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Abstract: 14-Hydroxymorphinone can be obtained in two crystalline modifications, one yellow (1-Y) and the other white (1-
W), depending on the solvent used for crystallization. Infrared spectral differences suggested that there was a difference in the
hydrogen bonding in the two forms. Single-crystal X-ray analyses have been carried out on both forms. The crystals of both
1-Y and 1-W are orthorhombic and the space group is P2,2,2,; the cell dimensions of 1-Y are @ = 13.150 (3), b = 13.508 (3),
and ¢ = 7.837 (1) A, and those of 1-W are a = 12.918 (3), b = 14.074 (3), and ¢ = 8.035 (2) A. The conformations of the mole-
cules in 1-Y and 1-W are very similar with possible O(14)—H- - -N intramolecular hydrogen bonding. The aromatic ring A
is slightly nonplanar in these and in most other morphine derivatives. A significant difference between 1-Y and 1-W is in the
orientation of the O-H group with respect to the C(aromatic)-O bond. In 1-Y, the phenolic hydroxyl group forms an intermo-
lecular hydrogen bond to a carbonyl oxygen, while in 1-W, the phenolic hydroxyl group forms an intermolecular hydrogen
bond to the aliphatic alcohol. There may be a very weak charge-transfer effect in the crystal of 1-Y between the aromatic ring
A and the ketone group in a symmetry-related molecule. This possibility, which may in part explain the color difference be-
tween the two forms, has also been examined by spectroscopic methods.

Introduction

It was observed a number of years ago that the phenolic
a,B-unsaturated ketone, 14-hydroxymorphinone (1), can exist
in two modifications, which show striking differences in color

0002-7863/78/1500-6195801.00/0

and solid-state IR spectra. They are readily interconvertible
in solution: recrystallization from polar solvents, such as eth-
anol or acetone, yields bright yellow, transparent, square
platelets (1-Y), while crystallization from a large volume of
benzene (in which 1 is only slightly soluble) produces perfectly
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colorless needles (1-W). Recrystallization from the appropriate
solvent converts either form into the other one. Neither mod-
ification contains solvent of crystallization. Both yellow and
colorless forms seem stable indefinitely in the solid state; no
visible change is noticeable in samples surviving from the initial
work. Upon heating, the yellow form blackens at about 250 °C
but shows no volume increase up to ~300 °C; the white crystals
darken above 200 °C and decompose at 255 °C to a volumi-
nous black mass.2 Color differences persist in solutions of 1;
methanol solutions are yellow, while those in benzene or
methylene dichloride are colorless.

In the IR spectra in KBr pellets, the carbonyl stretching
band of the colorless modification occurs at 1685 cm™!; that
of the yellow form occurs at 1660 cm™!. The occurrence of
carbonyl bands in both modifications precludes any interpre-
tation of these two forms as the keto and enol tautomers, re-
spectively. In addition, enolization of 1 is inherently improb-
able, since the enol would have to contain a double bond in
position 5-6. To the best of our knowledge, no known com-
pound of the morphine series with intact bridge and normal
stereochemistry of the ring system contains a double bond in
this position; undoubtedly, such a structure would be impos-
sibly strained.’

However, the location of the C=0 stretching bands suggests
an explanation. In the colorless form, this location is the normal
one for a free cyclohexenone, while the lower frequency found
for the yellow form is consistent with a hydrogen-bonded
enone. It seemed probable, therefore, that the two forms differ
in the nature of hydrogen bonding in the crystal lattice, only
that of the yellow form involving the oxygen of the carbon-
yl.

In order to obtain unequivocal information on the nature of
this dimorphism, an X-ray crystallographic investigation of
the two modifications was undertaken. This work is part of a
series of studies that have been carried out in one of our labo-
ratories of color changes in compounds that exhibit dimor-
phism.* In addition, more evidence was obtained for the exis-
tence of a systematic nonplanarity of ring A in morphine de-
rivatives with the ether bridge intact that may be responsible
for the chiroptical effects in the 240-250-nm region in these
compounds.’

Experimental Section

X-ray Analysis of the Yellow Form (1-Y). Samples of 1-Y and 1-W
remaining from the initial work2 were used. Cell dimensions for 1-Y
were determined by a least-squares fit to the angular settings for 12
reflections hand-centered on a Picker FACS-1 diffractometer (Cu
Ka, A = 1.54178 A).

