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Abstract: Cyclopentylphosphorylcholine (CPPC) was synthesized from cyclopentanol and choline chloride, (CHj)s-
N*+CH,CH,0HCI, by the cyclic enediol phosphate method. CPPC crystallizes from moist methanol /acetone in the monoclin-
ic system, space group P2, .. There are four molecules of the monohydrate, CyoH3,04NP-H;0, in the unit cell (Z = 4). The
cell dimensions measured at —40 °C area = 12.688 (3), b =9.782 (3),¢ = 11.034 (5) A, 8 = 94.33 (3)°; peateq = 1.27 gcm™3,
Possd = 1.24 g cm™3 (at 25 °C). Intensities for 2292 reflections were measured at 25 and at —40 °C on an Enraf-Nonius
CAD-4 automatic diffractometer by /26 scan techniques. The structure was solved by direct methods (MULTAN program),
and refined by full matrix least-squares techniques to a final R value of 7.8% on F based on 2174 independent reflections. The
ethane skeleton of choline is nearly staggered, with the nitrogen and oxygen atoms in a gauche relationship, and one of the
methyl groups of the trimethylammonium ion in between the N and O atoms producing a close C+-O contact (2.95 A). The
overall conformation of the molecule gives rise to a large intramolecular separation between the alkyltrimethylammonium cat-
ion and the phosphoryl oxygen anion (av N«O = 5.4] A). The intermolecular separation between opposite charges is signifi-
cantly shorter [N«Q (symmetry related) = 3.80 A]. The nonbonded intermolecular interactions are of the hydrophobic-hy-
drophobic and hydrophobic-hydrophilic types. Adjacent molecules are linked by a H-bonding network, in which the water
molecule donates a H atom to one phosphoryl oxygen in each of the two neighboring molecules. 1t is suggested that in the crys-
talline state, and possibly also in fluid phases, including media of relatively low polarity, intermolecular associations between
choline phosphate zwitterions are quite strong as a result of the inability of opposite charges to approach each other intramo-

lecularly.

The choline phosphate zwitterion constitutes the polar
head group of the lecithins (phosphatidylcholines, Scheme I),
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the ubiquitous component of biological membranes, and also
forms part of the coenzyme-like compound cytidine diphos-
phate choline (CDP choline) which plays a key role in the
biosynthesis of the lecithins.2 This phospholipid is being ex-
tensively utilized as the source of bilayers in studies of mem-
brane models by the black-film and vesicle techniques.3?
Consequently, detailed knowledge of the conformation of the
choline phosphate zwitterion is desirable.3?< This paper de-
scribes the synthesis of cyclopentylphosphorylcholine (CPPC,
1) and the study of its monohydrate CPPC-H,O, by x-ray
crystallographic techniques.

The literature contains several reports on x-ray crystallo-
graphic structures relevant to the present investigation. Two
of these compounds are diesters, and one is a monoester, of the
choline phosphate zwitterion: sn-glycero-3-phosphorylcho-
line,* sn-glycero-3-phosphorylcholine-CdCl,:3H,0,5 and
phosphorylcholine-CaCl,-4H,0,% respectively; complete
structural parameters, however, are not as yet available for the
last two complexes.36 Information has also been obtained on
the structure of a significantly different type of choline ester,
acetylcholine chloride,” bromide,? and iodide.® The confor-
mation of these ion pairs, X(CH3)3;N+tCH,CH,OCOCHs3, has
been scrutinized in relation to the problem of cholinergic
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agonists, e.g., muscarine, in neurotransmission.'® Among de-
rivatives of the phosphorylethanolamine zwitterion, *NH3-
CH,CH,0P(O)(OR)O, two structures are known, the parent
monoester (R = H)!' and 1,2-di-O-lauroyl-DL-glycero-3-
phosphorylethanolamine,!2 a member of the cephalin family
of lipids.2 Finally, among diesters of pyrophosphoric acid, the
strluscture of CDP choline Na™* has been elucidated recent-
ly.

