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ABSTRACT 

The crystal structure of 1,6-anhydro-/I-D-mannopyranose, CsH,,05, is ortho- 
rhombic, P212,2,, witha = 10.971(2), b = 13.935(3), c = 9.012(l)& V = 1377.76 A3 
(MoKa, I = 0.7107 A), Z = 8, D, = 1.563 M.gmm3, D, = 1.565 M.gn~-~. The 
structure was solved by MULTAN and refined to R(F) = 0.043 for 2355 reflections. 
The two symmetry-independent mciecules in the unit cell have similar conformations, 
except for the orientation of one of the three hydroxyl groups. The conformation 
of the pyranose rings is ‘C, distorted towards E,, and that of the anhydro rings is *E. 

There are significant differences between the two molecules in two of the four C-O 
bond-lengths. These occur where there are important differences in the hydrogen- 
bonding environment of the oxygen atoms. The molecules are hydrogen-bonded 
by three linear and three bifurcated O-H *. - 0 interactions which form four-membered 
loops linked into infinite chains. Empirical force-field calculations with MMI-CARB 
reproduced the geometry of the molecules within the variations observed experi- 
mentally between the two molecules, except fcr a C-O bond in one of the molecules_ 
The effect of excluding the anomeric effect from the theoretical calculations was not 
significant. Calculations for an intramolecularly hydrogen-bonded molecule were also 
carried out as a model for the molecules in a non-polar solvent. 

ImODUCTION 

The structure determination of 1,6-anhydro-/I-D-mannopyranose (1) is the 
eleventh in a series of 1,Banhydropyranose molecules studied by X-ray analysis. 
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Except for 1 ,6-anhydro-2,4-deoxy-2,4-difluoro-B-D-~ucopyranose1, all of these 

molecules have been examined by empirical force-field calculations, and the theoretical 

anci observed results have been comparedza3. 
The presence of two symmetry-independent molecules of 1 in its crystal structure 

provides a further opportunity to examine the effect of crystal-field forces on the 

geometry of these fused-ring molecules and compare these results with those from 
empirica force-field calculations_ 

A crystal of 1 with dimensions 0.3 x 0.3 x 0.5 mm was used to measure 

3379 symmetry-independent intensities by 0-20 scans to 8,,, = 35” on a CAD4 X-ray 

diffractometer with graphite-monochromated MO& radiation_ No corrections for 

absorption (/lhIoK1 = 1.48 1 cm- ‘) or extinction were made. The unit-ceLl parameters 

were determined by least-squares fit of sin’8 values for 40 refiections with 18” <8 < 
22O. The structure was solved by MULTAN”, using 300 E-values for phasegeneration. 
The first E-map revealed all of the non-hydrogen atoms. The structure was refined 
by full-matrix, least squares minimizing Cioi(fF,I - klF,l)*, with Oi = (G=~)-~, 
where rrci was from counting statistics. The positional parameters for hydrogen 

atoms were calculated theoretically, except for the hydrogen atoms from hydroxyl 

groupsIwhich were found on the difference Fourier map. The hydrogen-atom para- 

Fig. I- The atomic notation and met-ma1 ehipsoids (at 50 percent probabiLity)L7 of 1,6_anhydro-#?-D- 
mzsmopyranose, mokcule A. 
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TABLE I 

ATOMIC COORDINATES X Iw FOR NOS-HYDROGEN ATOMS A?cD X lo3 FOR HYDROGEN ATOMS~ 

X Y z B ef2 

C-IA 
C-2A 
C-3A 
C-4A 
C-5A 
c-6A 
O-IA 
O-2A 
O-3A 
04A 
O-5A 
C-1B 
c-2B 
C-3B 
C-4B 
c-m 
C-6B 
O-IB 
o-2B 
O-3B 
04B 
o-5B 

H-C-IA 
H-C-2A 
H-C-3A 
H-C-4A 
H-C-SA 
H-C-61A 
H-C-62A 
H-0-2A 
H-O-3A 
H-O-4A 
II-C-1B 
H-C-2B 
H-C-3B 
H-C-4B 
H-C-5B 

ff-C-61B 
H-C-6X3 
H-0-2B 
H-O-3B 
H-0-4B 

871(l) 
1383(l) 
2200(l) 
3039(I) 
2360(l) 

1204(2) 
279(l) 
453(l) 

1426(l) 

4006(l) 
1870(l) 