Crystal data: C7H704N; M = 299.3; orthorhombic; a = 13.150
(3),b =13.508 (3),and ¢ = 7.837 (1) &; ¥ = 1392 (1) X 10~24cm?;
Z = 4; peated = 1.428 g em™3; u(Cu Kar) = 8.5 cm™!; systematic ab-
sences #00 when & = 2n 4+ 1, 0kO when k = 2n 4+ 1, and 00/ when /
= 2n 4+ 1; space group P2,2,2,.

Intensity data were collected to 26 = 130° on a Picker FACS-1
diffractometer using Cu Ko radiation and a 28 scan technique. Data
collection procedures have been described previously.® A total of 1379
intensities was measured; of these, 1255 were considered nonzero at
the 3o significance level. The structure was solved without difficulty
by direct methods with the use of the MULTAN program.” Full-matrix
least-squares refinement of positional and anisotropic thermal pa-
rameters for the nonhydrogen atoms reduced R and R»t00.082 and
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Table L. Final Atomic Coordinates for the Yellow Form (1-Y) of
14-Hydroxymorphinone @

X y z
c(l) 0.3319 (3) 0.5559 (3) 0.1647 (5)
C(2) 0.3027 (3) 0.6307 (3) 0.2785 (5)
C(3) 0.3568 (3) 0.7186 (2) 0.2942 (5)
C(4) 0.4398 (2) 0.7298 (2) 0.1888 (4)
C(5) 0.6009 (3) 0.7668 (2) 0.1060 (4)
C(6) 0.6676 (3) 0.7242 (3) 0.2469 (4)
C(7) 0.6784 (3) 0.6167 (3) 0.2640 (5)
C(8) 0.6560 (3) 0.5566 (3) 0.1353 (5)
C(9) 0.5621 (3) 0.5210 (2) -0.1436 (5)
C(10) 0.4611 (3) 0.4899 (3) —0.0558 (5)
c(11) 0.4150 (3) 0.5694 (2) 0.0575 (4)
C(12) 0.4643 (3) 0.6590 (2) 0.0704 (4)
C(13) 0.5604 (2) 0.6886 (2) -0.0194 (4)
C(14) 0.6252 (3) 0.5950 (2) —0.0383 (4)
C(15) 0.5381 (3) 0.7324 (3) ~0.1976 (5)
C(16) 0.4915 (3) 0.6556 (3) —0.3154 (5)
c(17) 0.5184 (4) 0.4947 (3) —0.4437 (6)
N 0.5535(2) 0.5652 (2) -0.3153 (4)
0(3) 0.3341 (2) 0.7914 (2) 0.4112 (4)
0(4) 0.5113(2) 0.8061 (1) 0.1950 (3)
0(6) 0.7082 (2) 0.7813 (2) 0.3467 (4)
O(14) 0.7200 (2) 0.6146 (2) -0.1227 (4)
H(1)® 0.292 (3) 0.491 (3) 0.156 (5)
H(2) 0.243 (3) 0.621 (3) 0.358 (5)
H(3) 0.293 (3) 0.774 (3) 0.462 (6)
H(5) 0.635 (2) 0.826 (2) 0.045 (4)
H(7) 0.702 (3) 0.590 (2) 0.380 (5)
H(8) 0.666 (2) 0.481 (2) 0.157 (5)
H(9) 0.605 (2) 0.459 (2) ~0.154 (4)
H(10a)  0.473(3) 0.242 (3) 0.018 (4)
H(10b)  0.412(3) 0.472 (3) -0.159 (5)
H(14) 0.708 (4) 0.610 (3) -0.241 (6)
H(15a)  0.599 (3) 0.757 (2) -0.255 (4)
H(I15b)  0.486(3) 0.787 (3) -0.186 (4)
H(l6a)  0.421(2) 0.638 (2) -0.293 (4)
H(l6b)  0.490 (3) 0.677 (2) —0.433 (4)
H(17a)  0.512(3) 0.534 (3) -0.554 (5)
H(17a)  0.569 (3) 0.434 (3) —0.448 (5)
H(17¢) 0.445 (3) 0.468 (3) -0.413 (6)

@ Coordinates are in fractions of the cell edge; standard deviations
are in parentheses. * Hydrogen atoms were given the number of the
atom to which they are attached.

