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1218 LEE ET AL. 

ABSTRACT 

D-cycloserine (CS) is transformed into ~ i s - 3 ~ 6 -  

bis(aminooxymethyl)-2,5-piperazinedione (CS-dimer) in the 

solid state under a humid atmosphere. This dimerization process 

was followed by measuring the IR bands characteristic of CS and 

CS-dimer. The reaction was accelerated by the presence of 

increasedwatervapor. Thex-ray analysisof CSmonohydrate(CS - 
H,O) revealed that the CS molecules exist as a zwitter ion where 

the a-amino N atom is protonated and the amide N atom is 

deprotonated in the crystal. 

was suggested in the dimerization of CS. 

Participation of water molecules 

INTRODUCTION 

(R)-4-Amino-3-isoxazolidone, known as o-Cycloserine 

(abbreviated as CS) is a broad-spectrum antibiotic produced by 

the Streptomyces family, which is used clinically as an anti 

tubercular agent. Isolation, characterization and chemical 

synthesis of this antibiotic substance have been well 

documented[l]. It has been reported that CS undergoes either 

the hydrolysis or the dimerizaion, depending on the pH of the 

aqueous solution[Z]. We have demonstrated by IR spectroscopy 

that CS molecules spontaneously dimerize to ~is-3~6- 

bis(aminooxymethyl)-2,5-piperazinedione (CS-dimer) in a 

neutral aqueous solution[3]. 

In the course of our previous work[3], we found out that 

the dimerization of CS occurs even in the solid state under a 

humid atmosphere. This finding is of pharmaceutical importance, 

because the chemical lability upon storage affects the activity 
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D-CYCLOSERINE 1219 

and t h e  b i o a v a i l a b i l i t y  of t h e  a n t i b i o t i c [ 4 ] .  The r e a c t i o n  was  

monitored by measuring t h e  I R  bands c h a r a c t e r i s t i c  of CS and 

CS-dimer. The x-ray s t r u c t u r e  of t h e  CS c r y s t a l  w a s  analyzed 

and compared w i t h  t h a t  of CS hydrochlor ide (CS  * HC1)[5]. The 

p o s s i b l e  r e a c t i o n  mechanism f o r  t h e  d i m e r i z a t i o n  i s  a l s o  

proposed. 

2 .  E x p e r i m e n t a l  

2.1 Mater ia l s  

CS was  a generous g i f t  from Meiji Seika,  Ltd.  Japan. CS 

w a s  r e c r y s t a l l i z e d  from acetone-water,  and X-ray c r y s t a l  

a n a l y s i s  shows t h a t  t h e  c r y s t a l s  have water of c r y s t a l l i z a t i o n  

(CS - H,O). CS * H C 1  w a s  prepared by d i s s o l v i n g  CS i n  1 M HC1 and 

dry ing  it i n  vacuo a t  room temperature .  CS-dimer w a s  t aken  from 

t h e  same l o t  of p r e p a r a t i o n  used i n  t h e  prev ious  work[3].  The 

d i m e r i z a t i o n  of CS w a s  examined f o r  CS - H , O  and CS - H C 1  under 

d i f f e r e n t  atmospheres,  s a t u r a t e d  w i t h  e i t h e r  water vapor o r  

hydrochlor ic  a c i d  vapor,  or d r i e d  w i t h  s u l f u r i c  a c i d .  

2 . 2  S p e c t r a l  m e a s u r e m e n t s  

The I R  s p e c t r a  were recorded on a Perk in  E l m e r  1650 FT- 

I R  spec t rometer  by averaging 64 scans with a r e s o l u t i o n  of 4 cm". 

The s p e c t r a  w e r e  measured as KBr p e l l e t s .  

FT-Raman s p e c t r a  were obtained on a Perkin-Elmer 2000R 

spectrometer  us ing  t h e  1064 nm l i n e  of a Spectron SL300 Nd:YAG 

laser as an e x c i t i n g  source.  The samples w e r e  s e a l e d  i n  g l a s s  

c a p i l l a r y  tubes .  
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1220 LEE ET AL. 

2 . 3  X-ray c r y s t a l  s t r u c t u r e  a n a l y s i s  

Although t h e  X-ray s t r u c t u r e  a n a l y s i s  of CS- H C 1  has been 

r e p o r t e d [ 5 ]  , no d a t a  w e r e  pub l i shed  on t h e  n e u t r a l  form of CS. 

