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AJZXRACT 

A crystal-structure determination of trans-U-/3-D-glucopyranosyl methyl 
acetoacetate, C1 1H1808, m.p. 186”, confirmed the tram orientation deduced pre- 
viously from physical properties. The conformation of the D-glucopyranosyl group is 
4C1, although the most symmetrical chair-conformer is actually 3Co _ The glycosidic 
link is --SC, with a C-O anomeric bond of 1.428 A (142.8 pm), i.e. longer than is 
normal in methyl &glycopyranosides. AI1 of the hydrogen bonding is intermolecular. 
The unusual optical rotations in solution can be interpreted in terms of rotameric 
populations that are derived from the solid-state conformers and are stabilized by 
intramolecular or solvent hydrogen-bonding. 

INTRODUCTION 

zrans-O-fi-D-Glucopyranosyl methyl acetoacetate (1) is one of a series of 
cis,trans enolic B-D-glycosides of methyl acetoacetate synthesized and studied by 
Ballou and Linkl, some of which have unusual optical properties in solution. Com- 
pound I. in aqueous solution, for example, shows both an abnormally large change 

(6lCH20H 

1 

in [a]n of 16” between temperatures of 3 and 73” and a reversal of [Ml,, from + 12,100 
for a 2% solution in water to - 18,900 for a 0.3% solution in l&dioxane’. The 

*Present address: Department of Chemistry, Brookhaven National Laboratory, Upton, L.I., New 
York 11973, U. S. A. 
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crystaI-structure determination of 1 was undertaken in order to provide precise 
molecular dimensions as a basis for interpreting these optical rotation properties in 
terms of changes in conformational populations caused by steric hindrance or 
iutramolecuIar association. 

DEScRIpnON OF THE STRUCTURE 

The atomic notations of the molecule and its structure, i.e., bond lengths and 
valence and torsion angles, are given in Figs. 1 and 2 as they occur in the crystal 
structure. Although the D-glucopyranosyl group has the 4C1 conformation, the ring 
torsion-angles show that the most symmetrical chair is 3Co, with C-3 and O-5 dis- 
placed by +0.62 A (+62 pm) and -0.68 A (-68 pm), respectively, from the 
C-l,C-2,C-4,C-5 reference plane. The primary alcohol side-chain is +sc, and the 
glycosidic linkage is --SC, as is usual in /?-D-glycopyranoside crystal structures3. 
The bond lengths in the D-glucosyl 5oup are normal, with the exception of C-l- 
O-5, which is 1.398 ii (139.8 pm). The C-l-O-1 (anomeric) bond has a normaI, 

single-bond length, 1.428 A (142.8 pm) as compared with a mean value of 1.383 A 
(138.3 pm) in three methyl &glycopyranosides3_ 

The methyl acetoacetate group has the tram, planar orientation, as deduced 
by Ballou and Link’ and as shown in formula 1, but the group is not exactly planar, 
as shown by the torsion angles given in Fig. 1. The largest deviations from planarity 
are 20’ about O-l-C-7, and 3’ about C-9-C-10. The 20” twist appears to be related 
to the overcrowding of the C-8 methyl group, mainly with the ring-oxygen atom 
(O-5) of the D-ghlcosy~ group, as shown by the nonbonding, intramolecular separa- 
tions given in Table I. 

The C-O and C-C bond-lengths in the acetoacetate group are intermediate 

between those usual for single and double bonds (see Fig. I), reffecting n-bond 
conjugation, as represented by contributions to 1 of resonance forms, such as 2 and 
3. Of particular interest is the value of 1.369 A (136.9 pm) for O-l-C-7, corresponding 

to about 20 percent of double-bond character. Contribution 2 is also consistent with 
the normal, single-bond length obslsrved for the /I-D-glycosidic bond, C-l-O-l_ It 
implies competition for the delocalized, 2p-type, lone-pair electrons on O-l, thereby 
lessening the n-bond character of C-1-0-1, which was postulated by Jeffrey and co- 
workers3, Romers et uZ.~, and others, to account for the anomeric bond-shortening 
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I cull 

Fig. 1. Bond lengths and valence angles in fruns-O-j?-D-gIucopyranosy1 methyl acetoacetate. 
Numbers in parentheses are estimated standard deviations. 

