO )
(Sr2 MeOH X, oM CH,CI St
rteZ h 95% o o rt 224 rf 65% O M oe
’ (81 ’ (S)-12
Scheme 2. Synthesis of (S)-10, (S)-11, and (S)-12.
Table 5
Specific rotation of (S)-3-(benzyloxy)propane-1,2-diol [(S)-1] and its analogues [(S)-6, (S)-13, (R)-8a, and (R)-7]
(S1 : R'=R2=H,R3=Bn
%
R3O/>-.AOR1 (S)}6 : R'=R2=H,R®=Me
H DR2 (8)-13 : R'=R?=H,R%=Ph
(R)-8a : R'"=Bn,R2=H, R3=Me
(R-7 : R'=R2=Bn,R3®=Me
Conc [a]D of (5)-1 [a]] of (5)-6 [a]] of (5)-13 [l of (R)- 8a []] of (R)-7
(g/100 mL) (CHCl3) (CHCl3) (CHCl3) (CHCl3) (CHCl3)
0.10 +3.9 (27 °C) +5.5 (19 °C) +4.8 (25 °C) +1.7 (23 °C) +5.2 (19 °C)
0.30 +2.8 (26 °C) +5.2 (20 °C) +3.1 (25 °C) +2.6 (23 °C) +5.7 (19 °C)
0.50 +3.8 (27 °C) +6.1 (19 °C) +3.4 (27 °C) +3.3 (24 °C) +6.5 (17 °C)
1.0 +3.0 (27 °C) +4.5 (19 °C) +3.0 (27 °C) +3.6 (24 °C) +6.2 (17 °C)
10 -3.3(27°C) -4.1 (19°C) -5.6 (26 °C) +3.8 (24 °C) +5.7 (17 °C)
20 -5.6 (28 °C) -5.3(19°C) -7.3(26 °C) +3.9 (24 °C) +5.4 (17 °C)
Conc (g/100 mL) [a]5 of (S)-1(MeOH) [o]5 of (S)-6(MeOH) [o]F of (S)-13(acetone) [a]15 of (R)- 8a(MeOH) [o]5 of (R)-7(MeOH)
0.10 +2.1 (26 °C) +4.6 (19 °C) +2.1 (24 °C) +4.6 (22 °C) +1.8 (18 °C)
0.30 +1.7 (26 °C) +5.7 (19 °C) +1.9 (24 °C) +4.4 (22 °C) +1.6 (19 °C)
0.50 +2.4 (27 °C) +6.5 (17 °C) +1.9 (25 °C) +4.3 (21 °C) +4.8 (18 °C)
1.0 +2.1 (26 °C) +6.2 (18 °C) +2.1 (25 °C) +4.7 (19 °C) +3.2 (18 °C)
10 +1.3 (26 °C) +5.7 (18 °C) +1.4 (25 °C) +3.9 (20 °C) +1.7 (18 °C)
20 +0.9 (26 °C) +5.2 (18 °C) 40.7 (25 °C) +4.2 (21 °C) +1.2 (18°C)
Table 6
Specific rotation of L-malic acid [(S)-2] analogues [(S)-10, (S)-11, and (S)-12]
O
R% (S) (S)10 : R'=Me,R?=R3=H
Now (81 : R'=R3=Me, R®=H
O H OR2 (S12 : R'=R?=R%=Me
Conc (g/100 mL) [a] of (5)-10(CHCl3) [a]] of (5)-11 (CHCls) [a]] of (5)-12 (CHCl3)
0.10 +3.9 (21 °C) —44.4 (17 °C)
0.30 +3.9 (21 °C) -43.6 (17 °C)
0.50 +3.1 (22 °C) -44.5 (17 °C)
1.0 +3.7 (22 °C) —44.8 (17 °C)
10 +2.6 (23 °C)
20 +1.9 (23 °C)
40 +0.3 (23 °C)
60 -1.2 (24 °C)
Conc (g/100 mL) [a]D of (S)-10(MeOH) [a]3 of (S)-11(MeOH) [a]5 of (S)-12(MeOH)
0.10 -4.6 (21 °C) -9.6 (17 °C)
0.30 -5.5 (21 °C) -8.8 (17 °C)
0.50 -5.6 (21 °C) -9.2(17°C)
1.0 -5.6 (22 °C) -8.1(17°C)
10 -5.5 (22 °C) -8.5 (16 °C)
20 -5.2(22°C) -8.6 (16 °C)
40 -4.7 (22°C) -8.5 (15 °C)
60 -3.9(22°C)
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Table 7