S ing le  c r y s t a l s  f o r  X-ray d i f f r a c t i o n  were ob ta ined  by s low 

evapora t ion  of a n  acetone-water s o l u t i o n  of CS a t  room 

temperature .  

symmetry w e r e  determined pho tograph ica l ly .  

d a t a  w e r e  o b t a i n e d  on a Rigaku AFC5R d i f f r a c t o m e t e r  w i t h  a 

g r a p h i t e  monochromated M o  Ka r a d i a t i o n ( h =  0.71069 A ) .  I n t e n s i t y  

d a t a  w e r e  collected at  room temperature  ( 2 3  O C )  w i th  a W-28 scan  

The p re l imina ry  cell  dimensions and space  group 

X-ray d i f f r a c t i o n  

mode. The d a t a  w e r e  c o r r e c t e d  f o r  bo thLoren tz  a n d p o l a r i z a t i o n  

effects .  Table 1 summarizes t h e  c r y s t a l  d a t a  and expe r imen ta l  

c o n d i t i o n s  for t h e  c r y s t a l  s t r u c t u r e  de t e rmina t ion .  

The s t r u c t u r e  was so lved  by d i r e c t m e t h o d s .  C r y s t a l  s t r u c t u r e  

a n a l y s i s  w a s  performed by us ing  t h e  teXan c r y s t a l l o g r a p h i c  

sof tware package [ 6 ] .  Non-hydrogen atoms w e r e  r e f i n e d  

a n i s o t r o p i c a l l y .  A l l  t h e  H-atom p o s i t i o n s  were found from a 

d i f f e r e n c e  F o u r i e r  map and r e f i n e d  i s o t r o p i c a l l y .  The goodness 

of f i t :  R = C  l l F 0 1  - IFclI / IF01 = 0 . 0 3 3  andRw= [(I W(IF0I 
2 2 2  - I F c ( ) 2  / 1 w F ~ ~ ) ] l / ~  = 0.036, where F 4F0 la ( F o  and s =  

[ ( x  w(lF01 - lFcl) / ( m -  n)]''* = 1.11, where mand  n a r e  t h e  

number of observed r e f l e c t i o n s  and of v a r i a b l e s ,  r e s p e c t i v e l y .  

2 

3 .  R e s u l t s  and Discussion 

x-ray c r y s t a l  s t r u c t u r e  of CS monohydrate 

The p o s i t i o n a l  parameters  are g iven  i n  Table 2. I n  Table 

3 ,  t h e  i n t e r a t o m i c  d i s t a n c e s ,  ang le s  and selected t o r s i o n a l  
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D-CYCLOSERINE 122 I 

Table 1 

C r y s t a l  d a t a  f o r  o -cyc lose r ine  monohydrate 

Molecular formula C3H6N202 

Molecular weight 102.09 

C r y s t a l  system orthorhombic 

Space group p 2  12 12 1 

C e l l  dimensions a= 6.272(2) A 

b= 15.081(4) A 
c= 5.567(1)  A 

C e l l  volume W 526.5(2)  A3 
Molecular m u l t i p l i c i t y  z= 4 

-3 
Ca lcu la t ed  d e n s i t y  Dc= 1.288 g c m  

Rad ia t ion ,  h(Mo Ka) 0.71069 A 

Linear  a b s o r p t i o n  c o e f f i c i e n t  1.01 cm-’ 

F(000) 216 

R =  0.033 

R e f l e c t i o n s  I > 3 a ( I )  464 

WR = 0.036 

ang le s  of CS - H,O are summarized and compared wi th  t h e  r e p o r t e d  

d a t a o n C S  -HC1[5].  TheCS - H,Omoleculehas z w i t t e r i o n i c  n a t u r e ,  

as shown i n  Fig.  1, i n  contrast  w i t h  t h e  mono c a t i o n i c  form of 

CS-HC1. Themolecule is protonatedattheN1atomanddeprotonated 

a t  t h e  N2 atom. There are s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  bond 

l e n g t h s  between t h e  CS-H,O and t h e  CS-BC1; t h e  N2-02 bond is 

longe r  by 0.062 A ,  and t h e  Cl-C2 and Cl-C3 bonds a r e  s h o r t e r  by 
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1222 LEE ET AL. 