Fig. 2. Torsion angles and atomic thermal ellipsoids (at 50 percent probability leve12) in the crystal 
structure of trans-O-j-D-ghxopyranosy~ methyl acetoacetate, with estimated standard deviations in 
parentheses. 



T
A

B
L

E
 

I 

S
H
O
R
T
N
O
N
R
O
N
D
I
N
G
 A
N
D
H
Y
D
R
O
G
B
N
*
B
O
N
D
I
N
G
 D
I
S
T
A
N
C
E
S
I
N
 (
r
a
r
~
S
-
0
.
P
-
D
-
G
L
U
C
O
P
Y
R
A
N
O
S
Y
L
 

M
E
T
H
Y
L
A
C
E
T
O
A
C
E
T
A
T
E
"
 

A
to

m
s 

irr
uo

lu
ed

 
ni

sr
an

ce
s 

(0
) 

in
 A
[
p
i
c
o
n
r
e
r
c
r
s
]
 

h
g
l
e
 (
j
i
k
)
b
 

b
 d
e
g
r
e
e
s
 

f
 

j
 

k 
D

O
3 

D
(i

k)
 

D
 (i

k)
 

N
or

rb
on

di
rr

g,
 ir

rt
ro

nr
ol

ec
rd

ar
 d

is
ta

nc
es

 
itw

ol
ui

tr
g 

th
e 

C
-d

-c
ot

lta
ft

ri
tr

g n
te

th
yl

 g
ro

up
 

H
-2

(C
-8

) 
o-

5 
2.

22
(3

) 
[2

22
(3

)]
 

H
-l

 (
C

-8
) 

O
-1

 
2.

59
(3

) 
[2

59
(3

)]
 

H
-l

 (
C

-8
) 

H
(C

-I
) 

2.
31

(3
) 

[2
31

(3
)]

 
H

-l
 (

C
-8

) 
H

-2
(C

-6
) 

2.
37

(3
) 

[2
37

(3
)]

 
C

-8
 

C
-l

 
2.

82
(3

) 
[2

82
(3

)]
 

bt
er

m
ol

ec
rr

la
r 

Iv
dr

og
et

r-
bo

nd
in

g 
di

sr
an

ce
s 

nn
d 

nn
gl

es
 

o-
2 

H
-O

-2
 

O
-G

 
0.

91
(3

) 
[9

1(
3)

] 

;:;
 

H
-O

-3
 

o-
2 

0.
82

(3
) 

[8
2(

3)
] 

H
-O

-4
 

o-
3 

0.
79

(3
) 

[7
9(

3)
] 

O
-G

 
H

-O
-G

 
O

-I
O

 
0.

79
(3

) 
[7

9(
3)

] 

2.
70

6(
3)

 [2
70

.6
(3

)]
 

1.
85

(3
) [1

85
(3

)]
 

15
(l

) 
2.

79
7(

3)
 [2

79
.7

(3
)]

 
1.

98
(3

) [
I 9

8(
3)

] 
5(

2)
 

2.
84

0(
3)

 1
28

4.
0(

3)
] 

2.
12

(3
) 

[2
12

(3
)]

 
21

(2
) 

2.
73

3(
3)

 [2
73

.3
(3

)]
 

1.
97

(3
) [

19
7(

3)
1 

12
(2

) 

O
N

um
bc

rs
 in

 p
ar

en
th

es
es

 a
rc

 e
st

im
at

ed
 s

ta
nd

ar
d 

de
vi

at
io

ns
. 

*I
n 

X
-r

ay
 s

tr
uc

tu
re

 d
et

er
m

in
at

io
ns

, 
th

e 
hy

dr
og

en
 a

to
m

 a
tta

ch
ed

 t
o 

an
 o

xy
ge

n 
at

om
 g

en
er

al
ly

 
ap

pe
ar

s 
cl

os
er

 t
o 

th
e 

ox
yg

en
 a

to
m

 
th

an
 

th
e 

nu
cl

ea
r 

se
pa

ra
tio

ns
, 

an
d 

O
-H

 
di

st
an

ce
s 

of
 0

.8
 8

, 
(8

0 
pm

),
 r

at
he

r 
th

an
 

1 .
O

 A
 (

10
0 

pm
),

 a
rc

 o
ft

en
 o

bs
er

ve
d.

 
z 

Fo
r 

th
is

 r
ea

so
n,

 t
he

 d
ev

ia
tio

n 
of

 t
he

 0
*.