Specific rotation of (S)-14, (R)-15, (R)-16, (S)-17, (R)-18, and (S)-19
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t-BuO.__O
(@] (0]
Tof Me H ) (R) ©® o
N 0 tBuo__N¥ ,
x COH  Me“(rpy ~{(R)OH N OH < "OH I—Pr\_(\k
" H OH ° 4 : O H FONTO
O i-Pr H H
(S)-14 (R)-15 (R)-16 (S)-17 (R)-18 (S)-19
Conc (g/100 mL)  [a]f of (S)-14 (CHCl3)  [a]f of (R)-15 (CHCl3)  [a]] of (R)-16 (CHCl3)  [alf of (S)-17 (CHCl3)  [a]f of (R)-18 (CHCl3)  [al] of (S)-19 (CHCl3)

0.01 -166.6 (25 °C) +51.2 (27 °C)
0.05 -154.4 (24 °C) +46.2 (26 °C)
0.10 -141.8 (24 °C) -15.6 (26 °C) +45.3 (27 °C)
0.30 -125.8 (24 °C) -15.9 (27 °C) +39.8 (26 °C)
0.50 -125.4 (24 °C) -16.8 (26 °C) +35.8 (26 °C)
1.0 -111.2 (24 °C) -17.9 (27 °C) +29.4 (26 °C)
5.0 -25.0 (27 °C) +18.2 (26 °C)
10 -73.3 (26 °C) -30.5 (26 °C) +12.5 (26 °C)
20 -65.5 (26 °C) -34.1 (27 °C) +14.0 (26 °C)
50

+15.2 (27 °C) +24.3 (24 °C) -2.3 (26 °C)
+10.7 (27 °C) +23.0 (24 °C) +0.9 (25 °C)
+8.1 (26 °C) +23.8 (25°0) +3.6 (26 °C)
+8.0 (26 °C) +23.1 (25°C) +6.8 (26 °C)

+15.2 (26 °C)
+7.4 (26 °C) +19.6 (26 °C) +16.8 (26 °C)
+6.1 (26 °C) +17.6 (26 °C) +16.2 (26 °C)
+5.3 (26 °C) +15.0 (25 °C)

Conc (g/100 mL) [o]D of (S)-14(MeOH) [a]5 of (R)-15(MeOH)

[a]3 of (R)-16(MeOH)

[o]5 of (S)-17(MeOH) [} of (R)-18(MeOH) [o]5 of (S)-19(MeOH)

0.01 -45.4 (27 °C)

0.05 -52.5 (27 °C)

0.10 -52.3 (28 °C) -26.9 (26 °C) +2.8 (26 °C)
0.30 -52.7 (28 °C) -28.4 (26 °C) +1.9 (26 °C)
0.50 -57.0 (27 °C) -28.6 (26 °C) +1.1 (26 °C)
1.0 -54.9 (27 °C) -27.5 (26 °C) +2.0 (26 °C)
5.0 -28.2 (26 °C)

10 -53.0 (27 °C) -28.6 (26 °C) +3.4 (26 °C)
20 -51.9 (27 °C) —-29.0 (26 °C) +4.1 (26 °C)
40 -45.8 (27 °C) -30.8 (26 °C) +4.3 (26 °C)
50 +4.9 (26 °C)
60 -32.7 (26 °C) +5.8 (26 °C)

-3.0 (27 °C) +11.9 (25°C) -23.5 (26 °C)
-3.4 (27 °C) +12.7 (25°C) -23.9 (25°C)
-3.4 (27 °C) +12.5(25°C) —24.7 (26 °C)
-2.7 (27 °C) +11.8 (25°C) -21.9 (26 °C)
—22.6 (26 °C)
-1.6 (27 °C) +12.0 (25°C) -21.6 (26 °C)
-0.2 (27 °C) +12.3 (25°C) -18.2 (27 °C)
+2.0 (26 °C) +12.8 (25°C) -16.9 (25 °C)
+3.0 (26 °C) +12.8 (26 °C)
+4.5 (27 °C) +13.4 (26 °C) -13.5 (25 °C)

