(© 1997 The Chemical Society of Japan

Bull. Chem. Soc. Jpn., 70, 1887 — 1893 (1997)

Conformational Behavior of
Methyl (3R)-3-{[(3'R)-3'-Hydroxybutanoyl]oxy } butanoate in Solutions:
Effect of Intramolecular Hydrogen Bond

Jun Li, Jun Uzawa, and Yoshiharu Doi*
The Institute of Physical and Chemical Research (RIKEN), Hirosawa 2-1, Wako, Saitama 351-01

(Received February 13, 1997)

Methyl (3R)-3-{[(3'R)-3'-hydroxybutanoyl]oxy }butanoate (MHBOB) has been prepared as a model compound of
the hydroxy terminal part of poly[(R)-3-hydroxybutanoate] [P(3-HB)]; the NMR assignments and conformational analyses
of the compound are reported. The NMR assignments of MHBOB were made by means of two-dimensional pulsed field
gradient "H-'"HCOSY and 'H-">C HMBC (heteronuclear multiple-bond correlation) spectroscopy. The conformational
behavior of MHBOB generated by rotation about two CH,—~CH bonds was investigated in chloroform and in aqueous
solution at various temperatures by analysis of vicinal coupling in the 500-MHz 'H NMR spectra. In both chloroform and
aqueous solution, the monomer unit adjacent to the methoxy group was found to adopt a similar conformational distribution
to that of the P(3-HB) polymer backbone, in which the trans and gauche conformers were predominant, while the another
gauche conformer was suppressed to almost zero. On the other hand, the monomer unit adjacent to the hydroxy group had
a different conformational distribution relative to that of the other monomer unit, due to the formation of an intramolecular
hydrogen bond between hydroxy and carbonyl groups. In chloroform, only the gauche conformer was predominant at
temperatures between —60 and 57 °C, and even the fraction of another gauche conformer was higher than that of trans
conformer at low temperatures below 0 °C. In aqueous solution, the fraction of gauche conformer was also higher than
that of trans conformer, suggesting the formation of the intramolecular hydrogen bond. However, the formation of the
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intramolecular hydrogen bond in aqueous solution was not so strong as that in chloroform.

Poly[(R)-3-hydroxybutanoate] [P(3-HB)] is an optically
active biopolyester synthesized in many bacteria as a storage
material of carbon and energy."? Since its discovery, P(3-
HB) and related poly(f8-hydroxyalkanoates) have attracted
growing interest both in basic research and in industry, be-
cause of their biodegradability and biocompatibility which
allow them to be used as biodegradable substitutes for con-
ventional plastics.>~ In previous papers,>—® we reported
conformational analyses of P(3-HB) in solutions by 'H NMR
spectroscopy, showing that the polymer backbone adopts pre-
dominately the trans (T) and gauche (G) conformers around
the CH,—CH bond. On the other hand, oligomers of (R)-
3-hydroxybutanoic acid (3-HB) with an uniform molecu-
lar weight have been prepared as a model compound of P(3-
HB). Dimer, trimer, and longer oligomers of 3-HB were used
by the groups of Merrick® and Masamune!®!V in obtaining
more detailed information on the mechanism of enzymatic
degradation of P(3-HB), and by Seebach et al.'">~'* in study-
ing solid state structures and biological functions of P(3-
HB). Here, we prepared methyl (3R)-3-{[(3'R)-3'-hydroxy-
butanoyl]oxy }butanoate (MHBOB), a methyl ester of 3-HB
dimer, as a model compound of the hydroxy terminal part of
P(3-HB) (Chart 1). In this paper, we report the conforma-
tional analyses of the model compound in solutions by means
of 'THNMR spectroscopy. It is suggested that the hydroxy
terminal part of P(3-HB) shows a different conformational
behavior in comparison with that of the polymer backbone.

