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solution/solid-state reactivity difference is due to the
difference between the range of allowable motions in
solution and the solid state.

Acknowledgement is made to the donors of the
Petroleum Research Fund, administered by the
American Chemical Society, and to the National
Sciences and Engineering Research Council Canada
for support of this research. We thank the University of
British Columbia Computing Centre for assistance, and
Drs J. R. Scheffer and W. K. Appel for crystals and
photochemical results.

References

AppPeL, W. K., GREENHOUGH, T. J., SCHEFFER, J. R. &
TROTTER, J. (1979). J. Am. Chem. Soc. 101, 213-215.

BASTIANSEN, O. & TRETTEBERG, M. (1962). Tetrahedron,
17, 147-154.

BECKER, P. J. & CopPENS, P. (1974). Acta Cryst. A30, 129—
147.

BECKER, P. J. & CoppENS, P. (1975). Acta Cryst. A31,417-
425.

CoPPENS, P. & HAMILTON, W. C. (1970). Acta Cryst. A26,
71-83.

CROMER, D. T. & MANN, J. B. (1968). Acta Cryst. A24,
321-324.

DzaAkprasu, A. A., PHILLIPS, S. E. V., SCHEFFER, J. R. &
TROTTER, J. (1976). J. Am. Chem. Soc. 98, 6049—6051.

Acta Cryst. (1980). B36, 373-377

373

GREENHOUGH, T. J., SCHEFFER, J. R., TROTTER, J. &
WALSH, L. (1979). Can. J. Chem. 57, 2669—2676.

GREENHOUGH, T. J. & TROTTER, J. (1979). Acta Cryst. B35,
3084-3087.

LoNG, R. E. (1965). PhD Thesis, Univ. of California, Los
Angeles.

PHILLIPS, S. E. V. & TROTTER, J. (1976a). Acta Cryst. B32,
3101-3103.

PHILLIPS, S. E. V. & TROTIER, J. (1976b). Acta Cryst. B32,
3104-3106.

PHILLIPS, S. E. V. & TROTTER, J. (1976¢). Acta Cryst. B32,
3091-3094.

PHILLIPS, S. E. V. & TROTTER, J. (1976d). Acta Cryst. B32,
3088-3091.

PHILLIPS, S. E. V. & TROTTER, J. (1977a). Acta Cryst. B33,
984-990.

PHILLIPS, S. E. V. & TROTTER, J. (1977b). Acta Cryst. B33,
996—1003.

SCHEFFER, J. R., BHANDARIL, K. S., GAYLER, R. E. &
WosTRADOWSKI, R. A. (1975). J. Am. Chem. Soc. 917,
2178-2189.

SCHEFFER, J. R. & DzaKPASU, A. A. (1978). J. Am. Chem.
Soc. 100, 2163-2173.

SCHEFFER, J. R., JENNINGS, B. M. & LOUWERENS, J. P.
(1976). J. Am. Chem. Soc. 98, 7040—7048.

STEWART, R. F., DAVIDSON, E. R. & SimMpsoN, W. T. (1965).
J. Chem. Phys. 42, 3175-3187.

SurtoN, L. E. (1965). Editor. Tables of Interatomic
Distances and Configuration in Molecules and Ions. Spec.
Publ. No. 18. London: The Chemical Society.

Neutron Diffraction Refinement of Partially Deuterated §-L- Arabinopyranose and
a-L-Xylopyranose at 123 K*

By G. A. JEFFREY AND A. ROBBINS

Department of Crystallography, University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA

AND R. K. McMuLLAN AND S. TakAGIT

Chemistry Department, Brookhaven National Laboratory, Upton, Long Island, New York 11973, USA

(Received 11 June 1979; accepted 11 September 1979)

Abstract

Refinement of the hydrogen—deuterium neutron scat-
tering parameters for partially deuterated S-L-
arabinopyranose and a-L-xylopyranose at 123 K
showed no evidence of preferential substitution, despite
the presence of anomeric hydroxyls and a large dif-
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ference in some hydrogen-bond lengths. Comparison
with the results of room-temperature studies of the un-
deuterated crystals showed that the marked difference
in the thermal contraction in the two structures was due
primarily to a weak hydrogen bond in the §-L-arabino-
pyranose structure.