Experimental Section

Cyclopentylphosphorylcholine Monohydrate. A solution of cyclo-
pentanol (3.61 g, 41.9 mmol) and triethylamine (4.24 g, | molar equiv)
in anhydrous diethyl ether (20 mL) was added dropwise to a stirred
ether solution (100 mL) of 1,2-dimethylethenylenephosphorochlor-
idate!#!'5 (2) (Scheme 11) (7.06 g, | molar equiv) at 20 °C. After 1
Scheme 11
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h at 20 °C, the alkylammonium salt was filtered and washed with
ether. The combined ether solution was evaporated. The residue was
dissolved in anhydrous acetonitrile (100 mL), and the solution was
treated with choline chloride (5.85 g, recrystallized from anhydrous
ethanol and dried under vacuum) and triethylamine (4.24 g) at 20 °C.
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The mixture was stirred for 24 h at 20 °C, diluted with water (200
mL), treated with triethylamine (4.24 g), and stirred for 24 h at 20
°C. The resulting solution was evaporated under vacuum at 40 °C,
the residue was dissolved in chloroform (7 mL), and the solution was
applied to a column (4 X 52 cm) containing silica gel 60 (400 g, packed
in CHCI3). Elution with CHCIl; (2 L) and with mixtures of
CHCI3/CH30H (99/1,1 L;95/5,21,90/10, 1 L; 80/20, 1 L) re-
moved impurities. The desired product appeared in 2 L of methanol.
Evaporation of the methanol gave anhydrous cyclopentylphosphor-
ylcholine (1, 7.9 g, 75% yield) according to the 'H NMR spectrum.
This material (4,0 g) was dissolved in methanol (20 mL) containing
1 molar equiv of water (0.29 mL). The solution was evaporated, and
the residue was redissolved in methanol (5 mL). Addition of acetone
(10 mL) to the solution afforded the monohydrate, CPPC.H,0, as
rectangular-shaped prisms after 24 hat 20 °C. The sample for analysis
was kept for 1 hat 20 °C (0.2 mm). It melted with decomposition at
255 °C, and had the following NMR parameters: § 3'P —2.0 (CDCl;),
—1.2 (D,0) ppm to high field of H;PO4 = O; 7 'H 8.27, 6.74, 6.26,
5.70, and 5.10 ppm vs Me4Si = 10,

Anal. Caled for CigH»,0O4NP-H,0: C, 44.6; H, 89, N, 5.2, P, 11.5;
H,0, 6.7. Found: C, 44.5; H, 9.0; N, 5.1; P, 11.4; H,0, 6.4 (Karl
Fischer method).

Characterization of the Intermediate Cyclopentyloxy-3-oxo-2-
butoxyphosphorylcholine Chloride (4). The reaction of choline chloride
with cyclopentyl-1,2-dimethylethenylene phosphate'® (3) was carried
out in acetonitrile as described above. The solution was evaporated,
and the residue was crystallized from dichloromethane/diethyl ether
(1/1) at =20 °C to yield the triester 4: mp 123-124 °C; main 'H
NMR signals 7 8.55, J = 7 Hz (CH;CH), 7.80 (CH3CO), 6.60
(CH;N).

Anal. Caled for Cy4H,550OsNPCI: C, 47.0; H, 8.2; P, 8.7; C1, 9.9.
Found: C, 46.8; H, 8.4; P, 8.5: Cl, 10.2.

Crystal Data at —40 °C. C,oH»405NP: monoclinic; P2y;.; a =
12.688 (3), b = 9.782 (3), c = 11.034 (5) A; 8 = 94.33 (3)°, V' =
1365.3 A3 (mol wt 269.4); Z = 4 (one molecule in the asymmetric
unit). Density at 25 °C; peated 1.27 8 cm™3; pousa 1.24 g cm~3 (flotation
in n-hexane-CCly).