P(3-HB) MHBOB
Chart 1.
Results and Discussion
NMR Assignments. In the 'HNMR spectrum of MH-

BOB, the methylene, methine, and methyl protons show sig-
nals in pairs (top trace in the COSY spectrum, Fig. 1). In
each pair of signals, one signal corresponds to the proton-
(s) of the monomer unit adjacent to the methoxy group, and
the other corresponds to the proton(s) of the monomer unit
adjacent to the hydroxy group. In order to make the pro-
ton assignments of the spectrum, we first recorded the two-
dimensional 'H~"HCOSY spectrum of MHBOB using the
pulsed field gradient (PFG) technique. The 'H-'H PFG-
COSY spectrum is shown in Fig. 1. The correlation peaks
are observed between resonances at 2.59 and 5.33 ppm, be-
tween those at 2.43 and 4.19 ppm, between those at 1.32
and 5.33 ppm, and between those at 1.23 and 4.19 ppm, re-
spectively, indicating that methylene resonance at 2.59 ppm,
methine resonance at 5.33 ppm, and methyl resonance at 1.32
ppm are attributed to one monomer unit, and those at 2.43,
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Fig. 1. Two-dimensional 'H-'H PFG-COSY spectrum of MHBOB at 25 °C in CDCl,.

4.19, and 1.23 ppm are attributed to the other monomer unit
of MHBOB. However, the COSY spectrum can not tell the
relationship between the two sets of resonances and the two
monomer units of MHBOB.

HMBC (heteronuclear multiple-bond correlation) spec-
troscopy is a well-accepted NMR technique for elucidat-
ing chemical structures by identifying long-range (two- and
three-bond) correlation between heteronuclei such as 'H and
13C.16—19 A convenient starting point is the proton resonance
of -OCHj3; at 3.69 ppm, which is expected to show a long-
range correlation with '3C resonance of C; of the neighbor-
ing carbonyl group. Figure 2 shows the two-dimensional
'H-13C PFG-HMBC spectrum of MHBOB. Herein the PFG
technique was used to improve the resolution and S/N ratio
of the spectrum.'*—2Y In Fig. 2, the correlation peak between
the proton of -OCH3 and C; is clearly detected, while no cor-
relation peak between the proton of -OCHj3 and Cy/ appears.
Consequently, the methylene protons which show correlation
peaks with C; have been assigned to H;, and the methylene
protons which show correlation peaks with C;/ have been
assigned to Hy::

Conformational Analyses. For each monomer unit
of MHBORB, there are three possible conformers: trans (T),
gauche (G), and another gauche (G), as shown in Fig. 3. Tak-
ing torsional strain and steric repulsion into consideration, the
trans and gauche conformers are more stable than the another
gauche conformer. As reported in previous papers,>® the
distribution of conformers around the CH,—CH bonds of 3-
HB units in solution can be determined by means of "H NMR

spectroscopy. The methylene proton resonances are associ-
ated with the methine proton (Hx) and are analyzed as an
ABX three-spin system with a vicinal coupling of Hy and
Hg protons. It is assumed that the flexible molecular chain in
solution undergoes a rapid interconversion among the three
conformers. Then, the coupling constants Jax and Jgx are
presented by average values of the component coupling con-
stants in the three conformers weighted by their fractional
populations Pr, Pg, and Pg, as follows:

Jax = PrJi+ PgJy + Pgly €3]
Jsx = PrJy + PoJ; + Pgl, )
1=Pr+Pg+Pg 3)

where J; and J; are the gauche and trans vicinal coupling
constants, respectively. Assuming the reasonable values of
Jy=2.1 Hz and J;=11.0 Hz,” we can calculate the fractional
populations P, Pg, and Pg for the CH,—~CH bonds under
various conditions.