Introduction

The experiment described herein was carried out to
explore the use of partial deuterium exchange in
hydroxyl groups as a probe of differences in hydrogen

0567-7408/80/020373-05801.00 © 1980 International Union of Crystallography
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bonding and electronic structure in carbohydrate
molecules. If equilibrium is reached in a carbohydrate
crystal grown in a deuterium—water mixture, it is
anticipated that the deuteron will have a preference for
the hydroxyl bonds with the greatest force constants
(Coppens, 1970). Hydroxyl-bond force constants in
carbohydrates may differ for two reasons; because of
differences in molecular electronic structure, due to the
anomeric effect, for example (¢f. Jeffrey, 1979), and
because of differences in hydrogen bonding due to the
crystal structure. It is debatable, however, to what
degree we would expect hydrogen bonding in the
crystal to influence the exchange since this process pre-
sumably takes place in solution prior to crystallization.
If any effects are observed, the deuterons are expected
to have a greater population in those hydroxyls which
form the weaker hydrogen bonds.

The two carbohydrate crystals studied were S-L-
arabinopyranose, (I), and a-L-xylopyranose, (II).

OH ?H
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The H/D ratio was 1:4, and the neutron diffraction
data were measured at 123 + 1 K. Neutron diffraction
refinements of the undeuterated crystals at room
temperature, 298 K, had previously been carried out by
Takagi & Jeffrey (1977, 1979).

Experimental

The crystals of (I) and (II) were grown by very slow
evaporation from a 1:4 H,0:D,0 solution. The unit-
cell constants and three-dimensional neutron dif-
fraction data were obtained at 123 + 1 K using a
closed-cycle helium refrigerator, DISPLEX®, Model
CS-202 (Air Products and Chemicals, Inc.) on a
Brookhaven High-Flux Reactor diffractometer. The
procedures used for data collection were the same as
those used for the room-temperature studies (Takagi &
Jeffrey, 1977, 1979). The crystal data and experimental
details relevant to this particular experiment are given
in Table 1.

The atomic coordinates from the room-temperature
neutron diffraction structure determination of the
undeuterated crystals were used as starting parameters
for full-matrix least-squares refinement (Busing, Martin
& Levy, 1962). In the final refinement cycles, aniso-

B-L-ARABINOPYRANOSE AND a-L-XYLOPYRANOSE AT 123 K

Table 1. Crystal data and neutron diffraction experi-
mental data for B-L-arabinopyranose, (1), and a-L-
xylopyranose, (II), at 123 K

) (In

Crystal data C,H,,0,
Space group P2,2,2,
a(A) 6-432(2) 9-180 (4)
b(A) 19-480 (7) 12:572 (5)
c(A) 4.778 (2) 5-606 (2)
V(AY) 598-66 646-99
D,y (Mg m~?) 1.663 1.540
Aot (A) 1-1590 (Ge, 220) 11597 (Ge, 220)
Experimental data
Crystal volume (mm?) 4.3551 2-9625
Number of reflections measured 2236 2016
unique 1863 1051
Data-collection mode
#-20 step scan;
426 (°) for 26 < 60° 30 3.0
426 (°) for 26 > 60° < 105° 1-5 + 3-75tan @ 1-2 +2:97tan @
Absorption corrections (Templeton & Templeton, 1973)
Epene (MM 0-1806 0.1872
Corrections to F2: maximum  1.379 1-301
minimum 1.216 1-173
average 1-270 1-216

Anisotropic extinction parameters (x 10¢)
Type 1, Lorentzian distribution (Thornley & Nelmes, 1974)

&u 9:2(9) 21 (5)

8n 4.8 (4) 113 (14)

83 5:3(2) 8(1)

& —0-9 (6) —11(5)

8 —2-0(6) 9(2)

823 1-.34) 1(3)

Final refinement cycle

ZwIF2— K2F2, w™! = g2(F2) + (0-01 F2)?,

(where g, is from counting statistics)

Ry, 0-024 0-032

WRp, 0-031 0-042
1-376 1.877

tropic extinction parameters (Becker & Coppens, 1975)
and the scattering lengths of the partially deuterated
atoms were varied.