0.104.% The quantity minimized was Zw/||F,) — | Fcli2. Initially unit
weights were used, but later the weighting scheme was that suggested
by Corfield et al.® All hydrogen atoms were located from a difference
map and included in the refinement with isotropic thermal parameters.
The refinement converged to values of R and R of 0.052 and 0.064.
However, some of the dimensions involving hydrogen atoms were
chemically unreasonable and some of the resulting Bjs, values were
rather high. Four low-order reflections (200, 120, 301, and 121)
showed evidence of being affected by secondary extinction and were
removed from the data set. Subsequent refinement gave much more
reasonable dimensions and temperature factors for the hydrogen
atoms. The final values of R and R, were 0.036 and 0.038. The final
value of SwA2/(m — n) was 1.91. The scattering curves for C, N, and
O used were those of Cromer and Mann,'? while that for H was cal-
culated by Stewart et al.!! The final atomic coordinates are listed in
Table .

X-ray Analysis of the White Form (1-W), White, transparent,
plate-like crystals of 1-W were obtained from benzene. An untwinned
crystal with dimensions ca. 0.2 X 0.4 X 0.4 mm was used for data
collection.

Crystal data: C7H704N; M = 299.3; orthorhombic;a = 12918
(3),6 = 14,074 (3),and ¢ = 8.035 (2) A; ¥ = 1461 (1) X 10~ ¢m?;
Z = 4; pcarea = 1.36 g/cm3; u(Cu Kar) = 8.1 cm™!; systematic ab-
sences, 100 when A = 2n + 1,0k0when & = 2n + 1, and 00/ when /
Z 2n + 1, establish the space group as P2,2,2;, M(Cu Ka) = 1.54178

.Intensity data were collected as described previously. A total of 1453



Curtin, Paul, Weiss, et al. /| Dimorphism of 14-Hydroxymorphinone 6197

Table II. Final Atomic Coordinates with Estimated Standard
Deviations for 1-W

X y z
C(1) 0.3637 (3) 0.6065 (2) 0.5228 (4)
C(2) 0.4461 (2) 0.5893 (2) 0.6269 (4)
C(3) 0.4493 (2) 0.6221 (2) 0.7923 (4)
C(4) 0.3610(2) 0.6677 (2) 0.8467 (4)
C(5) 0.2536 (2) 0.7695 (2) 0.9824 (4)
C(6) 0.2934 (2) 0.8692 (2) 0.9381 (4)
c(n) 0.2636 (2) 0.9129 (2) 0.7812 (4)
C(8) 0.1916 (2) 0.8770 (2) 0.6831 (4)
C(9) 0.0954 (2) 0.7296 (2) 0.5767 (4)
C(10) 0.1844 (3) 0.6845 (3) 0.4768 (4)
c(11) 0.2755 (2) 0.6529 (2) 0.5802 (4)
C(12) 0.2769 (2) 0.6786 (2) 0.7457 (3)
C(13) 0.1901 (2) 0.7232 (2) 0.8428 (3)
C(14) 0.1304 (2) 0.7903 (2) 0.7274 (3)
C(15) 0.1164 (2) 0.6451 (2) 0.9058 (4)
C(16) 0.0643 (2) 0.5944 (2) 0.7622 (5)
C(17) ~0.0497 (4) 0.6218 (3) 0.5231 (8)
0(3) 0.5376 (2) 0.6100 (2) 0.8809 (4)
0(4) 0.3458 (1) 0.7087 (1) 1.0025 (3)
0(6) 0.3507 (2) 0.9099 (2) 1.0351 (4)
O(14) 0.0377 (1) 0.8267 (1) 0.8034 (3)
N 0.0183 (2) 0.6643 (2) 0.6477 (4)
H(1) 0.367 (2) 0.586 (2) 0.404 (5)
H(2) 0.507 (2) 0.553 (2) 0.588 (4)
H(5) 0.211 (2) 0.767 (2) 1.090 (4)
H(7) 0.301 (2) 0.978 (3) 0.754 (4)
H(8) 0.169 (2) 0.915 (2) 0.579 (4)
H(9) 0.057 (2) 0.771 (2) 0.498 (4)
H(10a) 0.214 (3) 0.732 (3) 0.398 (5)
H(10b) 0.160 (2) 0.627 (3) 0.401 (4)
H(15a) 0.155(2) 0.595 (2) 0.972 (4)
H(15b) 0.060 (2) 0.673 (2) 0.979 (4)
H(16a) 0.116 (2) 0.553 (2) 0.692 (4)
H(16b) 0.009 (3) 0.552 (3) 0.798 (4)
H(17a) -0.083 (4) 0.667 (4) 0.444 (7)
H(17b) -0.103 (4) 0.589 (4) 0.576 (8)
H(17¢) -0.009 (3) 0.579 (3) 0.455 (6)
H(3) 0.526 (3) 0.625 (3) 0.991 (6)
H(14) -0.009 (3) 0.780 (3) 0.791 (5)