Figure 4 shows the methylene parts of the 500-MHz
THNMR spectra for MHBOB in CDCl; at various tempera-
tures. The resonance patterns of H, and Hy/ are apparently
different, indicating that the C;—C3 and Cy,—C3/ bonds take
different conformational distributions. In addition, the cou-
pling constants for both H, and Hy: show some variations
at different temperatures. We also recorded the 500-MHz
'HNMR spectra for MHBOB in D,0 at various tempera-
tures. From the 'H NMR spectra of MHBOB in CDCl; and
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Fig. 2. Expansion of two-dimensional 'H-">C PFG-HMBC spectrum of MHBOB at 25 °C in CDCls.
(a) Newman projections for Co-C, bond Figure 5 shows the plots of the conformer fractions of
N /OCHg o, /ocna o. /OCH3 MHBOB for the C,—C5 bond and the Cp—Cs/ bonc'i at various
temperatures in CDCl;. For the C,—C3 bond (Fig. 5a), the
conformer fractions at
P5=0.00. Although the conformer fractions show small
changes with an increase in temperature, they still remain
Pr=0.59, Pg=0.37, and P5=0.04 at 57 °C. Over the wide
range of temperature, a predominant conformation around
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Fig. 3. Newman projections of possible conformers of MH-
BOB for the C,—C3 bond (a) and the C,,—Cs bond (b).
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in D,0, we determined the relevant NMR parameters such
as coupling constants Jax, Jpx, and Jap, and then calculated
the conformer fractions for the C,—C5; and C»—Cs: bonds at
various temperatures using Eqs. 1, 2, and 3. The results are
given in Table 1.

C,—C3; bond of MHBOB is the frans conformer, the next
preference is the gauche conformer, and the another gauche
conformer is strongly disfavored in chloroform. The results
can be accounted for in terms of torsional strain and steric
repulsion. In the another gauche conformer, both methyl
group and oxygen atom are crowded together with carbonyl
group, which raises the potential energy of the conformation.
The conformer fractions of 3-HB unit around the C,—C; bond
in MHBOB are roughly similar to those of 3-HB units in
the P(3-HB) polymer backbone in CDCl3,%” in which the
trans and gauche conformations predominate and almost no
another gauche conformer exists.

However, the conformer fractions for the C,~Cs: bond
of MHBOB in CDCl; (Fig. 5b) are quite different from
those for the C,—C3 bond. The conformer fractions for
the CZI—C3I bond are P1=0.02, Pg=0.85, and P§=0.14 at
—60 °C. With an increase in temperature, Pg and Pg de-
crease, while Pt increases. The conformer fractions become
Pr=0.22, P=0.69, and P5=0.09 at 57 °C. The results are
hard to be accounted for in terms of only torsional strain
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Fig. 4. Expansions for methylene proton resonances of 500-
MHz '"HNMR spectra of MHBOB in CDCl; at various
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and steric repulsion. A careful investigation on the confor-
mational structures around the C,~Cs/ bond suggests that
the hydrogen bonding plays an important role in governing
the conformational structures. As shown in Fig. 6, in both
gauche and another gauche conformers, the proton of hy-
droxy group and the oxygen of carbonyl group are easy to
form intramolecular hydrogen bonds. The steric repulsion
raises the potential energy, while the hydrogen bonding re-
duces the potential energy of the conformers. It is apparent
that the gauche conformer is preferred by both the steric
factor and the hydrogen bond, so that it predominantly ex-
ists. For the another gauche conformer with a large steric
repulsion, the intramolecular hydrogen bonding should sta-
bilize the conformation. Therefore, at a low temperature of
—~60 °C, Pg rises to be 0.14, while Pr drops to be 0.02. At
high temperatures, the formation of hydrogen bond becomes
weak, while the effect of the steric repulsion is relatively
greater. As a result, Py rises to be 0.22 at 57 °C, while
Pz drops to be 0.09. Recently, it has been revealed by
several research groups that hydrogen bonding acts as an
important driving force which affects conformational struc-
tures in monosaccharides,”® azobenzene derivatives,? and
calixarenes.”

