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BICYCLO[2,2,2]0CTADIEN-(2,5)-DICARBONSAURE-(2,3)

Fig.6. Stereobild eines Ausschnitts der Molekiilschraube entlang der zweizdhligen Schraubenachse.
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The Crystal Structure of pL-Histidine Hydrochloride Dihydrate

By I. BENNETT, A.G.H.DAVIDSON, MARJORIE M. HARDING AND ISABELLE MORELLE
Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh, EH9 3JJ, Scotland

(Received 12 August 1969)

The structure of pL-histidine hydrochloride dihydrate has been determined from three-dimensional
X-ray diffraction data and refined until R=0-108 and the standard deviations in bond lengths are ~0-01 A.
The crystals are monoclinic, P2;/a, with a=8-87, b=1530, c=8-48 A, f=114-5°. The histidine cation,
C3N;H} .CH:.CH(NH{).COO-, is fully extended, with the imidazole group trans to the carboxyl
group across the Co—Cp bond; in this and a number of smaller ways the conformation is different from
that of the chemically identical cation in L-histidine hydrochloride monohydrate [Donohue & Caron,
Acta Cryst. (1964) 17, 1178]. Despite the difference in conformation the bond lengths in the pL- and L-

crystals agree very closely.

We have determined the crystal structure of DL-histi-
dine hydrochloride dihydrate (A) so that we can com-
pare the histidine cation here with the histidine group
in various other situations. The structure of L-histidine
hydrochloride monohydrate is already known (Dono-
hue, Lavine & Rollett, 1956; Donohue & Caron, 1964,
subsequently referred to as DC), and also the structure
of various metal complexes containing the histidine
anion such as (B), bis(histidino)cobalt(Il) (Candlin &
Harding, 1969; Harding & Long, 1968a; see also the
review by Freeman, 1967).
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Table 1. Observed and calculated structure factors
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Table 1 (cont.)
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The structure of histidine itself (C) has also just been
determined in this laboratory (Edington, 1969). From
these studies we hope to discover how the conforma-
tion, and perhaps bond lengths or angles can vary
from one situation to another. In the structure of
DL-bis(histidino)cobalt there are two chemically iden-
tical histidine groups which differ in conformation by
small rotations about several bonds, a difference which
must be due to their different hydrogen bonding en-
vironments in the crystal lattice. In crystals of L-cyst-
eine (Harding & Long, 1968b) two molecules in the
asymmetric unit were found to have major differences
in their conformations; N-C,—Cs-S is trans in one and
gauche in the other, showing that the energy of the two
forms is sufficiently close for van der Waals forces or
hydrogen bonds to be able to tip the balance in favour
of either. We have now found that the conformation of
the histidine cation in our DL crystals is quite different
from that in L-histidine hydrochloride (DC).

Crystal data

bL-Histidine hydrochloride dihydrate,
C6H9N302 . HCI . 2 Hzo, M= 227’5,

monoclinic needles elongated along c.
a=8-87+001, b=1530+0-02, c=8-48 + 0-01 A,
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B=114-5+0-20°, ¥=1047 A3, D;y=1-44 g.cm-3,
Z=4, Deaic=1-44 g.cm3,

Space group P2,/a, Cu K« radiation,

1=243 cm1,

®)

@

Fig.1. The conformation of the L-histidine cation in (a) DL-
histidine hydrochloride dihydrate, and () L-histidine hydro-
chloride monohydrate. In both cases the atomic positions
are projected onto the plane of the imidazole ring.
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Experimental

Commercial DL-histidine hydrochloride was recrystal-
lized from aqueous alcohol (1:1). The intensities of
1469 reflexions were estimated visually from multiple
film Weissenberg photographs of the layers 0k/ to 7k/
and 4k0. Lorentz and polarization corrections were ap-
plied and all the reflexions placed on a common scale.