independent reflections with 26 < 130° was measured; of these, 1349
were considered nonzero at the 3o significance level. The structure
was solved by direct methods with the use of the MULTAN program.”
Full-matrix least-squares refinement on the positional and anisotropic
thermal parameters for the nonhydrogen atoms gave an R value of
0.081. A difference map revealed the positions of all the hydrogen
atoms in the molecule. Refinement of the positional and anisotropic
thermal parameters for the nonhydrogen atoms and the positional and
the isotropic thermal parameters for the hydrogen atoms gave final
values for R and R, of 0.041 and 0.045. The final value of ZwA2/(m
— n) was 3.09. The details of the weighting schemes, form factors, etc.,
were as described for 1-Y. The final coordinates for 1-W are given in
Table II. The thermal parameters and a list of structure factors for
both 1-Y and 1-W have been deposited (see paragraph at end of paper
regarding supplementary material).

Results and Discussion

(a) Molecular Geometry. Stereoscopic views of single mol-
ecules of the two forms of 14-hydroxymorphinone are shown
in Figure 1. Bond lengths and angles for both forms are given
in Table 111

The conformations of the 14-hydroxymorphinone molecule
in the two forms seem quite similar. Since the early paper by
Mackay and Hodgkin on morphine hydriodide dihydrate,!?
there have been a number of X-ray investigations on morphine
derivatives. In previous X-ray structural papers on morphine
derivatives, the morphine molecule has often been described
as a T-shape!?13 with the best plane through rings A, B, and
the ether ring defining the stem of the T and that through rings

C and D describing the top. In 1-Y and 1-W, the angle between
these planes is 90.3 and 84.7°, respectively. In rough qualitative
terms in both molecules, ring A and the ether ring approach
planarity, ring B is a half-chair, ring C is a distorted half-chair,
while ring D is a fairly regular chair. These are the first ex-
amples of a morphine derivative with a cyclohexenone ring as
ring C for which X-ray data are available. Ring C is somewhat
flatter in 1-W than in 1-Y, with a large difference in the torsion
angle around the C(6)-C(7) ring bond; the values of the torsion
angle in the bonds in ring C in the two compounds are as fol-
lows (1-W values in parentheses): C(14)-C(13) 46.4° (40.8°),
C(13)-C(5) —26.4° (—=29.4°), C(5)-C(6) —6.7° (4.3°),
C(6)-C(7) 19.1° (9.9°), C(7)-C(8) 4.2° (2.8°), and C(8)-
C(14) —36.4° (—27.9°). In contrast, the C(9), C(10), C(11),
C(12), and C(13) portion of ring B is more planar in 1-Y than
in 1-W. Another difference is the position of the phenolic
[O(3)] hydrogen atom, which in 1-Y is in the plane of the
phenyl ring and pointing on the side of C(2), while in 1-W, it
is in the plane of the ring but lies on the side of O(4). It is of
interest that the greatest differences in bond lengths between
the two molecules are in the C(1)-C(2)-C(3)-0O(3) region,
with C(1)-C(2) and C(3)-O(3) appearing longer in 1-Y than
in 1-W, and the reverse being true of C(2)-C(3). The general
pattern of bond lengths in this region as found in 1-Y is also
encountered in the molecules of oxymorphone hydrate,!4
naloxone hydrochloride dihydrate,!'> and morphine hydro-
chloride trihydrate,'® whereas a pattern somewhat similar to.
that found in 1-W is also found in 6-deoxy-6-azidodihydroi-
somorphine.!” The orientation of the phenolic hydroxyl group
appears to have an effect also on the exocyclic C-C-O bond
angles. In 1-Y, C(2)-C(3)-0(3) is 123.9 (3)°, while C(4)-
C(3)-0(3) is 119.5 (3)°; in 1-W, these two angles are 118.6
(3) and 126.0 (3)°, respectively. These variations in bond an-
gles are presumably due to the steric interaction between the
hydroxyl hydrogen atoms and the ortho substituent, whether
it be hydrogen or ether oxygen.