Figure 7 shows the plots of conformer fractions of MH-
BOB for the C,—C3 and C,—Cjs/bonds at various tempera-
tures in D,0. For the C,—C5 bond (Fig. 7a), the conformer
fractions at 5 °C are Pr=0.50, Pg=0.50, and P5=0.00. The
predominant conformations around the C,~C3 bond of MH-
BOB are trans and gauche conformers, and the conformer
fractions show small changes with an increase in tempera-
ture. The conformational behavior around the C,—C; bond
can be accounted for essentially in terms of torsional strain

Table 1.  Parameters of Methylene Proton Resonances (H, and Hy/) in 500-MHz 'HNMR Spectra of MHBOB and Conforma-
tional Distribution of CH,—CH Bonds in MHBOB

d/ppm Coupling constant/Hz Conformer fraction

Solvent Temp/ OC Probe H HA HB J AB J AX JBX (J AX +J; BX) PT PG P—G_

CDCl; —60 H, 2.70 2.61 —16.1 9.0 4.0 13.0 0.78 0.22 0.00

Hy 2.50 244 ~16.5 2.1 9.6 11.8 0.02 0.85 0.14

CDCl3 =30 H, 2.68 2.58 —159 8.5 4.6 131 0.73 0.28 0.00

Hy 248 243 —16.2 2.8 9.2 12.1 0.08 0.80 0.12

CDCl3 0 H, 2.66 2.56 —15.7 8.0 4.9 129 0.67 0.32 0.01

Hy 2.46 241 —-16.7 32 8.9 12.1 0.13 0.76 0.11

CDCl3 27 H, 2.64 2.54 ~15.6 7.6 52 12.8 0.63 0.35 0.02

‘ Hy 245 240 159 37 8.5 12.2 018 073 0.9

CDCl3 57 H, 2.63 2.53 —-15.5 73 53 12.7 0.59 0.37 0.04

Hy 243 240 —-15.7 4.0 8.2 12.2 0.22 0.69 0.09

D,O 5 H, 272 272 — 6.6 6.6 13.1 0.50 0.50 0.00

H, 2.53 247 ~15.1 4.7 8.4 13.1 0.30 0.70 0.00

D,O 15 H, 272 2.72 — 6.4 6.4 12.8 0.49 0.49 0.02

H, 2.53 248 —15.1 5.0 8.1 13.1 0.33 0.67 0.00

D.O 27 H, 2.72 2.72 — 6.4 6.4 12.8 0.49 0.49 0.02

Hy 2.53 249 —15.1 52 7.8 13.0 0.35 0.64 0.00

D,O 60 H, 2.71 2.71 — 6.4 6.4 12.8 0.49 0.49 0.02
Hy 2.51 2.51 —15.2 5.8 7.0 12.8 042 0.56 0.02

D,O 90 H, 2.71 2.71 — 6.1 6.1 12.2 0.46 0.46 0.09

Hy 2.51 2.51 — 6.4 6.4 12.8 0.49 0.49 0.02
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Fig. 6. Conformational structures of MHBOB around the
Cy—C3 bond. In both gauche and another gauche con-
formers the proton of hydroxy group forms an intramolec-
ular hydrogen bond with the oxygen of carbonyl group.

and steric repulsion, and the conformer fractions are quite
similar to those of the P(3-HB) polymer backbone in polar
solvents.” It is of interest to note that the conformer fractions
for the C,—C3 bond in D, O show some differences from those
in CDCl;. For example, at 27 °C, the conformer fractions
in D0 are Pr=0.49, Pg=0.49, and P5=0.02, while those
in CDCl3 are Pr=0.63, Pg=0.35, and P5=0.02. This phe-
nomenon may result from a difference in the induced dipole
moments of the ester linkages by solvents. It is known that
the induced dipole moment increases as the polarity of sol-
vent is increased. Apparently, the induced dipole—dipole
interaction between the two ester linkages in the gauche
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Fig. 7. Conformer fractions of MHBOB for the C,~C; bond
(a) and the C»»—Cj5/ bond (b) as a function of temperature in
D,0.

conformer for the C,—~Cs bond in polar aqueous solution is
much stronger than that in non-polar chloroform. Since the
induced dipole—dipole interaction stabilizes the gauche con-
former, the fraction of the gauche conformer for the C,—Cs
bond in D, 0 is larger than that in CDCl;.

