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Crystals of the phosphoric acid salt of (—)-ephedrine are monoclinic, space group C2, with a= 14-738 (4),
b=5710 (6), c=15-302 (4) A, and $=97-17 (2)°. There are four C;;H,sNO.H,PO, ion pairs in the unit
cell. The calculated and observed densities are 1-368 and 1-:37 g.cm™3, respectively. By use of 1180 re-
flections measured on an X-ray diffractometer, the crystal structure was solved by the heavy-atom
method and was refined by least-squares to R=0-026. The conformation of the ephedrine cation is in
agreement with that found in the crystal structure of ephedrine hydrochloride. The dihydrogen phos-
phate anions are joined by short hydrogen bonds to form continuous phosphate sheets that lie parallel
to the ab plane. The sheets of phosphate ions are hydrogen-bonded to the ethanolamine moieties of the
ephedrine cations. Similar phosphate interactions may be of importance in biological mineralization

Processes.

Introduction

We are currently investigating the structures of phos-
phate salts of peptides to gather information about the
possible factors governing the binding of phosphate
minerals to protein matrices (Freeman, Hearn & Bugg,
1972). During bone formation, phosphate salts are de-
posited in collagenous matrices (Glimcher, Francois,
Richards & Krane, 1964; Glimcher, Krane, 1964), and
several studies have indicated that the lysine and hy-
droxylysine residues of collagen may play an important
role in the collagen-mineral interactions (Schiffman,
Martin & Miller, 1970; Glimcher & Krane, 1968).
Since lysine and hydroxylysine residues possess pro-
tonated amino groups at physiological pH levels, these
amino acids might provide sites for binding phosphate
ions. Examination of space-filling models suggests that
hydroxylysine, by utilizing its terminal S-ethanolamine
moiety, might provide an especially effective site for
hydrogen bonding to phosphate ions. We determined
the crystal structure of the phosphoric acid salt of
(—)-ephedrine (a S-ethanolamine) in order to examine
phosphate interactions with the ethanolamine moiety.

Experimental

Ephedrine phosphate, isolated by lyophilizing an
aqueous solution containing equimolar quantities of
ephedrine and phosphoric acid, was crystallized by
slowly cooling a hot, saturated, aqueous ethanol solu-
tion. Two types of crystals were obtained: monoclinic
needles and orthorhombic plates. Density measure-
ments and elemental analyses showed that the ephe-
drine: phosphoric-acid molar ratio is 1: 1 for the needles
and 2:1 for the plates. The needles were used for the
structure analysis reported here.

Weissenberg and oscillation photographs showed the

crystals to be monoclinic. Space groups C2, Cm and
C2/m are indicated by the systematic absence of re-
flections Akl with A4k =2n+1; since ephedrine is op-
tically active, we presumed that the space group is C2.
A section with approximate dimensions 0-3, 0-:2 and
0-1 mm was cut from one of the larger needles and then
mounted on a Picker FACS-1 diffractometer with its
b axis (the needle axis) slightly inclined to the ¢ axis of
the diffractometer. Approximate cell parameters for
use in collection of intensity data were calculated by a
least-squares analysis of the angular setting for 8 low
angle Cu Ka (A=1-5418 A) reflections.

Intensity data were collected with the diffractometer,
using a scintillation counter, nickel-filtered copper ra-
diation (4=1-5418 A), and a 6-26 scanning technique.
A scan rate of 0-5°/min was used and the background
was counted for 20 sec at each terminus of the scans.
Measurements were made for the 1180 reflections with
260 <128°. All reflections were considered observable.
Intensity values were assigned variances, ¢*(/), accord-
ing to the statistics of the scan and background counts
plus an additional term (0-03S)%, S being the scan
counts. The intensities and their variances were cor-
rected for Lorentz and polarization factors, and ab-
sorption corrections were applied by use of the pro-
gram ORABS (Wehe, Busing & Levy, 1962). Structure
factors and variances were placed on an approximately
absolute scale by means of a Wilson plot (Wilson,
1942).