-1715(2) 
-2033(l) 
-3352(Z) 
-4X9(2) 
-3626(2) 
-3070(2) 
-183q:) 
-1167(!) 
-3367(l) 
-4637(l) 
-2552(l) 

30(l) 
190(l) 
271(I) 
337(Z) 
292(l) 
127(Z) 

95(2) 
ma 

171(2) 

446(z) 
--87(2) 

- 145(2) 

--364(z) 
-496(2) 
-418(2) 

-351(2) 
-308(2) 
-116(2) 
-394(3) 
-411(3) 

780(l) 
1796(l) 
2076( 1) 
1228(l) 
270(l) 
257(l) 
632(l) 

2483(l) 

234w) 
1244(I) 

133(l) 
-1476(l) 

-735(l) 
-839(I) 

-1139(l) 
-1855(l) 
-2722(l) 
--2430(l) 

-768(l) 
-1541(l) 

-328(l) 
-1393(l) 

61(l) 
180(l) 

2640) 
132(l) 

-2ql) 
72(l) 

-38(I) 
266(2) 

27q2) 
79(l) 

141(l) 
-10(l) 

-2q0 
-146(l) 

-2040) 
--28S(2) 
-325(2) 
-12q2) 
- 142(2) 

-10(2) 

4177(2) 
3997(Z) 

5304(Z) 
571!(2) 
5650(Z) 
6582(2) 
3585(l) 

3740(z) 
6518(Z) 
4654(2) 
4176(l) 
5137(2) 
3955(Z) 

34oy2) 
4663(Z) 
5716(Z) 
4933(3) 
4608(Z) 
2784(Z) 
2249(2) 
5480(2) 
6339(l) 

336(2) 
317(2) 
503(2) 
673(2) 
589(Z) 
742(2! 
691(Z) 

442(23 
696(3) 
479(Z) 

.552(2) 
441(Z) 
305(Z) 
433(2) 

65q3) 
398(3) 

552(3) 

2400) 
177(4) 
598(4) 

1.8 
1.6 
1.8 
1.7 
1.8 
2.3 
2.3 
2.6 
2.6 
2.4 
2.1 
2.4 
2.1 
2.1 
2.0 
2.4 
3.1 
3.0 
3.0 
3.2 
2.8 
2.5 

&?O 

0.6(3) 
O-9(3) 
1.6(3) 
l-9(4) 
1 -O(3) 
2.6(.5) 
2.3(4) 
3.5(6) 

2.6(6) 
2.8(5) 

2 60 
2.0(4) 
2.2(4) 
l-9(4) 

3.2(5) 
3.1(S) 

3.6(S) 

3-w) 
4.3(9) 
2.8(1.0) 

c,o-H 

0.99( 1) 
O-94(2) 
0.92(2) 
0.99(Z) 
O-96(2) 
I .00(2) 
O-98(2) 

0.72(2) 
O-75(2) 
O-81(2) 

0 99(Z) 
O-98(2) 
O-95(2) 
0.97(Z) 
l.Oo(2) 
1 _OO(2) 
O-91(2) 
O-77(3) 
O-78(3) 
O-76(3) 

OThe terpperature expression used for hydrogens is T = exp[- (Bsin?&i.‘)]. Beq is defined as Qeq = 
$ Cqt?&Gil. 

if 
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meters were refined isotropicall>r. The final values of R = &I[F,I - klF,j I/xIF,I 

and R, = [x,(JF,I - klF,()‘/~,IF,(‘]rfZ were 0.043 and 0.036, respectively, for 
2355 reflections for which I > 20(1). The goodness of fit, S = (x,(/F,\ - IF,I)‘in - 
m)li’, where n is the number of observations and In is the number of parameters, is 

1.19. The atomic scattering-factors used for carbon and oxygen were those of Doyle 
and Turner’, and for hydrogen those of Stewart ct aL6. The atomic notation and 
thermal ellipsoids are shown in Fig. 1. The atomic coordinates are given in Table I.* 

OBSERVED ASD CALCUUTED hlOLECULAR DI~~ENSIOSS FOR 1,6-Ah.HYDRo-B-Ds~~DPY~~OSEa 

Observed Calcrrlated with MMI-CA RB 

Erchlding mlomeric effect k&ding 
anomeric eflect 

Mol. A Mol. B Mol. A bfoi. B Mol. Bb Mol. A Mol. B 

.??ond k?n~tits A 
C-l-C-2 
c-2-C-3 
c-3-C4 
c-4-C-5 
C-5-C-6 
c-6-0-1 
C-l-o-l 
c-1-0-5 
c-2-o-2 
c-3-0-3 
C-4-03 
c-s-o-5 