For the C,,—C3/ bond at 5 °C in D, 0, the conformer frac-
tions are Pr=0.30, P5=0.70, and P5=0.00 (Fig. 7b). Com-
pared with those of the C,—C3; bond, Pg is much higher
than Pr, indicating that the formation of hydrogen bond be-
tween hydroxy and carbonyl groups stabilizes the gauche
conformer even in aqueous solution. However, the forma-
tion of the hydrogen bond in D,0 seems to be not so strong
as that in CDCl;. The conformational distribution for the
C,—C3 bond at 90 °C becomes similar to that for the C,—C3
bond, indicating that the hydrogen bond in the gauche con-
former is completely broken at 90 °C. ’

In conclusion, the two monomer units of MHBOB show
quite different conformational behaviors both in chloroform
and in aqueous solution. For the monomer unit adjacent to
the methoxy group, the trans and gauche conformers pre-
dominate and the another gauche conformer is suppressed
to almost zero. The conformer fractions are similar to those
of the P(3-HB) polymer backbone. On the other hand, the
monomer unit adjacent to the hydroxy group has a different



1892  Bull. Chem. Soc. Jpn., 70, No. 8 (1997)

distribution of conformers because of the formation of in-
tramolecular hydrogen bond between hydroxy and carbonyl
groups. In the conformational structures of this monomer
unit, only the gauche conformer predominates, and the an-
other gauche conformer also shows relatively high fractions
in chloroform at low temperatures. It has been suggested
from the above results that the hydroxy terminal unit of a
high molecular weight P(3-HB) also has such unusual con-
formational behavior.

Experimental

Measurements. The 'HNMR spectra of methyl (3R)-3-
{[(3'R)-3’-hydroxybutanoyl]oxy }butanoate were recorded at 500
MHz on a JEOL GX-500 NMR spectrometer. The measurements
were carried out at various temperatures in CDCl; or D,O with
5.3 s pulse repetition, 5000 Hz spectral width, 32768 data points,
and 64 or 128 accumulations. Chemical shifts were referred to
TMS as internal reference and DSS as external reference in CDCl3
and D,0, respectively. The two-dimensional 'H~'HCOSY and
"H-'*C HMBC spectra were obtained in CDCl; at room temper-
ature on a JEOL a-400 spectrometer using pulsed field gradient
technique.!® 2" Mass spectra were obtained on a JEOL HX-110
mass spectrometer by the fast atom bombardment (FAB) method.

Materials. Methyl (R)-3-hydroxybutanoate was supplied by
Kaneka Chemical Ind. Other chemicals for synthesis were pur-
chased from Kanto Chemical Co., Inc. CDCl; and D,O used as
solvent in the NMR measurements were obtained from Merck.

Methyl (3R)-3-{[(3’R)-3'-hydroxybutanoylJoxy }butanoate was
prepared according to the method reported by Seebach’s
group. 1219

(R)-3-(Benzyloxy)butanoic Acid. Methyl (R)-3-hydroxy-
butanoate (11.81 g, 0.10 mol) was added to a vigorously stirred
suspension of powdered KOH (86%, 47 g) in Et;O (450 ml) under
dried nitrogen at room temperature. After the mixture was stirred
under reflux for 12 h, benzyl bromide (120 g) was added dropwise,
and stirred under reflux for another 24 h. Water (200 ml) was
added to the reaction mixture, followed by vigorous stirring for
12 h. After removal of the aqueous phase, the organic layer was
extracted with KOH solution. The aqueous extracts were combined
with the aqueous phase, acidified to pH 2 with HCI, then extracted
with Et;O. The Et;O extracts were evaporated and the remaining
syrup was purified by flash chromatography on silica gel 60 column
(Et;O/hexane 1: 1) to give pure (R)-3-(Benzyloxy)butanonic acid.
Yield: 9.6 g (50%). "HNMR (CDCl3, 270 MHz) 6=7.32 (m, 5H,
Ar-H), 4.56 (m, 2H, PhCH;0), 4.01 (m, 1H, C(3)H), 2.59 (m, 2H,
C(2)Hy), 1.30 (d, J=6.3 Hz, 3H, C(4)H3).