Immediately after data collection, accurate values
for the cell parameters were obtained by a least-squares
analysis of 26 values for 15 high angle «, reflections
(1=1-54051 A) measured with the diffractometer.
Crystal data are listed in Table 1.

The x and z coordinates for the phosphorus atom
were obtained from a sharpened, three-dimensional
Patterson map; since C2 is a polar space group, the y
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Table 1. Crystal data

The unit-cell parameters were measured at 25+3°C. The
reported standard deviations are five times those obtained
from the least-squares analysis. The density was measured by
flotation in a mixture of benzene and ethylene dibromide.

Stoichiometry CloHlsNO. H2P04
4

VA

Space group Cc2

a 14738 (4) A
b 5710 (6)

¢ 15-302 (4)

B 97-17 (2)°

o (calculated) 1-368 g.cm™3
¢ (observed) 1-37

I 204 cm~!

coordinate for one atom can be arbitrarily assigned,
and we let y=0-20 for the phosphorus atom. A Fou-
rier map was calculated by use of phase angles derived
from the phosphorus atom. Although this map con-
tained a false mirror plane through the phosphorus
atom, we had little difficulty selecting a suitable set of
phosphate oxygen atoms. The remaining nonhydrogen
atoms were located in a Fourier map calculated with
phase angles derived from the phosphate anion. The
trial structure was improved initially by several cycles
of block-diagonal least-squares, during which the y
coordinate of the phosphorus atom refined to a value
of 0-2093.

At this stage, the y coordinate of the phosphorus
atom was fixed, and the refinement was continued by
use of a modified version of the full-matrix least-
squares program ORFLS (Busing, Martin & Levy,
1962). The quantity minimized was >w[F2—(1/k?)F2)?,
where k is a scale factor and the weight w is equal to
[1/o(F?))?. Atomic scattering factors for the nonhydro-
gen atoms, as well as the real and imaginary anomalous
dispersion corrections for phosphorus and oxygen,
were from International Tables for X-ray Crystallog-
raphy (1962). Hydrogen scattering factors were from

Stewart, Davidson & Simpson (1965). Hydrogen at-
oms were located in a difference Fourier map calculated
during the final stages of refinement. We refined all
positional parameters, anisotropic temperature par-
ameters for the nonhydrogen atoms, isotropic temper-
ature factors for the hydrogen atoms, and Zachariasen’s
(1963) extinction parameter g (as formulated by Cop-
pens & Hamilton, 1970). Heavy and hydrogen atoms
were refined in alternate cycles. The final R index,
CIF,I=F]|/ZIF,]), for all reflections is 0-026; the
goodness-of-fit, {S[1/a*(FONF5— Fik»[(m—s)}2, is
1-81. During the final cycle of refinement no parameter
shifted more than one-fifth of its standard deviation.
A final difference Fourier map showed no peaks or
troughs exceeding 0-2 e.A~? in magnitude.

At the conclusion of refinement, the coordinates
were inverted and the structure of the enantiomer
[(+)-ephedrine] was refined. The enantiomer refined
to R=0-027, and a goodness-of-fit of 1-86.

Results

The nonhydrogen atom parameters and their standard
deviations are listed in Table 2; the average estimated
standard deviations in these positional parameters
range from 0-0015 to 0-004 A. The hydrogen atom
parameters and their standard deviations are given in
Table 3; the estimated errors in the hydrogen-atom
positional parameters range from 003 to 006 A.
Table 4 lists observed and calculated structure factors.

Fig. 1 shows the conformation of the ephedrine cat-
ion, including the ellipsoids of thermal vibration
(Johnson, 1965). Bond lengths are given in Table 5 and
bond angles in Table 6. The conformation and the bond
lengths and angles of ephedrine are in agreement with
those found in the crystal structurc of ephedrine hy-
drochloride (Bergin, 1971); the major discrepancy be-
tween this structure and the hydrochloride is a differ-
ence of 47° in the torsion angle about the C(7)-O(11)

Table 2. The final heavy-atom parameters and their standard deviations

All values have been multiplied by 10% The temperature factors are in the form
T=exp (— Puh® — Pak® — Baal® — 2P12hk — 2B13hl — 2853k 1).