*0
-H

 
an

gl
e 

fr
om

 0
” 

is
 a

 b
et

te
r 

m
ea

su
re

 o
f 

th
e 

lin
ea

ri
ty

 
of

 t
he

 h
yd

ro
ge

n 
bo

nd
 t

ha
n 

th
e 

de
vi

at
io

n 
of

 O
a.

*H
-0

 
g 

fr
om

 1
80

”.
 

@
 

9 ? 1 C
c 



trQI?S-O-p-D-GLUCOPYRANOSYL MEEHYL ACEI-OACEI-A-E 65 

effect widespread in glycopyranoses 5. The shortening of the O-5-C-l bond-length 
in the pyranoid ring to 1.398 .& (139.8 pm) suggests that the electron deficiency on 
O-l, as indicated by the formal charge in 2, is further depopulating the C-l 2p 
orbital, so that the n-bonding normally associated with the anomeric, C-1-0-1 
bond is transferred to the adjacent ring-bond (O-5-C-l). 

In the crystal structure, the hydrogen bonding is all intermolecular, as shown in 
Table I and Fig. 3. It involves all of the hydroxyl groups and the carbonyl oxygen 
atom, but, interestingly, excludes the glycosidic, ring, and acetate oxygen atoms, 
O-l, O-5, and O-l 1. The hydrogen bonds constitute a finite chain originating in O-P 
H and terminating in the carbonyl oxygen atom O-10, i.e., the chain is 0-4-H+O-3- 
H-+0-2+H-O-6+H-0-10. These chains pack the molecules as shown in Fig. 3. 

Fig. 3. Crystal structure of frum-0-fl-mglucopyranosyl methyl acetoacetate. The dotted lines are 
hydrogen bonds. 

DISCUSSION OF THF! OPTICAL PROPEXlIES 

What information does this structure determination provide that is relevant 
to the “anomalous” optical properties in solution? As shown by the intramolecular, 
nonbonding distances given in Table I, the almost planar disposition about O-l- 
C-7 due to the z-bonding implied in 2 Ieads to some steric interference between the 
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C-S-containing methyl group of the aglycon and the ring-oxygen atom; this is illus- 
trated more quantitatively in the Ramachandran confo_rmational map shown in 
Fig. 4, which contours the Van der Waals contact regions at the 90 and 80 percent 
levels against the two torsion angles, 0-5-C-l-O-l-C-7 (6) and C-l-O-l-C-7-C-9 

3e - 

60. - 

W- 

I2V - 

IW - 

13w - 

-ISO* - 

-120’ - 

-so= - 

-8O*- 

-30. - 

OOL 

f”“““‘* ’ t 
-?30=+30=420=-30=-2e-30=0=2e60-90=~l3wiBo 

8 0(5)-c(I)-0(0-c(7) 

Fig. 4. Ramachandran conformational map for rotation about the linkage bonds in LTZLS-o-j%D- 

glucopyranosyl methyl acetoacetate. The cross-hatched region corresponds to Van der Waals 
contacts of greater than 90 percent of the sum of the radii. The outer contour is at 80 percent of the 
sum of the radii. The Van der Waals radii used are given in the lower right-hand comer. X ia for the 
angles of the observed ccnformer in the crystal structure, and + is for the angles corresponding to 
the intramo!ecular hydrogen-bonded conformer, 4, discussed in the text. 

(@), as variables. This map shows that the conformation having 0 = 62”, $ = 161° 
(observed in the crystal) is in a narrow region at the 80 percent level that lies between 
two broad regions of iess, or no, steric interference at $ N + 100”. Conformations in 
these favored regions would imply almost complete loss of the z-bond ener,v across 
C-l-O-7 from the resonance contribution 2. 

If it is assumed that the unusual difference in optical rotation with solvent 
involves neither a-+/? anomerization nor cis-frans isomer&&on, the only explana- 

tion remaining is that, in passing from the crystalline solid into solution, the molecules 

move into one or the other of the two favored conformational regions at I,!? - + 100”. 
This would require that the solvation effects plus the release of the steric interactions, 
indicated in Table I, overcome the loss of n-bonding energy across O-l-C-7. 