(R)-3-(Benzyloxy)butanoyl Chloride.  To a CHCI; solution
(13 ml) of (R)-3-(Benzyloxy)butanoic acid (4.66 g, 0.024 mol)
was added thionyl chloride (7.0 ml), then the mixture was stirred
overnight at room temperature. The excess thionyl chloride was
removed under high vacuum, and the crude product was used for
succeeding synthesis without further purification.

Methyl (3R)-3-{[(3'R)-3'-(Benzyloxy)butanoyljoxy }butano-
ate. A solution of (R)-3-(benzyloxy)butanoyl chloride (5.10 g,
0.024 mol) in 8 ml CHCIl; was added dropwise to a solution of
methyl (R)-3-hydroxybutanoate (2.98 g, 0.025 mol) and triethyl-
amine (2.67 .g, 0.026 mol) in 2 ml CHCl3 which was cooling in
ice-water bath. The mixture was then stirred overnight at room
temperature, and diluted with Et,O, washed with NH4Cl aqueous
solution (15%), dried, and evaporated. The product was purified by
flash chromatography on silica gel 60 column (Et;O/hexane 2 : 8).

Conformational Behavior of MHBOB in Solutions

Yield: 4.50 g (64%). 'HNMR (CDCls, 270 MHz) 6=7.32 (m, 5H,
Ar-H), 5.29 (m, 1H, C(3)H), 4.53 (m, 2H, PhCH,0), 3.99 (m, 1H,
C(3")H), 3.65 (s, 3H, OCH3), 2.36—2.69 (m, 4H, C(2)H; and C(2')-
Hy), 1.29 (d, J=6.3 Hz, 3H, C(4)H3), 1.25 (d, J=5.9, 3H, C(4")H3).
FAB-MS m/z (rel intensity) 295.1 (M*+1; 100), 181.1 (32). Anal.
Cacld for C;cH»,05-0.2H,0: C, 64.50; H, 7.58%. Found: C, 64.27,
H, 7.34%.

Methyl (3R)-3-{[(3’'R)-3'-Hydroxybutanoylloxy } butanoate.
To a solution of methyl (3R)-3-{[(3'R)-3'-(benzyloxy)butanoyl]-
oxy }butanoate (4.40 g, 0.015 mol) in ethanol (15 ml) was added
10% Pd/C (0.54 g), then the mixture was stirred under hydrogen
at room temperature overnight. After a TLC test showed that the
reaction was completed, the mixture was filtrated. Removal of the
solvent and the side-product by high vacuum gave the pure product.
Yield: 2.97 g (97%). 'HNMR (CDCls, 500 MHz) 6=5.29—5.36
(m, 1H, C(3)H), 4.16—4.22 (m, 1H, C(3")H), 3.69 (s, 3H, OCH3),
3.05 (s, broad, 1H, OH), 2.51-—2.67 (m, 2H, C(2)H,), 2.37—2.48
(m, 2H, C(2")H;), 1.32 (d, J=6.1 Hz, 3H, C(4)H;), 1.23 (d, J=6.4
Hz, 3H, C(4")H3). FAB-MS m/z (rel intensity) 205.0 (M*+1; 100),
119.2 (44). Anal. Cacld for CoH;605-0.4H,0: C, 51.13; H, 8.01%.
Found: C, 50.83; H, 7.68%.
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