X y z ﬁu
p 1391 (1) 2093 405 (1) 24 (1)
O(P1) 942 (1) 1359 (4) —485 (1) 28 (1)
O(P2) 1590 (1) 4809 (4) 409 (1) 44 (1)
O(P3) 734 (1) 1848 (5) 1120 (1) 32(1)
O(P4) 2267 (1) 837 4) 726 (1) 30 (1)
C(6) 2177 (2) 7795 (5) 3797 (2) 52(1)
C(5) 1742 (2) 7913 (6) 4549 (2) 57 (2)
C(4) 1162 (2) 6155 (7) 4738 (2) 41 (1)
C@3) 1017 (2) 4259 (7) 4181 (2) 39 (1)
C(2) 1450 (2) 4138 (6) 3430 (2) 42 (1)
C(1) 2041 (2) 5884 (5) 3234 (2) 35(1)
(6y)] 2534 (2) 5668 (5) 2429 (2) 40 (1)
o(11) 2852 (1) 7872 (4) 2150 (1) 57 (1)
C(8) 3367 (2) 4032 (5) 2604 (2) 40 (1)
N(12) 3643 (1) 3316 (5) 1727 (1) 31 (1)
C(9) 4464 (2) 1813 (7) 1744( 2) 41 (1)
C(10) 4165 (2) 5147 (7) 3177 (2) 46 (1)

ﬂ22 ﬂ33 ﬁll ﬂl:! BZS
253 (2) 28 (1) -3(1) 3(1) 6 (1)
409 (8) 30 (1) -1 3 —27(2)
251 (7) 41 (1) 3(2) 51 0(2)
443 (8) 31 () -2103) 5(1) -5(2)
277 (6) 41 (1) 9 (2) 0(1) 5(2)
272( 10) 2(0) -14(3) 5(1) —4(3)
356 (12) 44 (1) 0 (3) 8(1) -33(3)
482 (13) 41 (1) 73 (4) 8(1) —10(4)
438 (13) 55(2) —26(4) 12 (1) 2(4)
331 (10) 46 (1) 25 (3) 5()  —16(3)
271 (8) 33(1) -2@3) -2() 1)
289 (10) 30(1) —15(3) 0(1) 103)
309 (8) 39 (1) -8(2) 3(1) 33 (2)
269 (9) 30 (1) -9 (3) 2(1) 16 (2)
264 (7) 33() 112 3(1) 4(2)
334 (11) 54 (1) 15 (4) 5(1) 18 (4)
451 (13) 37 -11@) -8() -8(@3)
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Table 5. Bond distances

The standard deviations in bond lengths involving only non-
hydrogen atoms are about 0-005 A. The standard deviations
in bond lengths involving hydrogen atoms are about 0-06 A.

Table 3. The final hydrogen atom parameters and
their estimated standard deviations

The positional parameters have been multiplied by 103.