3. Results and discussion

3.1. Synthesis of optically active glycerol analogues and structurally
related compounds

3.1.1. Synthesis of (S)-3-(benzyloxy)propane-1,2-diol [(S)-1] and its
analogues

Optically active glycerol analogue (S)-1 and its structurally related
compounds (S)-6, (R)-7, and (R)-8a were synthesized from (R)-2,2-
dimethyl-1,3-dioxolan-4-methanol [(R)-3] as shown in Scheme 1.
Commercially available (R)-3 was benzylated with benzyl bromide in
the presence of sodium hydride to give (R)-4, which was deprotected
using 1 M HCI aq. to afford (S)-1. Structurally related (S)-6 was also
obtained by methylation of (R)-3 with methyl iodide, and subsequent
deprotection of the resultant (R)-5 under acidic conditions. Diol (S)-6
was successfully transformed to dibenzylated (R)-7 with benzyl bro-
mide. On the other hand, monobenzylation of (S)-6 with benzyl bromide
in the presence of Ag,0 gave an inseparable mixture of 1-benzyloxy-de-
rivative (R)-8a and 2-benzyloxy-derivative (S)-8b. To isolate (R)-8a, the
mixture was silylated with tert-butyldiphenylsilyl chloride (TBDPSCI) to
afford silyl ether (R)-9 and unreacted (R)-8a.

3.1.2. Synthesis of optically active L-malic acid [(S)-2] analogues

Optically active (S)-10, (S)-11, and (S)-12 were synthesized from L-
malic acid [(S)-2] as shown in Scheme 2. (S)-2 was treated with tri-
fluoroacetic anhydride (TFAA), followed by methanolysis to afford
monoester (S)-10. Diester (S)-11 was obtained by the esterification of
(8)-2 using thionyl chloride in MeOH. Methylation of (S)-11 was ach-
ieved using methyl iodide and Ag>0 to give (S)-12.

3.2. Specific rotation of optically active glycerol analogues and
structurally related compounds

Specific rotations of optically active glycerol analogue (S)-1 and its
structurally related compounds (S)-6, (S)-13, (R)-8a, and (R)-7 were
measured in CHCl3 and MeOH at different concentrations (Table 5).
Since (S)-13 is not sufficiently soluble in MeOH, acetone was used to
measure specific rotations. In general, slightly polar solvents such as
CHCl3 have little effect on molecular geometry, but protic solvents such
as MeOH are known to readily break intermolecular hydrogen bonds
[27]. The specific rotation of (S)-1 in CHCl3 markedly changed from

C(7) 4 H(8) 0@
@ 2.7474 A
H(11) G \\ [O(2)++=O(1)]
N 1.971A
‘1) H()  [0(1)-H(1)*++0(2)]
=)l _ 4.0
H(12) 27896 A ¥
H(7) Ii(():)l)mO(Z)]
27896 A OO
[0(1)=+:0(2)] 0(2)
o ® H@) .
27474 A 1912A

[0(2)++0(1)] \ [O2)-H(2)++=O(D)]
o1

Fig. 2. ORTEP drawing of (S)-13.
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1\ [0(3)++-0(4)]

\
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. 0(3)

0@ -
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[0(1)-H(1)++0(2)] _ 0(3) $-H?)
7 0@ ) \’\\ 1.954 A
@/ 2663 A 2782A N\ [0(3)-H(2)+-0(4)]
) [O(1)++:0(2)] [O(3)+++0(4)] \\m
o(1) @

)

Fig. 3. ORTEP drawing of (S)-10.

+3.9 (¢ 0.10) to -5.6 (c 20.0) depending on the concentration. Signifi-
cant concentration-dependent changes in specific rotations were also
observed for (S)-6 and (S)-13 in CHCl;. All these compounds have hy-
droxy groups at the C1 and C2 positions in the C3 carbon chain. On the
other hand, the specific rotations of (R)-8a, which has a hydroxy group
at the C2 position, showed slight changes depending on the concentra-
tion. While the specific rotations of (R)-7, which has no hydroxy group,
showed almost no concentration-dependent changes in CHCls.
Concentration-dependent changes in the specific rotations of a series of
compounds were greatly attenuated when methanol and acetone were
used as solvents. The hydroxy group of methanol could be a hydrogen-
bond donor and/or acceptor, and acetone has carbonyl groups that
could be hydrogen-bond acceptors. Therefore, the formation of aggre-
gates via intermolecular hydrogen bonding under high concentration
conditions is one of the factors responsible for the concentration-
dependent change in specific rotation.