Solution and refinement of the structure

The chlorine atom positions were found from a three-
dimensional sharpened Patterson series. They are very
nearly on the glide planes at y=0-25 and y=0-75 and
so there was an ambiguity in the relation of the set of
chlorine atom positions to the symmetry elements of
the cell; they may be placed at 0-04, 0-25, 0-20 and sym-
metry related positions, or at 0-04+ %, 0-25, 0-20 etc.
A chlorine-phased electron density series was calcu-
lated, which is the same for either set of chlorine posi-
tions and has a false mirror plane at y=0-25. In its in-
terpretation the first set of chlorine positions was initi-
ally assumed and a plausible trial structure found ; how-
ever electron density difference maps failed to show
how it could be improved and the agreement of ob-
served and calculated structure amplitudes was very
poor for reflexions with # odd (R~0-7) although quite
good for those with % even (R <0-4). When the alterna-
tive set of chlorine positions was assumed, the histidine
cation already found could be displaced by a/4, and the
structure was then easily refined, first by difference elec-
tron density series (to R=0-33) and then by ‘least
squares’.

A full-matrix least-squares refinement program based
on that of Busing, Martin & Levy (1962) was used.
Form factors were taken from International Tables for
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X-ray Crystallography (1962), the carboxyl oxygen at-
oms were treated as O'/2~. For weighting purposes o(F)
was taken as 0-05|F| when |F|>10-0 and 5/|F| other-
wise. Refinement of positional parameters, isotropic
thermal parameters and layer scale factors reduced R
to 0-15. A difference electron density series indicated
seven hydrogen atoms and some large anisotropic ther-
mal vibrations. Layer scale factors were not adjusted
after this, but the contributions of these seven hydrogen
atoms to Feale Were included, and anisotropic thermal
vibration parameters were refined. The refinement con-
verged, with R=0-108.

A difference electron density series then showed no
peaks greater than 0-5 e.A-3 except near the sites of the
two water molecules (peaks of 07 and 0-9 e.A-3) and in
possible positions for the amino hydrogen atoms which
had not been included in the structure factor calculation.

Observed and calculated structure factors are given
in Table 1, positional and thermal parameters in Table
2, and bond lengths and angles in Table 3.

Table 3. Bond lengths, bond angles and angles between
planes, in the histidine cation

Those in the pL-crystals (this work) are compared with those
in the L-crystals (DC).

DL-crystals  L-crystals
(a) Bond lengths (6=0-01 A)

C(1)-C(2) 1-515 A 1-530 A
C(2)-C(3) 1-545 1-527
C(3)-C(4) 1-487 1-508
C(4)-C(6) 1-355 1-358
C(4)-N(2) 1-403 1-386
C(5)-N(2) 1-306 1-319
C(5)-N(3) 1-331 1-314
C(6)-N(3) 1-381 1-359
C(2)-N(1) 1-504 1-495
C(1)-0(1) 1-235 1-240
C(1)-0(2) 1-262 1-265

Table 2. Positional and vibrational parameters

The numerals in parentheses are 10+ times the estimated standard deviations of the positional parameters. The vibrational param-
eters, U, are 103 times the mean square vibration amplitudes (A2), with estimated standard deviations ~ 3. The hydrogen param-
eters are those used in the structure factor calculations and have not been refined.

x y z Un Uz Uss Uy Us Uz

Cl 0-2908 (2) 0-2460 (1) 0-1975 (2) 49 38 61 1 23 -7
C(1) 0-7909 (7) 0-3082 (3) 06412 (8) 36 31 50 0 25 2
C(2) 0-8038 (7) 0-2109 (3) 0:6161 (8) 30 32 48 1 17 2
i) 08771 (7) 01670 (3) 07964 (8) 34 33 46 2 1 -1
C4) 0-8957 (7) 0-0710 (3) 0-7836 (8) 36 30 39 1 10 1
C(5) 0-9978 (8) —0-0515 (4) 0-7326 (9) 49 32 52 -2 19 —1
C(6) 0-8070 (8) 0-0050 (4) 0-8102 (9) 43 38 48 6 14 0
NQ1) 0-6334 (6) 0-1748 (3) 0-5119 (7) 30 32 48 -6 10 0
N(2) 1:0140 (6) 0-0334 (3) 0:7345 (7) 38 31 51 -1 19 -3
N(3) 0-8739 (7) —0-0705 (3) 0:7766 (7) 47 33 55 0 18 -8
o(1) 06537 (5) 0-3389 (3) 0-6146 (7) 36 33 85 -7 29 4
0(2) 0-9246 (5) 0-3504 (2) 0-6864 (7) 42 34 75 -9 27 -6
o(W1) 06661 (6) 0-0270 (3) 0-3354 (7) 62 37 65 -6 22 3
o(W?2) 0-4380 (8) 0-0988 (4) 0-0340 (8) 106 65 69 6 34 8