In both forms of 1, there is an intramolecular O(14)—
H- - -N hydrogen bond. In 1-Y and 1-W, respectively, the
O(14)- - -N distances are 2.742 (4) and 2.618 (3) A, the
H(14)- - -N distances are 2.20 (5) and 2.03 (4) A, the
C(14)—0(14)- - -N angles are 61.0 (2) and 60.0 (1)°, and the
O(14)—H(14)- - -N angles are 116 (4) and 122 (3)°. While
the O—H- - -N angles may appear unfavorable for hydrogen
bonding, it should be pointed out that the O—H- - -N (lone
pair) angle would be much more favorable. In 1-W, O(14) is
the acceptor of an intermolecular hydrogen bond (from the
phenolic hydroxyl); there may also be a weak intermolecular
O(14)—H- - -O(4) interaction making the O(14)-H hydrogen
bond bifurcated [to nitrogen and to O(4)] in 1-W.

(b) Nonplanarity of Ring A. In both molecules, there is a
distortion of the phenolic ring from planarity which is probably
induced by the strained O(4) ether bridge. Torsion angles
around this ring in a number of morphine derivatives are given
in Table IV. In 1-Y and 1-W, the torsion angles around the
bonds C(4)-C(12) and C(12-)-C(11) are quite large (5-6°),
with the C(4)-C(12) torsion angle being negative and the
C(12)-C(11) angle being positive. A best plane calculation
through the six atoms of ring A shows, in both forms, C(2) and
C(12) lying to the side of the plane toward the nitrogen-con-
taining ring D (maximum deviation 0.031 A) while the other
four atoms lie on the opposite side (maximum deviation 0.022
A); the atoms O(3) and O(4) each lie significantly on the side
of ring D from this plane [0.042 and 0.098 A for O(3) and
0.187 and 0.095 A for O(4) in 1-Y and 1-W, respectively]. In
view of the interest in the chiroptical properties of morphine
derivatives, the extent of planarity of ring A was examined
in a series of morphine derivatives (Table IV). A pattern
similar to that in 1-Y and 1-W is noted in the naloxone hy-
drochloride dihydrate,!’ oxymorphone hydrate,'4 nalbuphine
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Figure 1. Single molecules of 14-hydroxymorphinone: (a) yellow form; (b) white form.

Table III. Bond Lengths? and Angles in 1-Y and 1-W

bond
length, A 1-Y 1-W angle, deg 1-Y 1-W angle, deg 1-Y 1-W
C(1)-C(2) 1.401 (6) 1.375(5) C(2)-C(1)-C(11) 120.4 (4) 121.0(3) C(12)-C(13)-C(14) 107.1(2) 108.5(2)
C(2)-C(3) 390 (5) 1.408 (5) C(1)-C(2)-C(3) 122.2(4)  122.6(3) C(15)-C(13)-C(14) 109.5(3) 109.1(2)
C(3)-C(4) 377(5) 379 (4)  C(2)-C(3)-C(4) 116.5(3) 115.3(3) C(5)-C(6)-C(7) 119.8 (3) 119.9(3)
C(3)-0(3) 377 (4) 356 (4)  C(2)-C(3)-0(3) 123.9(3) 118.6(3) C(5)-C(6)-0O(6) 118.5(3) 119.0(3)
C(4)-C(12) 371 (4) 365 (4)  C(4)-C(3)-0(3) 119.5(3) 126.0(3) C(7)-C(6)-0(6) 121.7(3)  121.1(3)
C(11)-C(12) 377(4) 378 (4)  C(3)-C(4)-C(12) 121.0(3) 121.5(2) C(6)-C(7)-C(8) 121.0(4) 122.9(3)
C(1)-C(11) 390 (4) 393 (4)  C(3)-C(4)-0(4) 126.4 (3) 126.5(2) C(7)-C(8)-C(14) 1222 (4) 122.8(3)
C(4)-0(4) 396 (3) 393 (3)  C(12)-C(4)-0(4) 112.4(3)  112.0(2) C(8)-C(14)-C(13) 110.2 (3) 112.4(2)

O(4)-C(5)
C(5)-C(13) 538 (4)
C(12)-C(13) 501 (5)

L.
L.
L.
L.
L.
l.
.
1.469 (4)
L.
I.
C(5)-C(6)  1.523(5)
L.
l.
l.
L.
I,
L.
L.
l.
I.
I.

476 (3)  C(4)-C(12)-C(11)  123.5(3) 123.7(2) C(8)-C(14)-C(9) 113.8(3) 114.7(2)
534 (4) C(4)-C(12)-C(13)  109.2(3) 109.4(2) C(8)-C(14)-O(14) 1042(3) 104.5(2)
503(4) C(I1)-C(12)-C(13) 126.6(3) 1269(2) C(13)-C(14)-C(9)  106.7 (3) 106.2 (2)
455(5)  C(1)-C(11)-C(10)  125.0(3) 126.5(3) C(13)-C(14)-O(14) 112.0(2) 112.4(2)