Table 2 
Fractional atomic coordinates(esds in parentheses) and thermal 
parameters. 

Atom X Y z Beqa /A2 

01 

0 2  
0 3  
N 1  
N2 

c1 
c 2  
c 3  
H 1  

H2 
H3 

H4 
H 5  

H6 
H7 
HE 

0 .8883 ( 4 )  
0 -5243 ( 5  

1.0822 ( 5  

0 . 4 9 5 4 ( 6  
0 . 7 1 4 9 ( 5  
0.5645 ( 6  
0 .4005(  7 
0 .7393 ( 6  
0 .625(  7 ) 
0 . 3 1 0 ( 6 )  
0 . 3 1 0 (  6 )  

0.359 ( 7  ) 
0.602 ( 8  ) 

0.467 ( 7  ) 
1.012 ( 8 )  
0 .996(  7 ) 

0 . 3 1 2 9 ( 2 )  0 . 9 8 7 6 ( 5 )  3 . 0 ( 1 )  
0 .4461 ( 2  
0.3375(  2 
0 .3275 ( 2  
0.3908(  2 

0 . 3 9 8 4 ( 2  
0 .4253(  3 
0 .3641 ( 2  
0.449 ( 3 )  
0 .475  ( 2 )  
0 . 3 7 4 ( 2 )  
0 .340  3 )  
0 .321 3 )  
0 .273 3 )  
0 .334 3 )  
0 .365  2 )  

1 . 2 8 7 5 (  5 

0 .5641 ( 5  
0 .7284 ( 6  
1 . 2 7 9 2 (  6 
0 .8946 ( 6 
1 .0771 ( 7 )  
1 . 0 5 9 2 (  7 )  
0 .798(  8 )  

1 . 0 3 9 (  7 )  
1 . 1 1 8 ( 7 )  
0 . 6 5 4 (  8 )  
0 . 6 0 (  1) 

0 . 8 2 5 (  7 )  
0 . 7 1 (  1) 
0 -482  ( 7 )  

3 .3(1 
3.5(1 
2 . 3 ( 1  
2 . 7 ( 1  

2 . 1 ( 1  

2 . 1 ( 1  

5 ( 1 )  

3 ( 1 )  
4 ( 1 )  
7 ( 1 )  
4 ( 1 )  
6 ( 1 )  

3 ( 1 )  

2 . 8 ( 2  

3 . 0 ( 9  

0.073 and 0 . 0 3  A ,  respectively, in the former than in the latter. 
The C3-N2 bond for the former is shorter by 0.017 A than that 

for the latter, indicating the delocalization of the negative 

charge over the 01 , C3 and N 2  atoms. On the other hand, the C3-01 

bond length in CS - H,O is almost the same as that in CS - HC1. This 

observation probably arises from the differences in the ring 

strain of both compounds. The isoxazoline ring is approximately 

planar for the C S  - HC1, while that for the CS * H,O is puckered 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
3
:
2
5
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



? 

Ta
bl
e 

3 
0
 

r
 

In
te
ra
to
mi
c 
di
st
an
ce
s (

 A
 ) 
, 
an
gl
es
 (O

 ) 
an
d 
to

rs
io

n 
an
gl
es
 (O

 
) 
of
 D

-c
yc
lo
se
ri
ne
 m
on

oh
yd

ra
te

 
m

 

n
 

<
 a 

an
d 
D-
cy
cl
os
er
in
e 
hy
dr
oc
hl
or
id
e 

E I
 

6i 
pa
ra
me
te
rs
 

CS
 *

 H
,O
 

CS
 - HC

1'
' 

pa
ra
me
te
rs
 

CS
 *

 H
,O
 

CS
 - H

C1
 ') 

01
-C
3 

02
-N

2 
02

-c
2 

Nl
-C
l 

N2
-0
2-

CZ
 

0
2

 -N
2 -

C3
 

N1
 -
C1
 -
C2

 
Nl
-C
l-

C3
 

C2
-C
l-

C3
 

01
-C
3-

N2
-0

2 
01
-C
3-

Cl
-C

2 
02
-C
2-

Cl
-N

1 
Nl
-C
l-

C3
-N

2 
NZ
-C
3-
Cl
-C
2 

1.
27
6(
4)
 

1.
45
8 
(
4
)
 

1.
44
0 
(
5
)
 

1.
47
9(
 5
)
 

10
7 
.O
( 
3)

 
10
7.
7 

(3
) 

11
4.