Specific rotations of (S)-10, (S)-11, and (S)-12, which are structur-
ally related to L-malic acid [(S)-2], were measured in CHCl3 and/or
MeOH at different concentrations (Table 6). (S)-10 was insoluble in
CHCl3, but its specific rotation showed a slight, concentration-
dependent change in MeOH. The specific rotation of (S)-11 changed
little at each concentration in MeOH, but a pronounced concentration-
dependent change from + 3.9 (¢ 0.30) to -1.2 (¢ 60.0) was observed
in CHCls. On the other hand, the specific rotation of (S)-12 in CHCl3 did
not change at all at any concentration. These results correlate with the
presence or absence of hydroxy or carboxy groups that could be

H(12)

H(3)  H(15)
3

2.631 A 0(3)
[0Q2)+-0(3)] 4

-

0Q) 7

i 00)
2.631 A
[0@-0() @)

o 17924
O H(2) [0@)-H(2)++-003)]

Fig. 4. ORTEP drawing of (S)-14.
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hydrogen-bond donors or acceptors.

Based on chemical structural similarity to these glycerol and L-malic
acid analogues, specific rotations of several kinds of optically active
organic compounds were also measured in CHCls and/or MeOH at
different concentrations (Table 7). As a result, we found that (S)-14, (R)-
15, (R)-16, (S)-17, (R)-18, and (S)-19 exhibited marked, concentration-
dependent changes in specific rotation in CHClg, as shown in Table 7.

3.3. Crystallographic studies of (S)-13, (S)-10, and (S)-14

For compounds (S)-13, (S)-10, and (S)-14, for which good crystals
were obtained by recrystallization from the corresponding solvent
[CHCl3-n-hexane for (S)-13, EtyO-n-hexane for (S)-10, and CHCl3-n-
hexane for (S)-14] at room temperature, intermolecular hydrogen
bonding in the solid state were estimated by single crystal X-ray crys-
tallography. In the case of (S)-13, two kinds of OH---OH intermolecular
hydrogen bonds were observed. The distance of O(1)-H(1)---O(2) was
1.971 A [0(1)--O(2): 2.7896 A], and the distance of O(2)-H(2)---O(1)
was 1.912 A [0(2)---O(1): 2.7474 A] (Fig. 2). Two kinds of C = O---HO
intermolecular hydrogen bonds, O(3)-H(2)---O(4) and O(1)-H(1)---O
(2), were also observed in (S)-10 as shown in Fig. 3. The distance of O
(3)-H(2)---0(4) was 1.954 A [0(3)---O(4): 2.782 A], and the distance of
O(1)-H(1)--0(2) was 1.833 A [0(1)--O(2): 2.663 A]. Among these
three compounds, the shortest intermolecular hydrogen bond was
observed in (S)-14, in which the C = O---HO-type interaction was be-
tween O(2)-H(2) and O(3), and the distance was 1.792 A [O0(2)---0(3):
2.631 A] (Fig. 4).

3.4. 'H NMR analysis of optically active glycerol analogues and
structurally related compounds

The chemical shift of '"H NMR spectroscopy is a powerful tool for
probing of intermolecular hydrogen bonding, and thus the 'H NMR
spectra of (S)-1, (S)-6, (S)-13, and (R)-8a were measured at different
concentrations, as shown in Table 8. From the 'H NMR spectrum of (S)-1
in CDCl3, both hydrogen atoms Hy and Hp of the hydroxy groups were
observed at about 1 ppm lower magnetic field at high concentration (85
mg/0.6 mL) than at low concentration (6 mg/0.6 mL). The chemical
shifts of hydrogen atoms H¢ were observed at slightly higher magnetic
fields at high concentration in CDCl3, but no concentration-dependent
changes were observed in CD30D.

1H NMR spectra of (S)-11 and (S)-14 were also measured at different
concentrations in CDCl3 as shown in Table 9. The chemical shifts of
hydrogen atoms Hy of the hydroxy and carboxy groups were observed in
a concentration-dependent manner at low fields under high concentra-
tion conditions, while the chemical shift of the hydrogen atom Hp of the
C-H bond showed no concentration-dependent change..