x ¢ : B(Al) Bond Distanc Bond Distance
H(OP2) 213(2) 509(8) 003(2) 73 (1-0) 0 istance
H(OP3) 032(2) 181 (9) 097(2) 7:5(0:9) P—O(P1) 1-498A C(7H—H(@1) 1-01A
H(11) 249 (3) 803 (10) 169(3) 93 (1-2) P——0O(P2) 1-578 C(8)—H(81) 1-03
H(21) 138(2) 269 (6) 307(2) 49 (0-7) P—O(P3) 1-555 N(12)-H(121) 093
H(@31) 062 (2) 292(6) 432(2) 44 (0-6) P——O(P4) 1-505 N(12)-H(122)  0-93
H(41) 086 (2) 632 (8) 529 (2) 5-9 (0-7) C(5)-C(6) 1-387 C(6)—H(61) 0-87
H(51) 184(2) 909 (7)  488(2) 61 (0-8) C(6)-C(1) 1-389 C(5)—H(@1) 0-85
H(61) 255(2)  890(6)  367(2) 51 (0-T) C(5)-C(4) 1-373 C(4)—H(41) 1-01
H(71) 210 (2) 486 (5) 196 (2) 3-3 (0-5) C(3)-C(4) 1-379 C(3)—H(@31) 1-00
H(81) 320(2)  250(5) 290(2) 3-8 (0-6) C(2)-C(3) 1-384 C(2)—H(21) 0-99
H(91) 445(2) 056 (7)  201(2) 67 (0-9) C(1)-C(2) 1-382 O(11)-H(11) 0-85
H(92) 502(2) 266 (8) 192(2) 77 (1:0) C(1)-C(7) 1-512 C(10)-H(101)  1-01
H(93) 460 (2) 139 (7) 110(2) 62 (0-8) C(7)-0(11) 1-427 C(10)-H(102) 095
H(101)  394(2) 589(7) 371 (2  55(07) C(7)-C(8) 1-539 C(100-H(103)  1-05
H(102)  465(2)  407(6)  336(2)  54(0-7) C(8)-C(10) 1-506 C(9)—-H(91) 091
H(103)  446(2) 658 (9) 289 (2) 7-4 (0-9) C(9)-N(12) 1-481 C(9)—H(92) 0-96
H(121) 316 (2) 250 (6) 142 (2) 46 (0:6) C(8)-N(12) 1-506 C(9)—H(93) 1-07
H(122) 381 (2) 459 (6) 141 (1) 5:2(0-7) O(P2)-H(OP2) 1-06
O(P3)-H(OP3) 0-63

bond. The N(12)---O(11) distance of 2:96 A is only
0-08 A longer than that found for the hydrochloride.
As expected, the phenyl ring is planar within exper-
imental error and has no heavy atom deviations ex-
ceeding 0-007 A. Atom C(7) is displaced 0-05 A from
the phenyl plane.

Fig. 2 depicts the crystal packing. The hydrophobic
phenyl and methyl groups are clustered in the central
region of the unit cell, and the polar amino, hydroxyl,
and phosphate moieties are arranged in layers parallel
to the ab plane. Thus the structure consists of alternat-
ing hydrophobic and polar layers, with the hydrophobic

Table 4. Observed and calculated structure factors
From left to right, the columns contain values of 4, 10F, and 10F..
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Fig. 1. The conformation of the ephedrine cation. The heavy
atoms are represented by ellipsoids defined by the principal
axes of thermal vibration and scaled to include 50%
probability. The hydrogen atoms are represented by spheres
of 0-1 A radius.

portions sandwiched between polar regions. Fig. 2 also
shows the hydrogen bonding scheme. Hydrogen bond
lengths and angles are given in Table 7. All hydrogen
atoms covalently bonded to oxygen or nitrogen atoms
participate in hydrogen bonding. The nitrogen and
oxygen atoms of the ethanolamine moiety donate hy-
drogen bonds to phosphate oxygen atoms. The two
phosphate hydrogen atoms are utilized in phosphate—
phosphate hydrogen bonding. Phosphate anions are
hydrogen bonded around twofold rotation axes to
form dimers that involve two short (2:55 A) hydrogen
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bonds (Fig. 2). The second phosphate hydrogen atom
is involved in hydrogen bonding between phosphate
dimers. The phosphate-phosphate hydrogen bonding
results in cohesive, continuous sheets of phosphate ions
running parallel to the ab plane. Fig. 3 depicts hydro-
gen bonding within these sheets.