Valerrce angles 

C-l-C-2-C-3 
c-2-c-3-c+ 
c-3-C-?-c-5 
C4-C-5-C-6 
c-2-C-1-0-5 
C-4-C-S-O-5 
c-6-C-5-o-5 
C-2-C-l-o-l 
c-5-C-6-0-1 
c-1-c-2-0-2 
c-3-c-z-o-2 
c-2-C-3-o-3 
c-4-c-3-0-3 

1.531(2) l-524(3) 1.528 1.528 1.531 1.529 1.529 
l-531(2) l-533(2) 1.528 1.528 1.527 1.529 1.530 
1..541(2) l-539(2) 1.529 1.528 1.528 1.530 1.529 
1.530(2) lSU(3) 1.531 1.529 1.529 1.532 1.530 
l-522(2) l-526(3) 1.522 1.522 1.522 1.526 1.525 
l-452(2) 1_445(3) 1.423 1.423 I.423 1.410 1.409 
1 &K!(2) I-418(2) 1.418 1.417 1.418 1.394 1.394 
l-419(2) l-425(2) 1.414 1.414 1.414 I.405 I.405 
1_419(2) I-421(2) 1.414 1.413 1.413 1.414 1.413 
I .4334(2) 1.429(2) 1.415 1.415 1.418 1.415 1.415 
l-426(2) 1.425(2) I.114 1.416 1.418 I.415 1.416 
1 &S(2) 1.455(2) 1.415 1.415 1.416 1.421 1.421 

112.2 111.2 110.3 110.3 111.2 
111.7 109.5 1 lQ.4 110.5 109.8 
111.9 112-4 112.8 112.3 112.5 
113.6 116.1 116.1 115.7 115.7 
109.2 108.4 108.0 LOS.3 107.4 
107.2 109.1 108.1 1OS.l 108.3 
101.8 99.3 99.7 100.1 98.5 
112.3 110.6 111.0 111.6 109.8 
104.2 104.1 104.1 104.3 104.3 
110.1 109.4 109.3 109.1 109.3 
112.8 112.0 110.1 109.1 112.1 
IO&l 111.0 109.8 109.5 111.0 
110.1 108.5 108.2 109.9 108.5 

- 

110.2 
110.9 
112.8 
115.7 
107.0 
107.3 
98.9 

110.3 
lcl4.3 
109.4 
110.1 
109.9 
108.2 

*Table; of structure factors and anisotropic thermal parameters are deposited with, and can be ob- 
tained from: Ekevier Scientific Publishing Company, BBA Data Deposition, P. 0. Box 1527, 
Amsterdam, The Netherlands. Reference should be made to No. BBA/DD/2OO/Carboh_ydr- Res., 10 
(1982) 17-25. 
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TABLE II (continued) 

Valence angles Observed 

Mol. A 

c-3-C-4-o-4 105.9 
c-5-C-4-o-4 110.6 
C-l-O-l-C-6 106.4 
C-I-O-5-c-5 101.7 
O-l-C-l-o-5 104.9 

Torsion angles 
--___ 

C-l-C-Z-C-3-C-4 43.1 35.8 
C-2-C-3-C-4-C-5 -41 .O -37.9 
c-3-c-I-c-5-0-5 58.3 59.7 
C-4-C-5-O-S-C-l -74.6 -77.6 
C-5-Q-5-C-l-c-2 76.2 76.4 
O-S-c-l-C-2-C-3 -63.0 -56.9 
C- l-O-5-C-5-C-6 45.2 42.0 
0-5-C-5-C-6-0-1 --29.8 -25.5 
C-5-C-6-o-l-C-l 3.5 -1.1 
C-6-o-l-C-1-0-5 25.0 28.3 
0-1-c-1-0-5-c-5 -44.5 -44.6 
C-2-C-l-O-l-C-6 -92.1 -90.7 
C-3-C-2-C-l-o-l 52.4 60.2 
C-3-C-4-C-5-C-6 -53.8 -52.1 
c-4-c-5-c-6-0-1 87.0 89.5 
0-5-C-l-C-2-0-2 170.3 176.6 
C-l-c-2-c-3-0-3 -78.9 -885.5 
c-2-C-3-C-4-04 79.4 85.2 
C-l-C-2-O-2-H-2 86 61 
C-2-C-3-O-3-H-Z - 14G -156 
C-3-GA--O-I-H-4 - 177 -73 