Data Collection and Structure Determination. Crystals of ap-
proximately 0.2 X 0.2 X 0.5 mm in size were mounted and sealed in
glass capillaries, and diffraction data were collected on an Enraf-
Ninius CAD-4 automatic diffractometer, using nickel-filtered Cu Ko
radiation, by #/26 scan method, initially at room temperature (25 °C).
Subsequently, the data were recollected at low temperature (—40 °C)
using another crystal of similar size. The temperature at the crystal
was maintained at —40 £ 3 °C by controlling the flow rate of liquid
nitrogen; the temperature was monitored by a thermocouple placed
near the crystal and connected to a chart recorder. The scan range was
1° and the scan speed was 1.5° min~!. Intensities of three standard
reflections were monitored after every 100 reflections, in order to
check for significant changes in intensities; no such changes were
observed. Intensities for 2292 reflections within 6 < 65° were mea-
sured, out of which 2174 had their intensities greater than 4o (esti-
mated from the measured intensities). An empirical absorption cor-
rection was applied by measuring the intensity of a strong reflection
at x = 90°, for values of ¢ at every 10°!7. Lorentz and polarization
corrections were applied as usual but no extinction corrections were
applied.

The structure analysis was carried out in two stages. The diffraction
data collected at room temperature were used to solve the structure
by direct methods. A Fourier map calculated from one of the best
solutions of MULTAN!8 revealed the locations of the phosphate group
and the choline moiety (except the methyl groups). The remaining
atoms were identified from subsequent Fourier maps. In the course
of refinements all the carbon atoms of the cyclopentane ring had large
thermal parameters (average B ~20 A2), In order to minimize the
thermal disorder, the diffraction data were measured at low temper-
ature (—40 °C), and these data were used to refine further the
structure determined earlier. Unit weights were given for all observed
reflections in the initial stages of refinements. Prior to the anisotropic
refinement of the structure, the weights (W = 1/42) were determined
from an analysis of the variance. For F, <10.0, ¢ = 1.8, and for F,
>10.0, ¢ = {10.0 — 0.0625 (140. — F,)} were used. Few cycles of an-
isotropic full-matrix least-squares refinements (ORFLS) reduced the
R value to 10%. All the hydrogen atom peaks were located from a
difference-Fourier map computed at this stage. Their positions were
accepted as correct from their relevant bond lengths and angles. In
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Figure 1, Schematic diagram and numbering of atoms of cyclopentyl-
phosphorylcholine monohydrate. Atoms O(3), C(31), C(32), and H321
are in one plane.
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O: Hydrogen

. Oxygen O: Carbon

Figure 2. One molecule of cyclopentylphosphorylcholine monohydrate.

the later stages of refinements the positional and thermal parameters
of nonhydrogen atoms were refined anisotropically and those of the
hydrogen atoms isotropically. Four reflections which had their AF /o
> 4.0 were not included in the final refinements, but were included
in the final structure factor calculation. The refinements were ter-
minated at R = 7.8% (R,, = 11.0%). The final parameters are pre-
sented in Tables V and V1I, and the structure amplitudes in Table
VI1l. (See paragraph at end of paper regarding supplementary ma-
terial.)

Discussion of Results

Molecular Structure of Cyclopentylphosphorylcholine
Monohydrate. Figure 1 gives the numbering system of the
atoms in the compound. Figure 2 shows a drawing of the
molecule, and Figure 3 displays the molecular packing. The
interatomic distances and bond angles for nonhydrogen atoms
are given in Table 1, and the pertinent data concerning hy-
drogen atoms in Table V1. Some nonbonded distances are in-
dicated in Table I1. Several torsional angles are gathered in
Table II1, and data for several best least-squares planes are
shown in Table IV.

The overall conformation of the molecule is reflected in the
values of the torsional angles given in Table 111. Note in par-
ticular that the ethane skeleton of choline is nearly staggered.
Atoms O(3) and N occupy gauche positions on the skeleton,
and are separated by 3.16 A, which is not far from the distance
allowed by the corresponding sum of van der Waals!® (VW)
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Figure 3. Molecular packing viewed along the x axis.

radii (2.9 A). One methyl group C(M1) is in between O(3) and
N, and the distance O(3)--C(M1) is shorter (2.95 A) than the
sum of VW radii (3.4 A). The distance O(3)--HI(M]1) is 2.49
A while the corresponding sum of VW radii is 2.6 A. This type
of short intramolecular contact has been observed in sn-glyc-
ero-3-phosphorylcholine,* and also in acetylcholine ion
pairs.”-?