Discussion

An outstanding feature of this crystal structure is the
aggregation of phosphate anions, leading to the forma-
tion of continuous phosphate sheets, wherein an exten-
sive system of hydrogen bonds connects the phos-
phates. Each phosphate forms a total of four hydrogen
bonds to three adjacent phosphates. The exceptional
shortness (2:55 and 2:63 A) of the phosphate—phos-
phate hydrogen bonds is suggestive of strong interac-
tions between neighboring phosphate anions. The im-
portance of phosphate—phosphate hydrogen bonding
has been stressed previously (Phillippot & Lindgvist,
1971; Calleri & Speakman, 1964). The literature con-
tains numerous examples of crystal structures in which
hydrogen phosphates are joined by short (<2:65 A)
hydrogen bonds (Smith, Brown & Lehr, 1955; litaka
& Huse, 1965; Huse & litaka, 1969; Philippot & Lind-
qvist, 1971; Sundaralingam & Putkey, 1970; Putkey &
Sundaralingam, 1970; Calleri & Speakman, 1964 ; Pres-
ton & Stewart, 1970; Chieh & Palenik, 1971; Veidis,
Palenik, Schaffrin & Trotter, 1969; Aoki, Nagano &
Iitaka, 1971; Freeman, Hearn & Bugg, 1972). These
hydrogen bonds are sometimes shorter than 2-5 A, and

Table 6. Bond angles

The standard deviations in bond angles involving only nonhydrogen atoms are about 0-4°. The standard deviations in bond angles
involving hydrogen atoms are about 4°,

O(P1)-P——O(P2) 109-8°
O(P1)-P——O(P3) 1118
O(P1)-P———O(P4) 1153
O(P2)-P——O(P3) 102:6
O(P2)-P——O(P4) 108-4
O(P3)-P——O(P4) 108-2
C(6)—C(1)—C(2) 1186
C(6)—C(1)—C(7) 1215
C(2)—C(1H)—C(7) 1199
C(3)—C(2)—C(1) 1209
C(4)—C(3)—C(2) 120-0
C(5)—C(4)—C(3) 119:3
C(6)—C(5)—C(4) 1203
C(5)—C(6)—C(1) 1205
C(1)—C(7)—O0(11) 1124
C(1)—C(7)—C(8) 1112
0(11)-C(7)—C(8) 107:6
C(7)—C(8)—N(12) 1080
C(7)—C(8)—C(10) 1129
N(12)-C(8)—C(10) 1106
C(8)—N(12)-C(9) 117-0
H(OP2)-O(P2)-P 1076
H(OP3)-O(P3)-P 1136
H(21)—C(2)—C(1) 120-6
H(21)—C(2)—C(3) 1182
H(31)—C(3)—C(4) 1209
H(31)—C(3)—C(2) 119:1

AC28B-1i5

H(41)—C(4)—C(5) 117-4°
H(41)—C(4)—C(3) 1228
H(51)—C(5)—C(6) 1185
H(51)—C(5)—C(4) 1212
H(61)—C(6)—C(5) 1212
H(61)—C(6)—C(1) 1184
H(71)—C(7)—C(1) 1131
H(71)—C(7)—0(11) 1052
H(71)—C(7)—C(8) 1124
H(81)-—C(8)—C(7) 1112
H(81)—C(8)—N(12) 105-5
H(81)—C(8)—C(10) 108-4
H(91)—C(9)—H(92) 108-4
H(91)—C(9)—H(93) 1148
H(91)—C(9)—N(12) 1123
H(92)—C(9)—H(93) 967
H(92)—C(9)—N(12) 1116
H(101)—C(10)—H(102) 109-6
H(101)—C(10)—H(103) 1017
H(101)—C(10)—C(8) 109-5
H(102)—C(10)—H(103) 107-4
H(102)—C(10)—C(8) 1134
H(103)—C(10)—C(8) 1146
H(11)—O0(11)-C(7) 98-6
H(121)—N(12)-H(122) 1110
H(121)—-N(12)-C(8) 108-8
H(121)—N(12)-C(9) 106:5
H(122)—N(12)-C(8) 112:0
H(122)—N(12)-C(9) 101-2
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evidence of the existence of symmetric phosphate-
phosphate hydrogen bonds has been presented (Philip-
pot & Lindqvist, 1971 ; Putkey & Sundaralingam, 1970;
Calleri & Speakman, 1964). In the case of dihydrogen
phosphate anions, with their two donor sites and mul-
tiple acceptor sites, phosphate—~phosphate interactions
usually lead to continuous arrays of hydrogen-bonded
phosphates. We have examined the phosphate inter-
actions in most published crystal structures that con-
tain dihydrogen phosphate anions, and have found no
structures in which phosphate-phosphate hydrogen
bonding is not present. In all cases, each dihydrogen
phosphate forms at least two hydrogen bonds to adja-
cent phosphates. Hydrogen bonding between phos-
phates is also an important interaction in aqueous solu-
tion (Selvaratnum & Spiro, 1965). In view of the wide-
spread occurrence of hydrogen bonding between phos-
phates, it would be surprising if interactions of this type
do not occur in biological systems.