The final parameters are given in Tables 2 and 3.*
The atomic notation is standard for pentapyranose
molecules and is the same as that used in the room-
temperature studies. The results of rigid-body thermal
analyses by the method of Schomaker & Trueblood
(1968) have been deposited.* The r.m.s. 14Ul’s were
0-0005 A for (I), and 0-0010 A for (II) for a rigid body
which included all non-hydrogen atoms. This is a better
fit by a factor of 3 for (I) and of 2 for (II) over the
room-temperature results.

The analysis of (II) was inferior to that of (I), as
shown by the larger values of Ry wR,: and S in Table

* Lists of structure factors, results of rigid-body thermal analyses
and anisotropic thermal parameters for both compounds have been
deposited with the British Library Lending Division as Supplemen-
tary Publication No. SUP 34814 (27 pp.). Copies may be obtained
through The Executive Secretary, International Union of Crystal-
lography, 5 Abbey Square, Chester CH1 2HU, England.
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Table 2. Fractional coordinates (x 10°) for B-L-arabinopyranose, (1) and a-L-xylopyranose, (11)

0y

X y z
c() 74227 (9) 41846 (3) 18256 (13)
c) 67767 (9) 34815 (3) 29288 (12)
c@3) 49515 (9) 32099 (3) 12272 (12)
C(4) 31678 (10) 37284 (3) 12907 (13)
c(5) 39593 (10) 44203 (3) 3111 (13)
o) 81593 (11) 40981 (3) —9005 (15)
0(2) 85362 (1) 30394 (3) 27740 (14)
0o(3) 43238 (12) 25621 (3) 23054 (15)
0(4) 23560 (12) 37922 (4) 40489 (16)
0(5) 57055 (10) 46420 (3) 19536 (15)
H(C1) 86096 (20) 44136 (6) 31899 (29)
H(C2) 62964 (21) 35483 (6) 51228 (26)
H(C3) 54538 (22) 31440 (6) —9531 (25)
H(C4) 19459 (22) 35610 (8) —1590 (30)
H(CS1) 27750 (21) 48177 (7) 5649 (33)
H(C52) 43985 (23) 43888 (7)  —19050 (28)
H(O1) 87290 (16) 45309 (5)  —15733 (21)
H(02) 85875 (17) 27453 (5) 44279 (21)
H(03) 40061 (17) 22723 (5) 7052 (21)
H(0O4) 11762 (18) 34956 (6) 41476 (26)

Table 3. Hydroxyl H/D atom parameters in (1) and
ey

(a) Neutron scattering cross sections with standard deviations for
hydroxyl H/D atoms
§)) aIn

H(O1) 0-4700 (22)  0-4598 (36)
H(02) 0-4659 (22)  0-4652(38)
H(03) 0-4732(23)  0-4596 (35)
H(04) 0-4730(24) 0-4773 (37)

(b) Values of 14,,l/0, where 4, is the difference in scattering cross
sections and ¢ = (a7 + 6})"?

(0]
H(O1) H(02) H(03) H(04)
H©l) x 1.32 1-01 0-92
ap HO2 1.03 x 2.29 2.18
H(03) 0.04 1.08 x 0.06
H(04) 3-39 2.28 3.48 x

(¢) Percentage D substitution versus hydrogen-bond length (A)

o) (I

H/D-.-O %D H/D---O0 %D
H(02) 1.738 80-7 (1) H(04) 1.734 81-8(2)
H(O1) 1.795 81-1(1) H(02) 1.753 80-6 (2)
H(03) 1-795 81-4 (1) H(O1) 1-806 80-2 (2)
H(O4)  2.026 81-4 (1) H(O3) 1-845 80-1(2)

1. This results in the greater variation in the bond-
length thermal-motion corrections for (II), which are
shown in Table 4. It demonstrates the extreme
sensitivity of thermal-motion corrections to the quality
and quantity of the experimental data set.