The bonds in the cyclopentane show large variations, from
1.443 to 1.612 A. The deviations from the standard C(sp3)-
C(sp?) bond distance are attributed to the disorder of the ring.
The cyclopentane ring could not be located with certainty using
the data collected at room temperature. All the atoms in the
ring showed high thermal disorder (B ~ 30 A2). Some disorder
of the ring persists even at —40 °C. Attempts to collect data
at very low temperature (~—130 °C) were abandoned because
the crystals deteriorated at these temperatures. The final dif-
ference Fourier map in the cyclopentane region was not
“clean”. Though the cyclopentane hydrogen atoms could be
discerned from the peak heights and geometric considerations,
there were other spurious peaks in the vicinity of the ring
carbon atoms with electron densities comparable to the hy-
drogen atom peaks. The highest of them was found around the
C1-C5 bond, closer to Cl. Refinements with partial oc-
cupancies for ring carbon atoms were not carried out.

The cyclopentane ring is symmetrically puckered with C(2)
and C(3) equally displaced on either side of the best five atom
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Table L. Bond Distances (A) and Angles (deg)4.?
Distances
P-O(1) 1.482 C(M2)-N 1.488
P-0O(2) 1.490 C(M3)-N 1.496
P-0O(3) 1.601 C(31)-C(32) 1.501
P-0O(4) 1.595 C(1H)-C(2) 1.443
C(1)-0(4) 1459 C(2)-C(3) 1.447
C(31)-0(3) 1.429 C(3)-C(4) 1.445
C(32)-N 1.519 C(4)-C(5) 1.508
C(MI1)-N 1.504 C(5)-C(1) 1.612
Angles
In Phosphate
(O(1)-P-0(2) 118.1 0(2)-P-0(4) 111.2
O(1)-P-0(3) 110.3 0(3)-P-0(4) 99.3
O(1)-P-0(4) 110.3 P-0O(3)-C(31) 119.5
0(2)-P-0(3) 106.0 P-0O(4)-C(1) 119.3
In Choline
0(3)-C(31)-C(32) 111.5 C(32)-N-C(M2) 111.5
C(31)-C(32)-N 117.3 C(32)-N-C(M3) 107.2
C(32)-N-C(M1) 110.8 C(M1)-N-C(M2) 1100
C(M1)-N-C(M3) 108.3
C(M2)-N-C(M3) 109.0
In Cyclopentanol
0(4)-C(H)-C(2) 110.2 C(2)-C(3)-C(4) 107.0

O(4)-C(1)-C(5) 1114 C(3)-C(4)-C(5) 106.1
C(1)-C(2)-C(3) 102.3 C(4)-C(5)-C(1) 101.3
C(5)-C(1)-C(2) 105.6

a@ The esd’s for phosphorus bond distances are 0.003 A, and for bond
angles 0.3°; for C-0O, C-N, and C-C bond distances 0.007 A, bond
angles 0.6°. # Bond distances and angles involving hydrogen atoms
are included with the supplementary material.

planes of the ring. The best four atom planes (not shown) are
through C(1), C(3), C(4), C(5) and C(1), C(2), C(4), C(5),
and the deviations of C(2) and C(3), respectively, from these
planes are —0.56 and 0.54 A, the dihedral angle between these
planes being 16°.

The phosphate group is a highly distorted tetrahedron. The
£0(1)-P-0(2) angle is significantly larger (118°) than the
£0(3)-P-0O(4) angle (99°), while the P-O bond distances
involving the former phosphoryl oxygens are shorter than those
involving the latter ester oxygens, as would be expected from
a higher degree of p—-d = bonding associated with negatively
charged vs. neutral oxygen atoms attached to four-coordinate
phosphorus. The small ZO-P-0O angle is interesting, since such
values have been previously observed inside the ring of satu-
rated?%-22 and unsaturated?? five-membered cyclic phosphates
and aryl phosphates,2* which are high-energy phosphates.