C(6)-C(7) 465 (6) 455 (5)  C(DH-C(11)-C(12) 116.2(2) 115.6(3) C(9)-C(14)-0(14) 109.9 (3) 106.6 (2)

C(6)-0(6) 221 (5) 218 (4)  C(10)-C(11)-C(12) 118.4(3) 117.7(3) C(14)-C(9)-C(10) 113.5(3) 114.7(2)
C(7)-C(8) 328 (6) 319(4)  C(4)-0(4)-C(5) 104.9(2) 1048 (2) C(14)-C(9)-N 105.5(2) 103.9(2)
C(8)-C(14) 511(5) 497 (4)  O(4)-C(5)-C(13) 1059 (3) 105.3(2) C(10)-C(9)-N 116.6 (3) 116.8(3)
C(13)-C(14) 532 (4) 533 (4)  O(4)-C(5)-C(6) 104.7 (3) 106.5(2) C(9)-C(10)-C(11) 114.1 (3) 1147 (3)
C(14)-0(14) 436 (5) 439 (3)  C(6)-C(5)-C(13) 113.8(3) 113.4(2) C(9)-N-C(16) 1123(3)  112.7(2)
C(9)-C(14) 539 (5) 549 (4)  C(5)-C(13)-C(12) 100.1 (2) 99.1(2) C(9)-N-C(17) 112.9(3) 113.4(3)
C(9)-C(10) 554 (6) 539 (5)  C(5)-C(13)-C(15) 1124 (3) 113.2(2) C(16)-N-C(17) 111.5(3) 113.4(3)
C(10)-C(11) 520 (5) 507 (5)  C(5)-C(13)-C(14) 1159 (3) 116.7(2) N-C(16)-C(15) 110.1(3) 110.0(3)

C(13)-C(15) 1.545(5) 1.541(4) C(12)-C(13)-C(15) 111.5(3) 109.5(2) C(I13)-C(15)-C(16) 111.4(3) 111.1(2)
C(15)-C(16) 1.518(6) 1.514(5)

C(16)-N 1.468 (5)  1.472 (4)
C(9)-N 1.477(5) 1471 (4)
N-C(17) 1.460 (5)  1.459 (6)

4 In 1-Y, the C-H distances range from 0.97 (3) to 1.07 (4) A, and the O-H distances are 0.71 (4) from O(3)-H(3) and 0.94 (5) from
O(14)-H(14). In 1-W, the C-H distances range from 0.93 (6) to 1.06 (4) A, while O(3)-H(3) is 0.92 (4) and O(14)-H(14) is 0.90 (4) A.

dihydrochloride dihydrate,'® morphine hydrate,!® morphine  6-deoxy-6-azidodihydroisomorphine.l” It is of interest that
hydrochloride trihydrate,!6 and codeine hydrobromide dihy- torsion angles differing significantly from zero around these
drate!3 structures and, to a lesser extent, in the structure of  same bonds are also found in the structure of dihydrometa-
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Table V. Torsion Angles (Degrees)? in the Phenolic Ring (Ring A) in a Number of Compounds Related to Morphine
N-me-
oxy- dihydro- thyl- L-cycl-
nalox- mor- mor- mor- nalbu- meta- D-nor- azo-
one codeine phone phine  phine phine  codein- 6-azido- mor- cine
HCl. HBr: hy- hy- HCl. HCl- one mor- phinan DL-cycl- HBr-
1-Y 1-W  2H,0¢ 2H,0¢¢ drated/ drated 3H,0¢¢ 2H,04/ HCI¢ phine? HBr¢ azocine? H,0¢
C(I)-C(l)- —-2.6 —4.0 -0.8 -3.1 -0.3 -2.1 -1.9 -2.5 4.5 -1.4 4.5 1.8 23
C(2)-C(3)
C(1)-C(2)- 1.5 4.0 -0.9 3.9 —0.6 2.7 0.8 24 -4.8 2.3 -39 -37 =06
C(3)-C(4)
C(2)-C(3)- 2.6 0.6 43 0.5 3.6 0.9 3.3 1.5 -0.1 -0.3 0.9 3.3 -0.9
C(4)-C(12)
C(3)-C(4)- -59 —55 -6.7 -6.1 -6.0 -5 -6.7 -5.6 6.0 -2.8 1.6 —-0.9 0.7
C(12)-
C(11)
C(4)-C(12)- 4.6 5.4 4.8 6.6 4.9 5.5 5.4 5.4 -6.3 3.6 -1.1 -1.1 0.9
C(1D-C(1)
C(12)-C(11)- —0.4 =0.7 -1.1 -2.1 -1.8 -20 -1l -1.3 1.0 -1.5 -1.9 06 2.5
C(1)-C(2)
ref present present 15 13 14 19 16 18 20 17 22 21 21
work  work