(I

x y z
57066 (8) 48647 (6) 44377 (15)
64325 (8) 39837 (5) 29896 (14)
55031 (8) 29791 (5) 29313 (15)
39948 (8) 32726 (5) 20132 (15)
33581 (8) 41779 (6) 35015 (15)
56203 (11) 45713 (7) 68261 (18)
78687 (10) 37998 (7) 38100 (18)
62066 (10) 22450 (7) 13936 (19)
30783 (10) 23655 (7) 21653 (17)
43061 (10) 50862 (6) 34557 (18)
63258 (19) 56083 (12) 42146 (34)
65260 (20) 42736 (13) 11494 (30)
54082 (18) 26403 (12) 47400 (30)
40990 (21) 35247 (13) 1394 (30)
31904 (21) 39094 (14) 53491 (35)
23164 (19) 44392 (14) 27654 (40)
59516 (14) 51735 (10) 77663 (24)
78513 (14) 33976 (9) 52955 (23)
59229 (14) 15192 (9) 16734 (27)
23300 (13) 24292 (9) 9407 (23)
Discussion

A previous experiment involving deuterium sub-
stitution (Coppens, 1970) had suggested that this might
provide a useful numerical probe of differences in
electronic structure. However, it is clear from the
results given in Table 3 that the H/D exchange ratio in
carbohydrates is less sensitive to differences in the
hydroxyl groups than we had anticipated. Our results
provide no evidence that the anomeric hydroxyls,
HO(1) in carbohydrates, exchange differently from
the non-anomeric hydroxyls, although they are known
to form stronger hydrogen bonds (Jeffrey & Lewis,
1978; Newton, Jeffrey & Takagi, 1979). The results
also showed no evidence of any sensitivity to the length
of the hydrogen bonds. The correlations of bond length
with H/D exchange for the two structures are in the
opposite sense, as shown in Table 3(c). Therefore, in
the absence of evidence to the contrary, we conclude
that the deuterium exchange observed in these two
structures is uniform within the experimental errors,
which are underestimated by about 50% due to cor-
relation between the H/D occupancy factors and the
H/D thermal parameters. Previous experiments where
significant differences were observed involved a-oxalic
acid dihydrate (Coppens, 1970) where the difference in
water and carboxylic acid stretching frequencies was
1560 cm~', and quinolinic acid (Takusagawa &
Koetzle, 1979) where the comparison was between dif-
ferent types of bonds, N—H(D)---O and O-—
H(D)---O. With the oxalic acid dihydrate results, the
difference in H/D exchange was much smaller than
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Table 4. Bond lengths (A) and valence angles (°) in
partially deuterated B-L-arabinopyranose, (1), and a-L-
xylopyranose, (II), at 123 K

The values have been corrected for thermal motion. The correc-
tions are given in [ ] and the standard deviations in ( ), with
reference to the least significant digits. The thermal-motion correc-
tions assumed rigid-body motion of model B. E.s.d.’s for valence
angles are 0-06° for (I), 0-08° for (II).

C(1)-C(2)
Cc(2-c@3)
C(3)-C(4)
C(4)-C(5)
C(1)}-0(1)
C(1)-0(5)
C(2)-0(2)
C(3)-0(3)
C(4)—-0(4)
C(5)-0(5)
C(1)-H,D(C1)
C(2)-H,D(C2)
C(3)}-H,D(C3)
C(4)—H,D(C4)
C(5H,D(C51)
C(5)—H,D(C52)
O(1)—H,D(O1)
0(2)-H,D(02)
0O(3)—H,D(03)
O(4)—H,D(04)