4. Conclusions

Specific rotation of optically active glycerol analogues (S)-1, (S)-6,
and (S)-13 changed its sign from (+) to (-) with increasing concentra-
tion in CHCl3. The H NMR spectrum of (S)-6 showed concentration-
dependent changes of chemical shift in CDCls. In the case of (S)-13,
intermolecular hydrogen bonding was observed by single crystal X-ray
crystallography. Based on chemical structural similarity to these glyc-
erol analogues, we found several compounds that exhibit concentration-
dependent changes in specific rotation, namely (S)-14, (R)-15, (R)-16,
(8)-17, (R)-18, and (S)-19. This series of compounds have multiple
functional groups capable of serving as a hydrogen-bond donor and/or
acceptor, and the concentration-dependent changes of specific rotation
may be due to self-assembly of these compounds via intermolecular
hydrogen bonding at high concentration. Therefore, in the measurement
of specific rotation of optically active compounds with functional groups
that can cause intermolecular hydrogen bonding, the concentrations
must be matched exactly with the sample being compared.
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Table 8
Selected chemical shifts of (S)-1, (S)-6, (S)-13, and (R)-8a in 'H NMR (500 MHz, CDCls) analysis
(S) (S) (S) (R)
BnO/YOHA MeO/Y\OHA Ph0/>,/\OHA MeO/>._AOBn
HY OHg HY OHg HY OHg HC OHg
(S)1 (S)-6 (S)-13 (R)-8a
Solvent Conc (g/100 mL) Chemical shifts (ppm) of (S)-1
8 (Hp) & (Hp) 8 (He)
CDCl3 1.0 (6 mg in 0.6 mL) 2.06 2.57 3.86-3.92
CDCl3 14 (85 mg in 0.6 mL) 3.00 3.34 3.82-3.87
CD30D 1.0 (6 mg in 0.6 mL) — — 3.76-3.81
CD30D 14 (85 mg in 0.6 mL) — — 3.76-3.84
Solvent Conc (g/100 mL) Chemical shifts (ppm) of (S)-6
8 (Ha) & (Hp) 8 (Ho)
CDCl3 0.8 (5 mg in 0.6 mL) 2.11 2.59 3.84-3.90
CDCl3 13 (75 mg in 0.6 mL) 3.83-3.92 4.11 3.83-3.92
Solvent Conc (g/100 mL) Chemical shifts (ppm) of (S)-13
8 (Ha) & (Hp) 8 (Ho)
CDCl3 0.8 (5 mg in 0.6 mL) 2.11 2.68 4.09-4.14
CDCl3 5.0 (30 mg in 0.6 mL) 3.15 3.54 4.05-4.11
CDCl3 13 (75 mg in 0.6 mL) 3.85 4.15 4.01-4.08
Solvent Conc (g/100 mL) Chemical shifts (ppm) of (R)-8a
5 (Ha) 5 (Hp) 8 (Ho)
CDCl3 0.2 (1.2 mg in 0.6 mL) — 2.44 3.96-4.02
CDCl3 0.8 (5 mg in 0.6 mL) — 2.46 3.96-4.02
CDCl3 13 (75 mg in 0.6 mL) — 2.78 3.95-4.00
Table 9

Selected chemical shifts of (S)-11 and (S)-14 in 'H NMR (500 MHz, CDCl3) analysis

o o]
(S)
MeO N
NOMQ S OHA

O Hs OHjp

~ HB
(S)-11 (S)-14
Solvent Conc (g/100 mL) Chemical shifts (ppm) of (S)-11
8 (Ha) & (Hp)
CDCl, 0.8 (5 mg in 0.6 mL) 3.21 4.51
CDCl3 5.0 (30 mg in 0.6 mL) 3.33 4.52
CDCl3 13 (75 mg in 0.6 mL) 3.47 4.53
Solvent Conc (g/100 mL) Chemical shifts (ppm) of (S)-14
8 (Hp) & (Hp)
CDCl3 0.8 (5 mg in 0.6 mL) — 4.22-4.39
CDCl3 5.0 (30 mg in 0.6 mL) 10.7 4.21-4.40
CDCly 13 (75 mg in 0.6 mL) 11.3 4.21-4.40
a) Broad signal.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
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