Ballou and Link’ suggested that two intramolecular, hydrogen-bonded con- 
formations, 4 and 5, play a role in affording the optical rotations observed, and our 
results support this view. In CiS-o-B-D-glucOp~nOS~1 methyl acetoacetate (6), 
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/ 

6 7 

which has the usual, negative, P-D-glucosiciic rotation in both solvents, no such 
intramolecular interactions are possible. The CHs group containing C-S is interposed 
between the D-ghCOSidk 2-hydroxyl group and the carbonyl oxygen atom (O-10) 
in all possible dispositions of the linkage bonds and would, therefore, prevent any 
intramolecular 0-H. * * l 0 bond-formation. In the irons structure, conformer 4, 
having good linear geometry for the intramolecular hydrogen bond 0-2-H. . -0-I 1 

at 2.69 A (269 pm), occurs with 8 = -9O”, $ = - 110”. A rotameric population in 
the permitted regions of 6 -60 to - 1 lo”, and 9 - 80 to - 140”, with such intra- 
molecular hydrogen-bonding would, therefore, be favored in a non-hydrolytic solvent 
such as l&dioxane, and would thus correspond to the negative optical rotation (in 
solution) usual for a j3-D-glycoside. 

The other intramolecular hydrogen-bonded conformation (5) cannot be 
formed within the other region permitted. At ti = -f- LOO’, 0 = -40 to - 120°, the 
separation between O-6 and O-l 1 is greater than 5 A (500 pm). To obtain the hydrogen 
bonding approach indicated in 5, rotation about the C-S-C-6 bond is necessary, so 
that the torsion angle O-S-C-5-C-6-0-6 is close to 0”. This is a sterically unfavorable 
orientation for a D-glucosidic primary alcohol group, because it brings the alcoholic 
oxygen atom too close to the ring-oxygen atom. However, hydrogen bonding by 
one or more water molecules, such as is shown in 7, is geometrically compatible with 
all of the conformations within the favored region at + = 100 f 15”. It is, therefore, 
reasonable to postulate that, in aqueous solution, the rotameric population lies 
primariIy in this region of B = -30 to - 120”, and rj = +90 to + IlO”, and this 
corresponds to the “abnormal” positive rotation for the P-D-glucoside. Furthermore, 
it is the effect of thermal motion versus the optimal arrangement for water hydrogen- 
bonding that could give rise to the unusually large temperature-dependence of 
optical ro’tation in aqueous solution reported by Ballou and Link’. 
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ExFTRmlENTAL 

Crystals of trans-0/So-glucopyranosyl methyl acetoacetate (1) were provided 
by Professor C. E. Ballou, Department of Biochemistry, University of California 
at Berkeley. Unit-cell dimensions, space group, and intensity determinations were 
made on a Nonius CAD-4 diffractometer by 8- 20 scan with graphite-monochromated 
CUKCY radiation. A crystal of dimensions 0.4 x0.2 x0.2 mm gave 1,586 intensity 
measurements, of which 1,449 were greater than 1 c. The intensity data were reduced 

TABLE II 

FINAL ATOhIIC COORDINATES FOR t?a?LS-O-j-D-GLUCOPYlUNOS.YL METHYL AaTOACETATEa 

Atom WA r!B WC 

o-1 
o-2 
o-3 
O-4 
o-5 
O-6 
O-10 
o-1: 
c-1 
c-2 
c-3 
C-4 
c-5 
C-6 
c-7 
c-s 
c-9 
c-10 
C-11 
H-O-2 
H-O-3 
H-O-4 
H-o-6 
H-C-l 
H-C-2 
H-C-3 
H-C4 
H-C-S 
H-c-6 
H’-c-6 
s-c-8 
H’-C-8 
H--C-S 
H-C-9 
H-C-11 
HI-C-1 1 
H*-Gll 

4484(l) 
6066(l) 
7256(l) 
7503(l) 
5226(l) 
5409(l) 
3017(l) 
1709(l) 
5352(2) 
5906(2) 
6791(l) 
6658(2) 
60.57(2) 
5818(2) 
3848(2) 
4139(2) 
2980(2) 
2614(2) 
1244(2) 
562(2) 
777(2) 
775(2) 
581(2) 
564(Z) 
554(2) 
716(Z) 
641(2) 
637(2) 
639(Z) 
53 S(2) 
457(2) 
456(2) 
358(Z) 
249(2) 
58(z) 

136(2) 
147(Z) 

1223(l) 
970) 

-157(l) 
1757(Z) 
1973(l) 
3868(l) 

- 157(2) 
690(2) 

1525(Z) 
528(Z) 
789(Z) 