C()-C()-C(3)
C(2)-C(3)-C4)
C(3)-C(4)—-C(5)
C(4)—-C(5)-0(5)
C(1)—O(5)-C(5)
O(5)-C(1)-C(2)
O(5)-C()-0(1)
O(1)—-C(1)—C(2)
0(2)-C(2)—C(1)
0(2)-C(2-C(3)
0(3)-C(3)-C(2)
0(3)-C(3)-C(4)
0(4)-C(4)—C(3)
O0(4)-C(4)—-C05)

Puckering parameters (Cremer & Pople, 1975)
8

4
Q

0
1-5276 [23] (9)
1.5251[22] (9)
1-5314 [26] (9)
1-5172 (23] (10)
1.3981 [29] (11)
1.4228 [24] (9)
1-4265 [24] (10)
1.4237[21] (10)
1.4249 [19] (11)
1-4388 [20] (10)
1-1001 [16] (15)
1-1021 [15] (14)
1.0997 [15] (14)
1-0988 [16] (16)
1-0946 18] (15)
1-0991 [25] (16)
0-9753 (15} (12)
0-9780 [14] (12)
0-9734 [13] (12)
0-9564 [15] (14)

109.7
109-8
109-2
111-2
113-3
109-7
112.3
107-8
108-0
112-0
109-5
111-5
110-6
109-4

1-4° (*C))
110-5°
0-577A

(In
1.5305 [40] (11)
1-5260 [15] (10)
1-5255[29] (11)
1.5315 [40] (11)
1:3934 [23] (13)
1-4286 [26] (12)
1-4179 [26] (13)
1.4221 [37] (12)
1-4210 [13] (11)
1.4374 [14] (12)
11023 [10] (17)
1.0992 [18] (18)
1-1048 [171 (18)
11032 [17] (18)
1.1019[18] (22)
1-0943 [21] (19)
0-9731 [18] (15)
0-9759 [14] (15)
0-9632 [14] (15)
0-9762 (18] (15)

111-6
108-4
110-1
110-5
112:6
109-3
111-8
110-1
110-6
113-1
107-3
111-5
109-0
109-6

180° (}C,)
00
0-575 A

would be predicted from the differences in stretching
frequencies. In these carbohydrate molecules the
hydroxyl groups are chemically similar, except for the
anomeric effect. The difference in the observed O—H
stretching frequencies between the short hydrogen
bonds and the long bond in f-arabinose in the crystalline
state is about 500 cm~! (Kanters, Kroon, Peerdeman
& Vliegenthart, 1969). Under these circumstances, our
results indicate that a difference in H/D ratio will not
be observed.

The molecular dimensions of (I) and (II) at 123 K
are given in Table 4. The C—C and C—O bond lengths,

Table 5. Hydrogen-bond geometry in partially
deuterated [-L-arabinopyranose, (I), and a-L-xylo-
pyranose, (I1), at 123 K

The distances and angles are uncorrected for thermal motion. Values in
{ | are differences from values at 298K in undeuterated crystals.
Standard deviations are 0-0012 A and 0-06° for (1), 0-0015 A and 0.08°
for (I1).

) O-H/D H/D---0 O—H/D---0
O(1)-H/D---O(5) 0974 1+22] A 1.795[—25] A  169-3 [—0-7]°
O(2)-H/D---0(3)  0.977(-2] 1.738 [+3] 159-8 [—1.4]
O(3)-H/D---0(2)  0-972 (3] 1.795 [—6] 163-7[+1-1]
O(4)—H/D---0(2)  0-955[+35] 2.026 [-175) 156-3 {+6-6]

an
O(1)-H/D---0(2)  0-9711(0] 1.784 [-21] 158-8 (+0-5]
O(2—H/D---0(4)  0-974 [+1} 1.729 [-22] 171.7{+0-2]
O(3)—H/D---O(5)  0-962 [-8] 1.815[-28] 165-1(—0-1]
O(4)~H/D---0(3)  0-974[+5] 1-716 {—15] 168-7{—0-1]

when corrected for rigid-body thermal motion, lie
between the uncorrected and corrected values for the
structures at 298 K. The corrected 123 K values are,
on average, 0-0035 A longer than the uncorrected 298
K values, for which the mean thermal-motion correc-
tions are 0-007 A. Interestingly, this suggests that the
differences between uncorrected room-temperature
data and corrected low-temperature data, extrapolated
to the molecule at 0 K, will be small for carbohydrate
crystals, since the thermal motion and expansion cor-
rections are almost equal and opposite in sign, and tend
to compensate.