Cahlated with MM&CA RR 

Mol. B 

Eschding anomeric effect Including 
momeric effect 

- 
Mol. A M-J. B _%f<ri. Bb Mol. A Mol. B 

111.4 107.7 108.8 108.6 107.7 108.7 
109.6 109.3 108.2 107.9 109.3 108.2 
106.4 104.9 104.9 105.2 105.7 105.7 
101.1 101.0 101.1 101.2 101.8 101.9 
105.8 107.1 107.7 107.1 107.8 108.3 

41.5 
-39.9 

58.5 
-74.8 

77.1 
-62.6 

47.2 
-37.4 

12.4 
17.4 

-42.3 
-100.5 

54.6 
-52.6 

79.3 
173.2 

-78.2 
80.6 
86’ 

- 146C 
-177= 

40.4 41.0 41.4 40.2 
-38.6 -40.1 -39.4 -38.2 

57.4 58.6 57.6 56.4 
-75.5 -75.7 -75.5 -76.2 

79.1 78.3 78.1 80.2 
-62.5 -62.1 -62.6 -62.5 

46.2 45.7 45.3 44.4 
-37.4 -35.0 -36.8 -36.8 

13.2 10.0 13.6 14.3 
16.2 19.0 15.5 14.2 

-40.8 -42.1 -40.2 -38.7 
-101.9 -99.3 - 101.3 - 102.6 

55.3 55.6 54.4 55.1 
-53.5 -52.5 -51.8 -52.9 

78.3 80.8 78.3 77.3 
176.2 177.6 173.1 176.2 

-79.0 -80.0 -78.6 -79.4 
81.4 79.1 81.1 81.9 
61’ 168.5 86’ 61= 

-156= 14.8 -146= -156c 
-73= -82.5 -177= -73’ 

“Bond lengths in A, vaitnce and torsion angles in degrees. E.s.d. values For observed bond-lengths, 
given in parentheses, refer to the least significant digit. The standard deviations of the valence angles 
and torsion angles are 0.10-0.15”. Yiimulated isoIated molecule (see text). CFixed at the observed 
values. 

DISCU.SSION 

The ntoZecuZur structure 

The bond distances, valence angles, and torsion angles of 1 for the two sym- 
metry-independent mo!ecules are given in Table II. The major conformational 
differences between the two molecules are in the C-C-O-H torsion angles. This is 

to be expected, since the orientations of the hydroxyi groups are determined by the 
intermoIccular forces in the crystal rather than the intramolecular forces within the 
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TABLE III 

PUCKERDiG PAMMETERS~ FOR SOME FELATED 1,6-AWIYDR~-b-D-PYRXNOSES (I, manno; II, galactob; 
IZI, glueocj 

Ppmos2 rings 

I Mol. A 0.64 160 187 0.64 158 187 
Mol. B 0.64 155 175 0.64 157 188 

Mol. Bd 0.64 150 185 
II Mol. A 0.64 156 176 0.63 155 174 

hloi. B 0.63 156 168 
hioi. c 0.64 155 17.5 

III hid. A 0.61 IS.5 180 

Anhydro rings 

I Mol. A 0.43 355 0.43 
Mol. B 0.42 0 0.42 
Mol. Bd 0.43 

II Mol. A 0.42 346 0.4s 
Mol. B 0.42 3.55 
Mol. C 0.42 353 

III Mol. A 0.42 355 

342 
340 
346 
356 

“Ref. 7. *Ref. 3. ‘Ref. 9. dThe intramoIecu!arIy hydrogen-bonded molecule. 

molecule_ The conformations of the rings are described by the puckering parameters’ 
given in Tab!e III. The pyranoid ring is ‘C?, distorted in the direction of the sofa or 
haI:‘-boat confcrmation (Le., towards ES for which 0 = 135”, 9 = lSO”). One of the 

anhydro rings is exactly 05E (9 = Oc), the other is twisted towards o-5Ts (9 = 342”). 