The most interesting features of the structure relate to the
charge separation and the nature of the nonbonded interac-
tions. The negatively charged phosphoryl oxygens and the
positively charged nitrogen atom are widely separated within
the same molecule (Op+-N = 5.4 A). This distance is signifi-
cantly larger than that which separates the oppositely charged
atoms in adjacent molecules (Op-N = 3.8 A). The nonbonded
intermolecular interactions are of the hydrophobic-hydro-
phobic and hydrophobic-hydrophilic types, as can be seen from
the data in Table IIC. Adjacent molecules of the zwitterion,
CPPC, are linked together by the H-bonding network depicted
in Figure 4, in which one water molecule donates one hydrogen
atom to a phosphoryl oxygen in each of the two molecules, O(1)
and O(2) (symmetry related).

A comparison of the data now available for alkylphospho-
rylcholine zwitterions discloses that the torsion angles about
the central bond of the chain O-C-C-N are very similar in
CPPC-H,0 and in the anhydrous sn-glycero-3-phosphoryl-
choline4 (~75°). It should also be noted that possible differ-
ences could be expected in intramolecular conformations and
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Table II. Some Nonbonded Distances
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A. Significant Intramolecular Distances <3.5 A

O(3) -+« HI(M1]) 2.49 0(3)+++0(4) 2.435 (min)
0@3).--C(M1]) 2.950 O(1)---0(2) 2.548 (max)
0@3).+-+N 3.160
B. Intramolecular O -+« N Distances >3.5 A
O(4)+++N 5.238 0(2)---N 5.458
O(l)--+N 5.354
C. Intermolecular Distances <4.0 A
atom in atom in Mo
molecule 1 molecule 2 distance, A symmetry operation
o(l) C(M3) 3.249 —X, y =1, -z +3
o(l) C(32) 3.334 X, -y, z— 1
o(l) C(M1) 3.459 -x, -+ 1, —z+1
o) (3l 3.793 X, -y + 5, z=1'h
0(2) C(M1D) 3.297 X, -y + 3, z=1
0(2) C(32) 3.457 -X, -y + 1, —-z+1
0(2) C(M3) 3.476 -X, -y+ 1. -z +1
0(2) C(M2) 3.597 X, -+ 3, z =1
0(2) C(M3) 3.749 X, -V + 3/2. zZ = l/2
0(2) N 3.762 X, -y + 3/2. z = l/2
0(2) N 3.836 —-X, -y + 1, -z +1
0(2) C(M1) 3.890 —X, -+ 1, —z+1
0(4) C(4) 3.685 —x+1, v+, -z 41
W C(M2) 3.270 X, =y + Y5, =%
w C(M1) 3.278 X, y =1, z
W C(M3) 3.598 -X, y=1h -z 4+
\Y% C(M3) 3.635 X, -y + I/2, z = l/2
w C(32) 3,752 X -V + l/2, z - l/z
w N 3.752 ¢ it Yy A
C(M1) C(M3) 3.508 X, -y + 3, z =1
C(M2) C(3) 3.715 —x+ 1, V o+ 1, —z 43
C(M2) C(4) 3.793 x —p+ 1, z =1
Table III. Some Torsional Angles (7)¢ 3 HIW) . H2tw)
bond system 7, deg S 1N91o $2> 620~ 2004
oy Lm w122 82702)
0(3)-C(31)-C(32)-H(32]) 166 2738 R 2.805A
0(3)-C(31)-C(32)-N -73.7 ' )
P-0(3)-C(31)-C(32) —146.5 (x, =y=1/2, 22172
0(4)-P-0(3)-C(31) —67.0 Figure 4, Details of the hydrogen bonding in CPPC-H;0.
C(1)-0(4)-P-0(3) —-177.1
C(2)-C(1)-0(4)-P —-100.3
C(5)-C(1)-0(4)-P 142.7 Table IV. Coefficients A4, B, C, D of the Equation to Plane, AX +

C(31)-C(32)-N-C(M1) 61.3
C(31)-C(32)-N-C(M3) 179.3

@ The torsion angle 7 for a four-atom system, A-B-C-D, is the twist
of atom A with respect to atom D viewed along the central bond B—C,
and is considered positive if the rotation of D is clockwise.

intermolecular associations in the hydrated CdCl, and CaCl,
complexes of choline phosphate zwitterions,? since the metal
ions are coordinated to the phosphoryl oxygens in those
structures. Zwitterions and ion pairs derived from choline are
not strictly comparable since they have different charge dis-
tributions; nevertheless, it is interesting that there are simi-
larities between the conformations of both systems as shown
by the respective O-C-C-N (74 vs. ~85°) and X-O-C-C (X
= PO, 147° vs. X = CO, ~150°) torsional angles in CPPC:
H,O0 vs. acetylcholine halides,”-?