X y z U x y z U
H(C2) 0-8828 0-1970 0-5480 25 H(Ce6) 0-7058 00112 0-8486 25
H(C3) 0-7780 0-1778 0-8470 25 H(N2) 1-0985 0-0688 0-7054 25
H(C3) 0-9907 0-1992 0-8818 25 H(N3) 0-8298 —-0-1319 0-7875 25
H(CS) 1:0720 —0-0958 0-6992 25
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Table 3 (cont.)

() Bond angles (6 =0-4-0-6°)

O(1)-C(1)-0(2) 126:3°
O(1)-C(1)-C(2) 1183
0(2)-C(1)-C(2) 1154
C(1)-C(2)-N(1) 1091
C(1)-C(2)-C(3) 108-3
N(1)-C(2)-C(3) 109-2
C(2)-C(3)-C(4) 1118
C(3)-C(4)-C(6) 129-4
C(3)-C(4)-N(2) 1231
C(6)-C(4)-N(2) 107-5
C(4)-N(2)-C(5) 108-6
N(2)-C(5)-N(@3) 1083
C(5)-N(3)-C(6) 1105
N(3)-C(6)-C(4) 1051

(¢) Dihedral angles (6=0-5-1-0°)
O(1)-C(1)>-C(2)-N(1)
O(1)-C(1)-C(2)-C(3)

—16-7°

102-1

125-8°
120-0
114-2
109-4
113-3
111-1
114-9
131-6
122-1
106-2
108-5
108-7
1096
1069

04°  yp*
125-0

Table 3 (cont.)

0(2)-C(1)-C(2)-N(1) 162-6 179-5 7
0(2)-C(1)-C(2)-C(3) — 786 - 559 :
C(1)-C(2)-C(3)-C(4) 179-4 —52-1
N(1)-C(2)-C(3)-C(4) —61-9 715 Xt
C(2)-C(3)-C(4)-N(2) —170-6 —120-5 x21
C(2)-C(3)-C(4)-C(6) 107-7 611 x22

* The signs, and symbols w;, y;2 efc. correspond to those
used by Lakshminarayanan, Sasisekharan & Ramachandran
(1967).

Discussion

The crystals are racemates, containing equal numbers
of D and L molecules, so throughout the discussion we
shall compare the L-histidine cation found here with
the same cation in L-histidine hydrochloride monohy-
drate (DC).

2\
\O
\
\

o(wz)

ow1)

Fig.2. c-Axis projection of the structure. The heavier lines re

N(3)

asinf 2asin B

present molecules whose atoms have }<z<1 and hydrogen bonds

between them (broken lines); only these molecules are shown in the unit cell on the left. On the right the remainder of the cell
contents is included (thinner lines) and thin broken lines show hydrogen bonds joining the two regions. Additional close con-
tacts are shown around one chloride ion as dotted lines.
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Conformation

As shown in Table 3(c) and Fig. 1, the conforma-
tions are different, chiefly around the bonds C(2)-C(3)
and C(3)-C(4). The imidazole ring is rotated about
C(3)-C(4) by nearly 180°, thus interchanging the car-
bon and nitrogen atoms in relation to amino group;
C(2) is nearer C(6) than N(2) in the L-crystals, but
nearer N(2) than C(6) in the pL-ones. The C(3)-C(4)
conformation is such that C(1) is trans in the DL crys-
tals with respect to C(4), and N(1) is gauche, but in the
L-crystals both C(1) and N(1) are in gauche positions.
There are smaller differences in other torsion angles.