As shown in Table Ill, these ring conformations are very similar to those ob- 
served in the corresponding galacto and g?uco moiecules. There is no evidence that 

changes in configuration at C-2, C-3, and C-4 introduce any difference in the shape 

of the fused-ring structure, since the differences between different molecules are 

comparable to the differences between the same molecules. 
The bond Iengths and valence angles in the two molecules of 1, shown in Table 

II, agree well, with two interesting exceptions in each category. The C-1-0-1 bonds 

differ by 0.022 A @a), which is highly significant; the C-5-O-5 bonds differ by 0.010 A 

(3Sa). The differences appear to be related to the difference in crystal-field environ- 
ment of the two molecules. O-IA and O-5B are strong hydrogen-bond acceptors 
(see below), whereas O-1B and O-SA are the only two oxygen atoms in the structure 

which are not involved in hydrogen-bonding. It is known, from comparisons of X-ray 

and neutron-diffraction studies of pyranoses*, that the X-ray C-O distances are 

observed to be -0.010 A shorter than those derived by neutron diffraction. This 

finding can be inteqreted as being due to a displacement of the peak of the thermally 
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TABLE IV 

HYDROGES-BOND GEOMXRY IN THE CRYSTAL STRUCTURES OF I,6-ANHYDRO-/?-D+ANSOPYRAh’OSE~ (1) 

ASD ~,6+.~?luDRC+DCLUCOPYRASOSE (2) 

OJ. 
/ 

./ 
‘/ 

/ 
O’/ 

Od- H od--- H a 
01 0 ‘\ 

‘\ \ 
‘, \ 
‘1 r\ 

\ \ 
OX 03 

BOfdT r (4 r’ (_&I O(deg) O'(deg) a(deg) ZO f 0’ f a (deg) 

I O-;A----H-3-4- - - O-5B I.94 
04A----H-4A - - - 0-4B 1.79 
O-3B----H-O-3B - - - O-IA 1.94 

,0-4A / / 
0_2A --__ H-O&$-l 1.98 

l. 
‘O-3.4 
,0-x 

/ 
0_2B_-__H_0_2B;’ 1.99 

. 
‘O-3B 
,0-x3 

/ / 
G4B----H-0-4B: 1.88 \ 

‘O-5B 
2 0-3-_--H _ _ _ O-2 1.81 

0-4 __-_ H _ _ _ 0-t 1.82 

. -0-4 
/-I 

0_2____H < - 1.84 
-. 

-1 
‘O-5 

164 
165 
160 

2.27b 139 

2.436 i.57 

2.50” 143 

170 
168 

2.57 I57 

108 

94 

100 

99 

109 

108 

108 

91 

356 

359 

351 

347 

.--.- ~-__ .--._--.- -- 

=Co\aIent O-H distances were normalized to the standard value of 0.97 A to caiculate the H---O 
distances. The actual, observed H ---0 distances are giver. in Fig. 3. bhtramolecu~ar. 

averaged eiectron-density distribution away from the nucieus in the direction of the 
oxygen lone-pairs. Since the lone-pair electron density Is involved in hydrogen- 

bonding, these observed differences in the C-O bond lengths could be a manifestation 
of a polarization effect iilduced by hydrogen-bond formation. 

The greatest difference in valence angles between the two molecules is for C-3- 
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C-4-O-4, which is significant, being greater than 40 6. This is associated with the 
Iarge difference in C-3-C-4-O-4-H-4 torsion angle. 

Hydrogen-bonding 

The hydrogen-bonding geometry is described in Table IV and illustrated in 
Figs. 2 and 3. There are three linear and three bifurcated bonds which involve all 
the hydroxyl and ring oxygen atoms except the two ring oxygens, O-lB* and O-5A. 
This is in contrast to the structures of 1,6-anhydro-/?-D-galactopyranose3 and 1,6- 
anhydro-j3-D-glucopyranoseg, where all of the available oxygen atoms have hydrogen- 
bond interactions. In this structure, the Hydrogen-bonding consists of four-membered 
loops linked by short three-membered sections into infinite chains which extend 
throughout the crystal in the [OOl] direction, as shown in Fig. 3. Single links are also 
attached to the loops at one of the two corners not involved in the itinite chains. 
The loops, having all the donor-acceptor directions of the bonds in the same direction, 
beIong to the Izomodromic classification of Saengar”, thereby maximizing the 
cooperative eflect 1 I. The four oxygen atoms form buckled squares, with O-O 
distances of O-2A-+0-4A = 2.786 A, 0-4A---+0-4B = 2.750 A, 0-4B--+O-2B = 
2.724 A, and O-2B--+O-2A = 2.905 A. The buckling is quite symmetrical, as shown 
by the lateral view of the squares in Fi g. 3. The displacements from the least-squares 
plane are 0-2A, O-2B f0.23 A, and 0-4A, O-4B 10.24 A. The hydrogen-bond 
chains connecting the loops include the ring-oxygen O-5B as a double acceptor. These 
linking chains are therefore antidronzic, as defined by Saenger”. As with the 1,6- 
anhydro-/3-D-galactopyranose structure3, this is an arrangement that attempts to 
maximize the number of hydrogen-bond interactions so as to include as many as 
possible of the ring oxygens and, at the same time, allow the cooperative effect”‘” 
to operate. All of the three bifurcated bonds involve intramolecular interactions, 
i.e., H-0-4B - - - O-5B, H-O-2B - - - O-3B, and H-O-2A - - - O-3A. As pointed out else- 
where’l, ring oxygens, which have no hydrogens, act as chain-stoppers, breaking 
the cooperative effect unless they interact through bifurcated bonds. They therefore 
tend to be excluded from the hydrogen-bonding scheme, unless they can be included 
in this way. 