The different configurations of (I) and (II) result in
different conformations. (I) is a slightly distorted *C,
chair with two axial hydroxyls. (I) is a perfect 'C, chair
with one axial hydroxyl. The geometrical constraints of
the pyranose rings are such that even chemically similar
bond lengths or valence angles must, in general, be
different (¢f. Dunitz & Waser, 1972). In (I), bond-
length differences such that C(4)—C(3) > C(1)—C(2) >
C(2)—C(3) > C(4)—C(5) are observed (at both tem-
peratures), but the C—C—C valence angles agree within
0-6°. In (II), the four C—C ring bond lengths agree
within 0-0060 A, but the C—C—C valence angles differ
by 3-2°. Mathematical analysis of the relationship
between ring conformation and differences in ring bond
lengths and valence angles is a formidable unsolved
problem for non-planar heterocyclic rings (¢f. Britton,
1977). These results do, however, provide excellent
data for testing the predictive powers of the ab initio
quantum-mechanical calculations (¢f. Pople, 1977) or
the semi-empirical methods of molecular mechanics (cf.
Allinger, 1976), since the agreement between experi-
mental and theoretical molecular dimensions requires
good theoretical values for the bending, stretching and
torsional force constants.

The comparison with the room-temperature struc-
tures shows a quite different temperature contraction
for the two structures. For (II), the 1-1% contraction in
unit-cell volume for 123 K corresponds to a con-
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traction in all three unit-cell directions and a very even
contraction of the four hydrogen bonds by nearly the
same magnitude, as shown by the data in Table 5.
However, in (I), the larger 2-3%, volume contraction
corresponds to a 7% contraction in the weak hydrogen
bonds and a less than 1% contraction in the other three
bonds. [The apparently large contraction in O(1)—
H(D) is due to the riding-motion foreshortening of the
O(1)-H covalent bond in the room-temperature
study.] Two of the unit-cell dimensions contract by 1-2
and 1-3%, but the third shows a slight expansion.
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1,2,4,6-Tetra-O-acetyl-3-0-(2,3,4,6-tetra-O-acetyl-f-D-galactopyranosyl)-
a-D-galactopyranose*
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Abstract

C,3H;,0,y crystallizes in the space group P2,2,2,,
with a = 19:194 (1), b = 14-719 (1), c = 12-415 (1) A,
Z =4,D, = 1-285 Mg m~3. Two sets of data (Mo and
Cu radiations) and the derived results are analysed by
normal probability plots. The structure was refined to R
=0:061 (R,, = 0-074). The anomeric parts have bond
lengths of C(5')—0(5’) = 1-439, O(5")—C(1") = 1-390,
C(1)—0(1") = 1-435 and O(1")—C(11') = 1-331 A for
the a moiety and, in the same order, 1-437, 1-409,
1.407 and 1-424 A for the g moiety. The glycosidic
link has an angle of 114-5°. The distortions of the usual
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4C, chair conformation of both rings are analysed. The
rings can be considered to be twisted by 75° from each
other. The two galactoside substituents are attached to
the rings with a difference in twist of 105°. The signs of
angles which describe the relative configuration at
every asymmetric C atom are defined.

Introduction

The title compound is an intermediate in the syn-
thesis of D-galactopyranosyl-D-galactose compounds
(Chacon-Fuertes & Martin-Lomas, 1975). These com-
pounds are being studied as part of a project on con-
© 1980 International Union of Crystallography