In the extended form found in the DL crystals inter-
atomic repulsions within the cation should be less than
in the compact form in the L crystals, but the latter
would have a more favourable electrostatic energy since
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the negative carboxylate group is closer to the positively
charged imidazole ring. In each crystalline form the
molecules participate in seven hydrogen bonds which
may appreciably affect the relative energies of the dif-
ferent conformations. Crystallization from a solution
containing D- and L-histidine yields the racemic crys-
tals rather than separate D and L crystals so the former
must be more favourable. These results emphasize that
predictions about conformation made on the basis of
minimum energy or any other calculations for an iso-
lated molecule, may not always be correct for the mole-
cule in a crystal — or in any other environment.

Bond lengths and angles

Despite the difference in conformation the bond
lengths [Table 3(@)] are in close agreement in the L- and

Table 4. Intermolecular contacts

Hydrogen bonds

N@1)----- 0(2) at
N(D----- o(W1)

N@)----- Oo(1) at
02+ -O(W?2) at
Oo(W1) --O(W?2)

C] ....... N(])

Cl ....... N(3) at
CI ....... 0( W2)

Other contacts less than 3-5 A
cq)- - -O(W?2) at
C(2)---O(1) at
CB3)- - -o(l) at
C@)---0(1) at
C(6)- - -O(W?2) at

—5+x, 53—y, z 2:84 A
2-79
THx, t—y, z 273
P+x, -y, 142 3-00
2:75
3-29
1—x, —y, 11—z 3-11
3-19
t4x, 45—y, 142 3-35
t4+x, 43—y, 2z 3-20
t4x,4-y, z 3-40
I+x, 35—, z 3-45
l—x, —y,1-—2 3-37

Fig.3. b-Axis projection of the structure. Double circles represent chloride ions, open circles oxygen and shaded circles nitrogen
atoms. Heavy lines represent molecules straddling the glide plane at y =4, and the water molecules near it, with hydrogen bonds
shown as broken lines. Thinner lines represent the molecules straddling the glide planes at y= —1 or % (hydrogen bonds are
not shown for these). Additional close contacts are shown around one chloride ion.
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DL-crystals; there are no differences greater than 3o
(0:03 A); the root mean square difference is 0-015 A
(1-50), and the variations in bond lengths around the
imidazole ring follow the same pattern.

Only four of the bond angles [Table 3(b)] in the DL
crystals differ by more than 3¢ from those in the L crys-
tals, and only two of these differences are much greater
than 3¢. C(1)-C(2)-C(3) and C(2)-C(3)-C(4) are both
5° smaller in the DL than in the L crystals, and in the
DL crystals their values (108-3 and 111-8°) are closer to
the tetrahedral angle; this suggests that these angles
have increased (to 113-3 and 114-9°), in the compact
conformation in the L-crystals, to relieve the repulsions
between non-bonded atoms within the molecule.

Like the bond lengths, the bond angles in and adja-
cent to the imidazole ring follow the same pattern in
both L and DL crystals. It is particularly noteworthy
that C(3)-C(4)-C(6) is large (131-6, 129-4°) compared
with C(3)-C(4)-N(2) (123-1, 122-1°); this cannot be at-
tributed to repulsion by C(2) since this atom is nearer
to C(6) in the L-crystals, but to N(2) in the DL-crystals;
it must presumably be a result of the electronic struc-
ture around C(4), and connected with the fact that
C(4)-C(6) is shorter, and so of higher bond order, than
C(4)-NQ). _

The variation in angles at C(1) is the same in the two
crystal forms. As in other amino-acids O(1)-C(1)-C(2)
is slightly greater than O(2)-C(1)-C(2). The average
values for amino-acids given by Marsh & Donohue
(1967) are 118:0 and 116-4°, but both histidine cations
have smaller values still for the second angle.