The hydrogen-bond distances and angles, using normalized, covalent O-H 
bond-lengths’ of 0.97 A, are given in Table IV. The two shortest hydrogen-bonds 
are those in the homodromic “squares”_ That involved in only one interaction, H-O- 
4A- - - 0-4B, has a Ien,@ which agrees well with the mean bond-length of l-805(9) A 
for cooperative hydrogen-bonds deduced from the analysis of neutron diffraction 
data from carbohydrate crystal structures I’. The H-0-4B - - -O-2B bond is longer, 
because the hydrogen is shared by the bifurcated interaction to the ring-oxygen O-5B. 

*Using O-H covalent distmces ncrmalized to the neutron-diffraction value of 0.97 A, the H-0-m 
to O-1B distance is 2.64 A. This was not considered to be a hydrogen-bonding interaction, because 
O-1B lies out of the plane of the bifurcated bond involving O-ZB, H-O-ZB, 0-ZA, and 0-3B (see 
Table IV). 
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The linear hydroEcn-bonds in the short (less cooperative) chains, H-3A - - -O-5B and 
H-3B- - -O-IA, are longer than the mean neutron-diffraction value of 1.869 A for ali 
typ+s of non-cooperative bonds I3 This supports the view that hydrogen bonds to . 

ether oxygens are longer and weaker than those to hydroxyl oxygens, even when these 

are not involved in cooperative arrangements”. 
Ali of the bifurcated bonds fulfil the criterion that the hydrogen atom be close 

to the plane of the one donor and two acceptor oxygens, as shown by 0 f 8’ -I- v 
-360”. They are unsymmetrical with r’ - r in the range between 0.29 and 0.62 A. 

This is consistent with the results of the study of 25 bifurcated interactions where the 

positions of the hydrogen atoms were known accurately from neutron data”. In that 
analysis, in only four cases was r’ - r to.1 1 A. In the other 21 examples, r’ - r 
ranged from 0.38 to 0.78 A_ 

For comparison. Table IV also gives the hydrogen-bonding data for the crystal 
structure of 1 ,6-anhydro-fi-D-glucopyranoseg, which was not previously reported 
in this way. In that structure, all oxygen atoms are hydrogen-bonded through one 
bifurcated and two linear bonds which form finite, three-link chains terminating at 
the anhydro-ring oxygen. The pyranose-rin g oxygen is included through the bifurcated 
bond. The cooperative effect is small in a finite, three-membered chain and both the 
linear hydrogen-bonds have H - - - 0 bond lengths which are longer than the average 
value” of I.81 A. With only one molecule in the asymmetric unit, this is a much 
simpler hydrogen-bonding than that in 1,6-anhydro-/3-D-galactopyranose3, which 
has three molecules in the asymmetric unit, and this structure which has two. 

ErnpiricaI fWce-field calculations 

Theoretical calculations on the isolated molecule, 1, at rest, were carried out 
wirh the molecular mechanics program MMI-CARBi3. The results are shown, with 
the experimental values, in Table II. Calculations were made including and excluding 
the two-fold torsional potential for the O-C-0 lone-pair sequence, which t&es into 
account the anonreric effect _ Id The two molecules difl‘ered in the orientations of the 
three hydroxyl groups, and these orientations were fixed in the calculations, thereby 

inchtding this aspect of the effect of the crystal fieId on the moiecules. Two of these 
orientations were significantly different in C-C-O-H torsion angles (by 25 and 104”), 
but this resulted in very small differences in calculated molecular geometry. The 
differences in calculated bond lengths and valence angles in the two molecules were 
much less than the experimental uncertainties in these quantities. The torsion angles 
are more sensitive, but again the differences in the calculated values for the two 
molecules were much less than those observed. 