Another important feature of this crystal structure
is the binding of the phosphate aggregates to the f-
ethanolamine moiety of ephedrine. As indicated in-
Fig. 4, the ethanolamine group possesses hydrogen-
bond donor sites that are suitably arranged for binding
the phosphate aggregates. The ethanolamine is joined
to three phosphates by two hydrogen bonds from the
nitrogen atom and one hydrogen bond from the hy-
droxyl group. These three phosphate ions are hydrogen
bonded together. Since the phosphate ions are con-
nected by single hydrogen bonds, this same type of
phosphate~ethanolamine binding could also occur
with monohydrogen phosphates. The three phosphate
ions shown in Fig. 4 are joined by double hydrogen
bonds to additional phosphates, resulting in the com-
plete sheet of phosphate ions depicted in Fig. 3. Thus
the ethanolamine moiety serves as a site for binding
three phosphates ions which, in turn, bind other phos-
phates.

It is possible that these two features — formation of
phosphate aggregates and hydrogen bonding of these
aggregates to f-ethanolamine moieties — are important
in biological mineralization. At physiological pH
levels, orthophosphate would exist primarily as a mix-
ture of monohydrogen and dihydrogen phosphate an-
ions. Hydrogen bonding between these phosphate an-

ions might lead to phosphate aggregates of sufficient
size to initiate the formation of mineral phases. Hy-
droxylysine, a component of collagen, has been im-
plicated in bone mineralization (Solomons & Irving,
1958; Schiffman, Martin & Miller, 1970; Wuthier,
Greon & Irving, 1964; Glimcher & Krane, 1968). The
f-ethanolamine moiety of hydroxylysine could hydro-

Fig. 2. The crystal structure viewed down the b axis. Thin
lines represent hydrogen bonds; donor-acceptor distances
are shown.

Fig. 3. Sheets of hydrogen bonded phosphate anions, as
viewed down the ¢ axis. The sheets are parallel to the ab
plane. The thin lines represent hydrogen bonds.

Table 7. Hydrogen bond distances and angles

Donor Hydrogen Acceptor
atom atom atom
O(P3) H(OP3) O(P1) (a)
O(P2) H(OP2) O(P4) ()
N(12) H(122) O(P1) (b)
N(12) H(121) O(P4) (o)
odan H(11) O(P4) (d)
(@ ~x,

Distances

Hydrogen— Donor-hydrogen—

Donor-acceptor acceptor acceptor angle
2:554 A 1:93 A 175°
2:632 1-60 164
2-702 1-81 160
2:772 1-84 176
2-808 2-17 133

Y, —2

(b) ‘i'_'xs i’+y9 -z

©) X,

y" z

) x, y+1, z
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Fig. 4. Binding of phosphate ions to the f-ethanolamine
moiety of ephedrine. The thin lines represent hydrogen bonds.
Each of these phosphate ions is joined by two hydrogen
bonds to an additional phosphate ion, resulting in the
phosphate sheets shown in Fig. 3.

gen bond to phosphate anions, through interactions
of the type depicted in Fig. 4. As demonstrated in this
crystal structure, a single ethanolamine moiety can
hydrogen bond directly to three phosphate anions
which can, in turn, hydrogen bond to additional phos-
phates. Such interactions might result in collagen-
bound phosphate aggregates that could serve as min-
eralization nucleation sites.
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