C(3) and all the atoms of the imidazole ring are co-
planar, within 0-01 A or two standard deviations. C(2)
and the atoms of the carboxyl group are coplanar, with-
in 0-004 A, but N(1) is 0-42 A out of this plane.

Hydrogen bonds and intermolecular contacts

These are listed in Table 4, and Figs. 2 and 3 illustrate
the packing in the crystal lattice.

Ribbons of histidine cations, each straddling a glide
plane, extend in the a direction. Each histidine cation
forms four strong N-H-.-O bonds to its two glide
plane related neighbours. In the b direction the edges
of neighbouring ribbons are held together by the inter-
action of chloride ions with positively charged imid-
azole groups, and by one N(3)-H - - - Cl- bond from each
molecule (see Fig. 2). In the ¢ direction, neighbouring
ribbons are displaced by b/2 relative to each other, so
that the chloride ions can interact with the —NHj
groups (see Fig. 3). In addition, hydrogen bonds in-
volving the water molecules hold the ribbons together.
The imidazole groups of molecules in neighbouring rib-
bons lie in parallel planes 3-40 A apart.

The chloride ion makes three short hydrogen bonded
contacts with an N(1), an N(3) (both positively
charged), and an O(W 1) (see Table 4); there are also a
number of more distant neighbours the closest of which
are an O(W1) at 3-54 A, an N(1) at 3-56 A an N(3) at
3-69 A and an O(W2) at 3-71 A. This may be contrasted

HYDROCHLORIDE DIHYDRATE

with the situation in the L crystals where the chloride
ion makes hydrogen bonds to two —NH7Y groups and
a water molecule, but has no imidazole ring atoms as
neighbours.

Donohue & Caron (1964) have pointed out that in
the L-crystals and in both bis(histidino)zinc complexes
the conformation around C(2)-N(1) is the expected
staggered one and that even the atoms involved in the
hydrogen bonds N-H---X are appropriately placed
for this. Fig. 4 shows a projection along C(2)-N(1) in
the DL-crystals. The three hydrogen bonded atoms are
slightly rotated from the ideal staggered positions. The
hydrogen atom positions have not been accurately de-

.termined, but in the final difference electron density
series there are two peaks of 0-6 e.A~3 at the positions
indicated in Fig. 4, corresponding closely to a staggered
conformation (and at the appropriate position for the
third hydrogen of the —NHj3" group thereis a region
0-4 e.A-3 high.)

Thermal vibrations

For the whole histidine cation and for the chloride
ions the vibration amplitudes found in the least-squares
refinement are greater for vibrations perpendicular to
the ab plane than for vibrations in it. The large vibra-
tion amplitudes are across the planes of the ribbons,
which is consistent with the looseness of the molecular
packing in this direction; the vibrations are particu-
larly large for the carboxyl oxygen atoms.

We thank the Science Research Council for financial
support and Dr G. S. Pawley for his translation of the
least-squares program ORFLS. The computations were
done on the KDF9 computers at Glasgow and Edin-
burgh Universities and we thank the computing staff
for their cooperation.

Cc(3)

OO(wn

Fig.4. Projection along the bond N(1)-C(2) showing the posi-
tions of atoms involved in hydrogen bonds with N(1) and
the tentative positions (broken circles) of two of the three
amino hydrogen atoms.



I. BENNETT, A. G. H. DAVIDSON,

References

Busing, W. R., MarTIN, K. O. & Levy, H. A. (1962).
ORFLS, A Fortran Crystallographic Least-Squares Pro-
gram. Oak Ridge National Laboratory, Oak Ridge,
Tennessee.

CANDLIN, R. & HARDING, M. M. (1970). J. Chem. Soc.
(A), p. 384.

DoNoHUE, J. & CARON, A. (1964). Acta Cryst. 17, 1178.

DONOHUE, J., LAVINE, L. R. & RoOLLETT, J. S. (1956). Acta
Cryst. 9, 655.

EDINGTON, P. (1969). In preparation.

Acta Cryst. (1970). B26, 1729

M. M. HARDING AND I. MORELLE 1729

FreemaN, H. C. (1967). Advanc. Protein Chem. 22, 235.