Conclusions

The distance between the positively charged nitrogen and
the negatively charged phosphoryl oxygen, O(1) or O(2) in
CPPC-H,0, can be altered by rotations about three types of
bonds. Rotation about bond C(31)-C(32) is hindered pri-
marily by steric interactions involving the N and O(3) atoms,
and the gauche placement of these two atoms on a nearly

BY + CZ — D = 0, Where X, Y, Z Are Coordinates Relative to
Orthogonal Axes. Deviations (A) of Individual Atoms from
Planes; Root Mean Square Deviations in Parentheses

O(3)-C(31)-C(32)-H(321) (0.069)
0.603; 0.758; 0.249; 6.205

H(321) = —0.079; C(32) — 0.078; C(31) = 0.058;
0(3) = —-0.057,

P = —0.867; 0(4) = 0.102; C(1) = 0.210; C(3) =
0.309;

C(2) = —0.834;,C(5) = 1.127; C(4) = 1.254

0O(4)-0(3)-C(31)-C(32)-H(321) (0.064)
0.571;0.783; 0.247, 6.263

H(321) = —0.077; C(32) = 0.097; C(31) = 0.031;

0(3) = —0.062;

O(4) = 0.011

C(1)-C(2)-C(3)-C(4)-C(5) (0.174)
—0.245;0.555; 0.795; 3.649

C(1) = 0.146; C(2) = —0.242; C(3) = 0.235;C(4) =
—0.125;

plane l:

plane 2:

plane 3:

staggered ethane skeleton probably represents their closest
possible approach. Rotations about bonds O(3)-C(31) and
P-O(3) are hindered mainly by groups present on the N atom
and on the phosphate ester, O(4). These effects result in a
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Table V. Fractional Coordinates and Thermal Parameters (X105) for Nonhydrogen Atoms®#

atom x y z By B2, B3 B, Bis B

p 18953 (8) 39299 (10) 43576(9) 2.48 (4) 1.63 (4) 2.36 (4) 0.07 (1) -0.10 (1) —-0.09 (1)
Ol 14 569 (25) 25496 (29) 45496 (28) 3.44(13) 2.02(11) 3.52(13) =0.27 (4) 0.05 (5) -0.12 (5)
02 15138 (27) 46887(32) 32383(28) 4.57(15) 2.63(12) 277 (13) 0.38 (5) 0.01 (5) 0.21 (5)
03 16782 (25) 49087 (29) 54749 (26) 4.02(14)  2.00(11) 2.54 (12) 0.34(4)  —0.09(5)  —0.08(4)
04 31549 (25) 38903 (35) 45130(31) 3.13(14) 343 (14) 405(15)  —0.03(5) —0.16(5)  —0.53(6)
W 20 891 (34) 2601 (35) 58334 (31) 7.64(23) 247(13) 3.29 (14) 0.18 (7) 0.59 (7) 0.11 (5)
N 12709 (25) 64964 (32) 78888 (30) 2.44(12) 1.58(12) 235(13) —0.14(4)  —0.10(5) 0.02 (5)
C3l 19268 (37) 44414 (45) 66898 (39) 4.19(21)  2.32(16) 2.59 (16) 0.34 (7) -0.15(7) 0.21 (6)
C32  11653(32) 49966 (38) 75435(36) 3.18(17) 1.37(14) 250(15)  —0.12(5)  —0.25(6) 0.02 (6)
CM1 10988 (37) 73929 (40) 67847 (38) 4.00(19) 1.64(14) 2.59 (16) 0.02 (6) 0.12(7) 0.16 (5)
CM2 23195(34) 67936(48) 85302(43) 2.62(16) 2.99(18) 3.56 (19) =0.32(7) =0.21 (7) —-0.25(7)
CM3  4262(36) 68065(48) 87239 (41) 3.26 (18)  3.00 (18) 3.11(18) 0.06 (7) 0.41(7)  —=0.10(7)
C1 37306 (48) 31427(75) 36287(73) 3.84(24) 5.90(34) 8.00 (41) 0.21 (11)  —0.56(12) —1.49(15)
C2 40 546 (53) 18234(83) 41088 (84) 4.25(28) 6.07(37) 10.04 (52) —0.65 (13) 0.35(15) =0.50(17)
C3 50430 (80) 21389 (93) 47926(83) B8.68(48)  7.35(46) 7.39 (46) -1.19(19) —1.10(18) 1.17 (18)
C4 56 234 (47) 30394 (78) 40459 (86) 2.98(23) 5.95 (34) 10.84 (54) =051 (11) —=0.30(13) 0.25(17)
Cs 48 077 (59) 39185(71) 33533(70) 6.16(34) 5.11 (31) 6.61 (35) —0.46 (13) 0.41 (13) 0.57 (13)