@ The torsion angle A-B-C-D is considered positive if, when one looks along the B-C bond, atom A has to be rotated clockwise to eclipse
atom D. ¢ In addition to the three examples included in Table IV, we calculated the torsion angles for a number of morphine derivatives without
the ether bridge, and in the case of 2,98-dimethyl-6,7-benzomorphan hydrochloride,??* apomorphine hydrochloride hydrate,24 (—)-5-m-hy-
droxyphenyl-2-methylmorphan hydrobromide,2’ and (+)-3-methoxy-N-methylmorphinan hydrobromide monohydrate,2® we found no torsion
angles greater than 2.6°. We did calculate rather larger torsion angles from the available coordinates for (—)-/N-allyl-3,68-dihydroxymorphi-
nan hydrobromide?6 and for 2-allyl-2’-hydroxy-5,9-dimethyl-6,7-benzomorphan hydrobromide monchydrate.2” However, in the former structure,
the precision of the analysis is such that these values are not significant, while in.the latter structure, we find small (~0.05 A) differences,but
without a consistent pattern, in the bond lengths we calculate from the published coordinates from those given in the paper. Two morphine
derivatives which have been studied but have not been included in any comparisons are the iron tricarbonyl complex of thebaine (no coordinates
available) [A. J. Birch, H. Fitton, M. McPartlin, and R. Mason, Chem. Commun., 531 (1968)] and pentachloroethoxycodide [I. L. Karle
and J. Karle, Acta Crystallogr., Sect. B, 25, 1097 (1969)]. ¢ Values for torsion angles are given in the original paper. 4 Torsion angles were
calculated by us from atomic coordinates found in the original work. ¢ While the drawings and discussion in ref 13 refer to the correct absolute
configuration, the atomic coordinates given are for the opposite configuration (as stated in the text by the authors). The torsion angles included
in the present table correspond to the correct absolute configuration. / While the drawings and discussion in ref 14 and 18 refer to the correct
absolute configuration, the packing diagram (Figure 2) has a left-handed coordinate system and the atomic coordinates given correspond to
the opposite configuration. The torsion angles included in the present table correspond to the correct absolute configuration. £ In ref 16, the
x coordinate of C(3) should be 0.1806 instead of 0.1068 (D. Carlstrom, personal communication).

codeinone hydrochloride,?0 but, in that structure, they are of
opposite sign. However, the dihydrometacodeinone structure
has the bridging nitrogen-containing ring attached at C(13)
and a different stereochemistry at C(5), factors which may
have an influence different from those in the morphine struc-
tures with the normal nitrogen-containing, ring. When the
O-bridging group is absent, as in the cyclazocine structures?!
and in a number of other morphine derivatives,22-28 ring A is
much more planar and there is less evidence for twist in the
C(4)-C(12) and C(12)-C(11) region of the molecule. The
nonplanarity of ring A found by X-ray methods in those
morphine derivatives with an intact ether bridge is thus be-
lieved® to be responsible for a band at ~240-250 nm that is
present in the CD spectrum of all compounds of this type
studied so far and is absent from the curves of morphine de-
rivatives lacking the oxygen bridge.

(c) Molecular Packing. The crystal structures of the two
forms of 1 are quite different, with the intermolecular hydrogen
bonding involving different acceptors. In 1-Y, the phenolic
hydrogen lies on the C(2) side and there is intermolecular
hydrogen bonding to the carbonyl group. The O(3)-H group
in the reference molecule hydrogen bonds to O(6) in the mol-
ecule at =5 + x, 115 — y, and 1 — z; the O(3)- - -O(6) and
H(3)- - -O(6) distances are 2.703 (4) and 2.01 (4) A, and the
O(3)—H- - -O(6) and C(3)—0O(3)- - -O(6) angles are 164
(5) and 109.9 (2)°. This hydrogen bonding, which has the ef-
fect of lowering the C=0 stretch to 1660 cm™!, causes the
formation of chains of molecules running along the g direction
(Figure 2); these chains zigzag by as much as the c-axial
length. In 1-W, the phenolic hydrogen lies to the O(4) side and