1390(2) 
2336(2) 
2891(2) 
1981(2) 
3088(Z) 
1700(2) 
657(2) 

-279(3) 
-35(2) 
- 14(2) 
140(2) 
418(2) 
199(2) 
- ~(2) 
122(2) 
93(2) 

280(3) 
288(3) 
=x2) 
308(3) 
326(2) 
357(2) 
223(2) 
-29(3) 
-58(3) 
- 79(3) 

9430(3) 
10454(3) 
7282(3) 
5070(4) 
6927(3) 
453 l(4) 
9539(4) 
9686(4) 
8753(4) 
8602(4) 
7622(4) 
5751(4) 
6089(4) 
42300 
9695(5) 
9915(6) 
9782(5) 
9649(5) 
9615(T) 
1079(5) 
6g5(5) 
431(5) 
500(5) 
958(4) 
779(4) 
859(4) 
479(5) 
694(4) 
335(5) 
359(4) 

1087(5) 
8530 
981G.l 

1005(5) 
962(6) 

1064(6) 
8380 

Won-hydrogen coordinates x 1Oj; hydrogen coordinates x 10 3. Estimated standard deviations are 
given in parentheses. 
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TABLE III 

CRYSTAL DATA FOR ~~~~-O-/%D-GLUCOP~NOSYL METHYL ACETOACETATE 

CIIH1sOs, M.W. 278.27 daltons, m-p. 186” 
Orthorhombic, Space Group P2r2r2r 
Cell dimensions Q = 14.877(4) A 11487.7 pm] 

b = 12.866(4) A r1286.6 pm] 
= 6.896(2) A 1689.6 pm] 

; =4 
D, = 1.400g.cm-3 
D, = 1.436 g.cm-’ 

to structure amplitudes and E-values, with no absorption corrections, by using 
programs by Shiono ‘. The structure was solved by direct methods by using a PDP-IO 
version of MULTAN7. Application of 196 amplitudes with E z 1.45 gave five 
possible solutions. The five solutions were further refined by using the Hall tangent 
refinement program’, to give an E-map which showed reasonable positions for the 
19 carbon and oxygen atoms within the 22 highest peaks. Isotropic refinement by 
means of block-diagonal least-squares9 gave an R = 0.076. Full matrix anisotropic 
refinement on zui(lFOj -IF’])‘, where wi = l/cF*, gave R = 0.052, with isotropic 
hydrogen thermal parameters*. 

The final atomic coordinates are given in Table II. The atomic thermal pa- 
rameters and the observed and calculated structure-factors are available**. The cry- 
stal data are given in Table III. 

ACKNOWLEDGMENTS 

The authors are grateful to Professor C. E. Ballou for introducing them to 
this interesting problem and for providing the necessary crystals. This research was 
supported by the US. Public Health Service, National Institutes of Health, Grant 
Nos. GM-11293 and GM-01728. 

REFERENCES 

1 C. E. BALLOU AND K. P. LINK, J. Amer. Chem. SOC., 73 (1951) 1134-l 140. 
2 C. K. JOHNSON, Thermal Ellipsoid Plot Program, ORNL-3794, Oak Ridge National Laboratory, 

Oak Ridge, Tennessee, 1965. 
3 G. A. JEFFREY, I. A. POPLE, AND L. RADOM, C’bohyd_ Res., 25 (1972) 117-131. 
4 C. ROMERS, C. ALTONA, H. R. BUYS, AND E. HAVINGA, Topics Stereochem., 4 (1969) 39. 
5 H. M. BERMAN, S. S. C. CHLJ, AND G. A. JEFFREY, Science, 1.57 (1967) 1576-1577. 
6 R. SHIONO, Technical Report No. 49, Crystallography Department, University of Pittsburgh, 

Pittsburgh, Pa., 1969. 
7 G. GERMAIN, P. MAIN, AND M. M. WOOLFSON, Acta Crystallogr., A27 (1971) 368-376. 
8 S. R. HALL, Direct Phasing Methods, UWAC-17, University of Western Australia. (Revised for the 

PDP-10 by D. C. ROHRER, 1968.) 
9 R. SHIONO. Technical Report No. 48, Crystallography Department, University of Pit&b&h, 

Pittsburgh, Pa., 1968. 

**Requests for these data should be sent to the Department of Crystallography, University of 
Pittsburgh, Pittsburgh, Pa. 15260, U. S. A. 