7(
3)

 
11
0.
0(
 3

) 
10
0.
3(
 3
) 

-1
78
.6
( 
3)

 
16

1 
.O
( 
3)

 
14
5.
2(
 3
) 

-1
38
.4
(3
) 

-1
7.
2 
(
4
)
 

1.
27
4 

1.
39
6 

1.
43
0 

1.
47
0 

10
9.
5 

11
3.
6 

11
1.
6 

10
9.
0 

10
0.
7 

-1
69
.6
 

16
4.
7 

12
6.
1 

-1
25
.3
 

-4
.9
 

N2
-C

3 
Cl

-C
Z 

Cl
-C

3 

1.
29
9(
 5
)
 

1.
50
2(
 5
)
 

1.
51
9(
5)
 

10
3.
9 
(
3
)
 

12
4.
6(
 3
) 

12
3.
1(
 3
)
 

11
2.
2 
(
3
)
 

39
.7
 (

5
)
 

-0
.5
(4
) 

27
.4
 (

4
)
 

-2
9.
6 
(
4
)
 

19
.3
( 
4
)
 

1.
31
6 

1.
57
5 

1.
54
9 

10
6.
2 

12
6.
0 

12
4.
2 

10
9.
5 

44
.3
 

-0
.3
 

8.
1 

-8
.8
 

6.
2 

~ 

a)
 t
ak
en
 f
ro
m 
re
f.
 
5.
 

e
 

w
 

w
 

W
 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
3
:
2
5
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



1224 LEE ET AL. 

Fig.  1 Comparison of molecular s t r u c t u r e s  of 

CS - HCl(b). 
CS - H,O ( a )  wi th  

a t  t h e  C2 atomand of less s t r a i n :  t h e  C2 atom i s  devia ted  from 

t h e  Cl-C3-N2-02 plane  by 0.128 A .  
The c r y s t a l  c o n t a i n s  four  types of hydrogen bondings as  shown 

i n  Fig.  2: 01...03', 2.679(4) A; 01.-*H-03', 172(5)'; 01-..N1', 

2.727(4) A; Ol---H-N', 172(4)'; 03-.*Nl', 2.752(4) A; 03- 

H.. Nl', 164(4)';03-..N2', 2.910(4);03-H.--N2' 159(4)" (primes 

denote  atoms of neighboring molecules). The s t r o n g  hydrogen 

bondings involvingthewaterofhydration r e s u l t s  i n  a d i s t o r t i o n  

of t h e  €I-0-H angle ,  lOl(4)' i n  c o n t r a s t  t o  a normal va lue  of 106'. 

IR and Raman Spec tra  of CS * H,O, CS - HCl and CS-dimer in t h e  solid 

s t a t e  

Inthepreviouspaper,wemeasuredIRspectraofCSandcs-dimer 

i n  aqueous s o l u t i o n a n d  charac te r izedmolecular  s p e c i e s  e x i s t i n g  
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D-CYCLOSERINE 1225 

Fig. 2 Hydrogen bondings in the CS * H,O crystal. 

in the tautomeric and ionic equilibria[)]. Reference to the 

aqueous solution spectra facilitates the band assignments in the 

solid state. Figure 3 shows the molecular structure and the IR 

spectra of CS - H,O, CS HC1 and CS-dimer in the solid state. In 

the IR spectrum of CS H20, the band at 1580 cm" is ascribed to 

the antisymmetric vibration of the CON- group, va(CON-). The 

symmetric vibration vs(CON-) appears at 1405 em-'. These 

assignments are confirmed by a medium Raman band at 1577 cm" and 
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1226 LEE ET AL. 