@ Numbers in parentheses are estimated standard deviations in the least significant digits. ¢ Anisotropic thermal parameters are in the form

T = exp[—Ya(h2a*?Byy + - + 2hka*b*Biy + - - )]

relatively large separation between the two opposite charges
within the molecule, which presumably represents a relatively
high energy situation. In the crystalline state, the molecules
associate in such a way that oppositely charged groups come
as close together as is sterically permissible and a water mol-
ecule provides an additional link between two negatively
charged phosphates. It seems possible that the picture disclosed
by x-ray crystallography may also apply to this type of com-
pound in fluid phases, including media of relatively low po-
larity,2’ since the difficulties in bringing opposite charges into
close proximity within the molecule should induce relatively
strong intermolecular associations as a means of reducing the
overall energy of the system,

Extrapolation of this hypothesis to the more complex lecithin
molecule must consider the effect of these strong intermolec-
ular associations between choline phosphate zwitterions on the
powerful lipid-lipid interactions which operate among di-
glyceride moieties,2!2 The physicobiochemical properties of
phosphatidylcholine, including questions related to membrane
permeability, are quite different from those of the acidic
phospholipids exemplified by phosphatidylinositol,2 phos-
phatidylglycerol,? and cardiolipin.>26 The acidic phospholipids
are ion pairs, (RIO)(R'Q)P(QO)OM™ where R! and R!! are
derived, respectively, from the hydrophobic and hydrophilic
alcohols, RIOH and R!"OH, which comprise the phospholipid
diester molecule. Evidently, acidic phospholipids are not ca-
pable of engaging in the same type of strong intermolecular
associations resulting from the presence of a zwitterion in the
polar head group. In the sense discussed here, therefore, strong
intermolecular associations should result from lipid-lipid in-
teractions and zwitterion-zwitterion interactions in phos-
phoglycerides and phosphosphingolipids which are based on
choline, i.e., lecithins and sphingomyelins. Strong intermo-
lecular associations should result only from lipid-lipid inter-
actions in the acidic phospholipids, The phospholipids based
on ethanolamine, and on N-methyl- and N,N-dimethyletha-
nolamine, are in a class by themselves, to the extent that their
zwitterion structures depend on the presence of a proton on
nitrogen, rather than on the quaternary ammonium cation
typical of choline. A third type of ethanolamine derivative,
N-acetylphosphatidylethanolamine, lacks altogether the ability
to form a zwitterion due to a decrease in basicity of the nitrogen
function, and consequently the properties of these phospho-
lipids should reflect this structural difference with respect to
phosphatidylethanolamines and -choline.
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Structural Studies of Tetracyclines.
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Anhydrotetracycline Hydrobromide Monohydrate
and 6-Demethyl-7-chlorotetracycline
Hydrochloride Trihydrate!
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Abstract: The crystal and molecular structures of two tetracyclines, anhydrotetracycline hydrobromide (1) and 6-demethyl-7-
chlorotetracycline hydrochloride (11) have been determined by x-ray diffraction techniques. Aromatization of the C ring of
tetracyclines gives | but also destroys any useful therapeutic value. In contrast 11 has excellent antibacterial properties. The
crystals of | monohydrate are orthorhombic, space group P2,2,2; with unit cell dimensions of @ = 19.562 (2), b = 16.586 (2),
and ¢ = 6.796 (2) A. Crystals of 11 as the trihydrate are monoclinic, space group P2, with cell dimensions of @ = 9.219 (1),
b=11.634(1),c = 11.240 (1) A; 8 = 102.39 (4)°. Although the conformation of 1 is similar to that of 11, significant differ-
ences are observed. In addition, various bond lengths are affected by the aromatization of the C ring. These differences may
account for the different antibacterial spectrum of the two compounds. The conformation of 11, except for the orientation of
the amide group, is virtually identical with the conformations found in all therapeutically useful tetracyclines. The amide
group in 11 has the same orientation as in tetracycline free base but is rotated 180° relative to that found in the other deriva-
tives. The difference in hydration and crystal packing of 11 relative to the other tetracyclines suggests that the conformation