The inclusion or exclusion of the anomeric effect also produced very minor 
differences in molecular geometry, and the comparison with the experimental data 
gave no basis for distinguishing between rhem. 

As shown in Tables II and III, the calculations reproduced the observed, overall 
shape of the pyranoid ring and the puckering at O-5, so that the ring torsion-angles 
C-4-CS-O-SC-1 and C-5-O-5-C-l-C-2 are -75”, and the flattening at C-3, so 
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that C-l-C-2-C-3-C-4 and C-2-C-3-C-PC-5 are -4OO. For the anhydro ring, the 
agreement was better for molecule A than for molecule B. This is probably due to the 
failure of the calculations to reproduce the observed, Iollg C-l-O-1 bond-length in 

molecule A. 
We therefore conclude that the molecular mechanics method, and in particular 

MMI-CARB, can reproduce the molecular geometry of these fused-ring compounds 
within the variations that can arise from crystal-field forces. For these molecules in 
hydrogen-bonding solvents, the apphcation of molecular mechanics gives as good a 

description of the probable molecular geometry as does a crystal structure analysis. 
Similar conclusions were reached for simple pyranoses and methyl pyranosides13, 
using MMI-CARB, and for more-complex carbohydrate molecules, using a different 
force fieldIs. 

For the molecules in a non-polar solvent, the intermolecular hydrogen-bonding 

observed in the crystal will be repIaced by intramolecular bonding16. This was 
examined by using MMI-CARB”, together with a hydrogen-bonding potential 
which had been tested on simpler pyranose molecules”. The function used for the 
hydrogen bond is 

E(H-bond) = xD(exp-Zrl[r,... o - r,] - 2 exp-ti[r,... c - r,])cos26, 
where D = 1.3 kcal/mol, z = I.7 A-‘, r,, = 2.2 A, 6 is the supplement of the O-H - - -0 

angle, and rH __. o is the hydrogen-bond distance. This is a Morse function with an 
attenuation factor cos’6, which expresses the decreasing importance of charge transfer 

as the hydrogen bond becomes more linear. If the angle O-K - - - 0 is -=z 90”, cos2S is 
made zeroL8. 

The starting model used was molecule B (without the anomeric effect) with the 
C-l-C-2-0-2-H, C-&C-3-0-3-H, and C3-C404H torsion angles given values 
of 86,40, and -73 O_ T 1 his corresponds to formation of the fo!fowing intramoIecular 
hydrogen-bonds: O-2-H - - -0-3, O-3-H - - -0-1, and 04-H ---O-5. There were no 

significant changes in the bond iengths and valence angles or th,- total energy of the 
molecule, as compared with the other calculated values. However, the orientation of 
the O-2-H and O-3-H groups did change significantly_ These changes were such that 

H-O-3 made a bifurcated interaction with both O-l at 2.21 A and O-2 at 2.26 A, 

rather than a linear hydrogen-bond with O-l. This is clearly a sterically reasonabIe 
alternative. The O-2-H - - -0-3 bond became much weaker with an He -. 0 distance of 
2.6 A. The 0-4-H-- -0-5 distance shortened from 2.6 to 2.3 A. This appears to be a 

better model for the intramolecuIarIy hydrogen-bonded, “isolated” molecule than 
the starting model. 

SUM!!Y 

The experimental results show that the conformation of the 1,6-anhydro- 
pyranose ring system is insecsitive to the configuration of the substituents on C-2 
provided they are only hydroxyl groups. Both the ring conformations and the detailed 
structures are insensitive to the hydrogen-bonding environment, with the exception 
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of the C-O bond lengths involving oxygens which are strongly hydrogen-bonded 
in one molecule and not in the other. The molecular-mechanics calculations did not 
reproduce this effect, suggesting that it is due to a difference in polarization which 
was not included in the empirical parameters used. 

The use of molecular mechanics with a hydrogen-bonding potential gave a 
reasonable prediction for the intramolecular hydrogen-bonding anticipated for the 
moIecuIes in a non-poIar solvent. 
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