2000 1800 1600 1400 1200 1000 

Wavenumber / cm-l 

Fig. 3 IR spectra of (a) CS - H20, (b) CS .HC1 and (c) CS-dimer 
in the solid state. 
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D-CYCLOSERINE 1227 

an i n t e n s e  peak a t  1406 cm-‘. The bands a t  1630, 1607, 1553 and 

1528 cm-’ d i sappear  on N-deuterat ion and a r e  a s s i g n a b l e  t o  t h e  

NH3 deformation modes. + 

The I R  and Raman s p e c t r a  of C S  - HC1 are i n t e r p r e t e d  based 

on t h e  monocationic cis amide form. The I R  spectrum shows broad 

and i n t e n s e  bands c e n t e r e d  a t  1701 , 1618 and 1508 cm-’. The former 

band undergoes a lower-frequency s h i f t  by a f e w  wavenumber, 

whereas t h e  l a t t e r  t w o  d i s a p p e a r  on N-deuteration. These bands 

can be a s c r i b e d  to  t h e  v(C=O) I t h e  6a(NH3+) and t h e  6s(NH3 ) mode, 

r e s p e c t i v e l y .  The v(C=O) mode is  observed as an i n t e n s e  band 

a t  1705 cm-’ i n  t h e  Raman s p e c t r a .  

+ 

The I R  spectrum of  CS-dimer shows bands a t  1 6 6 4  and 1588 

cm~’comparabletothoseat1667and1596cm~’inanaqueous s o l u t i o n  

[ 3 ] .  These bands are ass igned  t o  t h e  v(C=O) and t h e  6(NH,) m o d e ,  

r e s p e c t i v e l y .  Thecorresponding Ramanbands a reobserved  a t1654 

and 1594 cm-‘. 

Dimerization of CS in.the solid state 

When t h e  CS * H,O crystals are p l a c e d u n d e r t h e  s a t u r a t e d w a t e r  

vapor  pressure ,  t h e i r  I R  s p e c t r a  change wi th  t h e  e l a p s e  of time 

as shown i n  Fig.  4 .  The bands a t  1580 and 1406 cm-’, c h a r a c t e r i s t i c  

of CS - H201 decrease  t h e i r  i n t e n s i t i e s  and t h e  bands a t  1687 and 

1564 cni’ are newly observed i n  20-215 h. The spectrum becomes 

i d e n t i c a l  with t h a t o f  CS-dimerin 354 h. These f i n d i n g s i n d i c a t e  

t h a t  CS - H,O crystals are transformed i n t o  CS-dimer by incubat ion  

w i t h  s a t u r a t e d  water vapor .  This  t ransformat ion  is slowed down 

under l o w e r  humidity and no s p e c t r a l  change was observed under 
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1228 LEE ET AL. 

~~ ~~ ~~ 

2000 1800 1600 1400 1200 1000 

Wavenumber / cm-l 

F i g .  4 Time dependence of t h e  I R  spec tra  of CS * H,O i n  t h e  s o l i d  

s t a t e  under saturated water vapor: in (a)  0 h,  ( b )  20 

h, ( c )  162 h, ( d )  215 h,  ( e )  277 h, and (f) 354 h 
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H 
O/H 
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H 

L CS * H20-I 

,O 

CS-dimer 

Intermediate I 

0 

0 

Intermediate I1 

F i g .  5 A reac t ion  scheme for the  dimerization of CS - H,O i n  t h e  

s o l i d  state. 
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an atmosphere dried with sulfuric acid. Furthermore, the IR 

spectra were unchanged for CS -H,O crystals under saturated 

hydrochloric acid vapor or for CS - HC1 crystals under saturated 
water vapor. 

The present observations suggest that the dimerizationoccurs 

for the neutral form of CS and the presence of water molecules 

is necessary. A possible mechanism for the CS dimerization in 

the solid state is proposed in Fig. 5. As revealed by the X-ray 

analysis of CS - H20r the CS molecules exist as a zwitter ion form, 
CS - H,O-I, where the a-amino N atom is protonated and the amide 
N atom is deprotonated. Probably, the nucleophilic attack of 

the a-amino group of one CS molecule to the carbonyl group is 

the initial step of the dimerization. The protonated a-amino 

group is disadvantageous for such a reaction. We assume that 

the non-ionic CS .H,O-II is formed through the proton transfer 

mediated by watermolecules andthis molecular speciestakes part 

in the dimerization. Lassen and Stammer proposed a similar 

mechanism for the dimerization of CS in water[ 71.  It is 

noteworthy that the frequency of the band newly observed in the 

course of the dimerization, 1687 cm-', is similar to that of the 

cis amide vibration of N-aCetyl-D-CyClOSerine (4-acetamido- 

3-isoxazolidone) [ 3 1 .  Thus the band is probably due to CS * H,O-I1 

and/or intermediate-11. 
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