of 11 is very stable and is most likely the conformation found at the site of biological activity.

Tetracyclines (Figure 1) are a group of hydronaphtha-
cenes,? some of which are important antibiotics. When we
initiated our program, in spite of the importance of these
drugs,b there were x-ray crystal structures for only two active
tetracyclines.”® However, a comparison of both therapeutically
active and inactive drugs is necessary to elucidate the confor-
mational requirements for biological activity. The resulting
knowledge of the possible conformations for active tetracy-
clines is required for an understanding of the mechanism of
biological action on a molecular level.

Aromatization of the C ring of tetracyclines occurs easily
by removal of a molecule of water to give anhydrotetracy-
clines.? The anhydro derivatives have only minimal activity
against staphylococcus aureus and are not of any therapeutic
significance.!® We undertook a crystal structure determination
of anhydrotetracycline hydrobromide, henceforth ANTC-HBr,
to study the changes in the molecule which resulted from
aromatizing the C ring.

In contrast to ANTC, 7-chlorotetracycline hydrochloride,
henceforth 7-CLTC-HCI, 5-hydroxytetracycline hydrochlo-
ride, henceforth S-HTC.HCI, and 6-demethyl-7-chlorotetra-
cycline hydrochloride, henceforth 6-DM-7-CLTC-HCI, are
widely used antibiotics. Crystals of 7-CLTC-HCI and 5-
HTC-HC!” were found to be isomorphous and the two cations
had identical conformations. The question was raised as to
whether the observed conformations were a result of crystal
packing forces. Therefore, when we found that 6-DM-7-
CLTC-HCI crystallized in a completely different arrangement
and with a different degree of hydration, we decided to de-
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termine the crystal structure. If the conformations of the cat-
ions in 7-CLTC-HCl and 5-HTC-HCI were a result of crystal
packing forces, then we might expect a different conformation
in 6-DM-7-CLTC-HCI. The present report provides a detailed
description of our structural studies of ANTC-HBr and 6-
DM-7-CLTC-HC], together with a comparison of these results
with recently reported structural studies of other tetracy-
clines.!-13

Experimental Section

Yellow, acicular crystals of both compounds were grown from
saturated methanol solutions by slow evaporation of the solvent. The
pH of the solutions had been adjusted to ~1.5 with either HBr or HCl
to prevent epimerization. Preliminary Weissenberg and precession
photographs indicated that ANTC-HBr crystallized in the ortho-
rhombic space group P2,2,2y (D,*) and that 6-DM-7-CLTC-HCl
was monoclinic with space group P2, (C52) or P2;/m (Ca4?). The
latter seemed unlikely since with 2 molecules of 6-DM-7-CLTC-HCI
per unit cell the molecule would be required to have a mirror plane
of symmetry. The subsequent intensity statistics were consistent with
the choice of P2, (C,2). :

Small, approximately equidimensional crystals were used for the
measurement of cell constants and intensity data using a General
Electric XRD-6 diffractometer. The crystal sizes and other pertinent
data are summarized in Table 1. The cell dimensions were obtained
by a least-squares procedure from the 26 values of Cu Kg (A = 1.39217
A) peaks. The intensity measurements were made using previously
described techniques!® to a 26 limit of 135° (Cu Ke radiation) in both
cases. Only those measurements in which the intensity was greater
than or equal to 1.2 times the appropriate background were considered
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