HARDING, M. M. & Long, H. A. (1968a). J. Chem. Soc.
(A), p. 2554.

HARDING, M. M. & LoNG, H. A. (1968b). Acta Cryst. B24,
1096.

International Tables for X-ray Crystallography (1962). Vol.
II, p. 202. Birmingham: Kynoch Press.

LAKSHMINARAYANAN, A. V., SASISEKHARAN, V. & RAMaA-
CHANDRAN, G. N. (1967). In Conformation of Biopoly-
mers, edited by G. N. RAMACHANDRAN, Vol. I, p. 61.
London and New York: Academic Press.

MarsH, R. E. & DonNoHUE, J. (1967). Advanc. Protein
Chem. 22, 235.

An Accurate Crystal Structure Determination of 2,2’-Diaminodiphenyl Disulphide

By J.D.LEe AND M. W.R.BRYANT
Department of Chemistry, University of Technology, Loughborough, Leics., England

(Received 8 September 1969)

The crystal structure of 2,2’-diaminodiphenyl disulphide has been determined accurately from three-
dimensional X-ray diffraction data. Crystals are orthorhombic, and belong to the space group Pbca.
The unit cell has dimensions a=8-21, b=13-14, ¢=22-77 A, and contains eight molecules. The posi-
tional and anisotropic thermal parameters for the sulphur, carbon and nitrogen atoms have been refined
by Fourier and full-matrix least-squares methods on 1313 independent observed reflexions. In the later
stages hydrogen atoms were included in fixed positions, and the final agreement factor R=8:6%. The
central part of the molecule C-S-S-C has a skewed non-planar conformation similar to H,O», with a
dihedral angle of 90-5°. The S-S bond length is 2:06 A, which is longer than in diphenyl and dibenzyl
disulphides. The C-S bond lengths of 1-77 and 1-75 A are significantly short. This indicates some double
bond character, which may be explained by prn—dr bonding. The benzene rings are inclined at an angle

of 32-:5° to each other.

Experimental

A  sample of 2,2-diaminodiphenyl disulphide,
H,N-C4H,~S-S-CsH,~NH,, kindly provided by the
Clayton Aniline Co. Ltd, was recrystallized from etha-
nol and gave pale yellow-green platelets elongated
along a. These showed straight extinction parallel and
perpendicular to a when viewed under the polarizing
microscope. The density of the crystals was measured
by flotation in aqueous potassium iodide solution, and
was found to be 1:33 (5) g.cm=3.

Considerable difficulty was experienced in selecting
a single crystal for X-ray examination. Many crystals
consisted of several parallel platelets, indistinguishable
from a single crystal under the polarizing microscope
but detectable on higher layer line Weissenberg photo-
graphs. Eventually a suitable single crystal of dimen-
sions 0-4 x 0-3 x 0-15 mm was used to obtain oscillation
photographs about the @ and b axes, and equi-inclina-
tion Weissenberg photographs for the Ok/— 6k/ and 40/
zones. The relative intensities of 1313 independent re-
flexions were measured visually and corrected for Lo-
rentz and polarization factors. Absorption corrections

were considered unnecessary, in view of the small crys-
tal size compared with the optimum size of 0-50 mm
(Buerger, 1958). Reflexions too weak to be observed
were omitted.

Crystal data

C2H1aNSS,, M.W. 248-36,

Orthorhombic; a=8-21 £0-02, b=13:14 £ 0-02,
c=2277+0-03 A

U=2456-4 A3, Z=8, D;y=1-33 (5) g.cm™3,
D.=1-343 g.cm™3

F(000)=1040, Cu Ka, A=1-5418 A, u=39-7 cm-.

Absent reflexions #k0 when 4 odd, 0k/ when k odd,
h0! when / odd. The space group is thus uniquely de-
termined as Pbca (D33), no. 61.

Structure analysis

The determination of the crystal structure of 2,2'-di-
aminodiphenyl disulphide was undertaken as part of a
series of accurate structure determinations on disul-