there is intermolecular hydrogen bonding to the aliphatic hy-
droxyl group. The O(3)-H group hydrogen bonds to O(14) in
the molecule at '5 + x, 15—y, 2 — z; the O(3)- - -O(14) and
H(3)- - -O(14) distances are 2.689 (4) and 1.79 (5) A, and the
O(3)—H- - -O(14) and C(3)—O0(3)- - -O(14) angles are 163
(8) and 117.0 (2)°. The carbonyl group is not involved in hy-
drogen bonding in the white form and the C==0 stretch occurs
at 1685 cm™!. The phenol-alcohol hydrogen bonding in 1-W
causes the formation of chains of hydrogen-bonded molecules
along the a direction (Figure 2, b). Among neutral morphine
derivatives, O(3)—H- - -O(14) hydrogen bonding occurs in
the 96-de0xy-6-azido-14-hydroxydihydroisomorphine crys-
tal.2

It is of interest to compare the packing of 1-Y and 1-W in
some more detail. This is best achieved by viewing the packing
of 1-Y down the b axis (Figure 2, ¢) and comparing this with
the view of 1-W down ¢ (Figure 2, b). If one compares the
shaded molecules of 1-W in Figure 2, b, and imagines a rota-
tion of the C-O(H) bond by 180° such that it is now on the side
of C(2), then hydrogen bonding to O(6) in the adjacent shaded
molecule (I — x, — 5+ y, 15 — z) could readily be accom-
plished. The appropriate O(3)- - -O(6) intermolecular distance
in 1-W is 4.603 (4) A, while the O(3)- - -O(14) (= + x, 11,
— y, — z) intermolecular distance in 1-Y is 2.996 (4) A. In this
way, the zigzag chains found in 1-Y (see above) could be
formed. However, the relationship between adjacent chains
would not be the same as in 1-Y unless there were a major re-
orientation of half the molecules in the crystal.

(d) Reasons for the Color Dimorphism. In spite of the wealth
of detailed information provided by the X-ray crystallographic
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Figure 2, (a) Stereoscopic view of the molecular packing in 1-Y looking in the ¢ direction. The bonds in the reference molecule are darkened. Discontinuous
lines indicate hydrogen bonds. (b) Stereoscopic view of the molecular packing in 1-W looking in the ¢ direction. The bonds in the reference molecule
are darkened. Discontinuous lines indicate hydrogen bonds. The molecules that would make up the hydrogen bonding chains in 1-Y are highlighted
by shading of ring A and ring C. (c) Stereoscopic view of the packing of 1-Y between the relative positions of half of the molecules in 1-Y and 1-W is

demonstrated.

study, the yellow color of 1-Y in the solid state, and in solution
in polar solvents, remains difficult to explain. It should be
pointed out that the color difference observed for solutions of
1 in polar solvents (yellow) and in nonpolar solvents (colorless)
is in the direction opposite to the spectral shift usually found
for ketones in solvents of differing polarity.3¢ This latter shift
in the UV absorption is attributed to a change in the energy
of the n — «* transition of the carbonyl group as a result of
hydrogen bonding with solvent.3!

There seems to be little evidence for the assumption that the
difference in color between the solids 1-Y and 1-W could be
due to differences in molecular structure. Two features, not
necessarily mutually exclusive, could be used to explain the
color of 1-Y: the influence of hydrogen bonding affecting the
carbonyl, and a charge-transfer effect between the aromatic
ring of one molecule and the carbonyl of another.

Precedent for the first of these may be provided by the color
dimorphism of dimethyl 3,6-dichloro-2,5-dihydroxytere-
phthalate.#232 In that case the yellow form has been shown to

exhibit intramolecular hydrogen bonding from the phenolic
hydroxyls to the ester carbonyls, while in the white form the
hydroxyls are hydrogen bonded to the chlorine atoms. This
example shows that intramolecular hydrogen bonding to a
carbonyl group can indeed produce a bathochromic shift suf-
ficient to cause visible color. However, the analogy of this ar-
omatic ester to the cyclohexenone in 1 is not as close as might
be desired. No consistent pattern of small changes in bond
lengths in the enone and phenolic regions of 1-Y and 1-W, as
might be anticipated from such an interaction, is evident from
the X-ray results. The alternative interpretation is based on
the fact that in the crystal lattice of 1-Y, but not in that of 1-W,
the carbonyl group of one molecule is held in the vicinity of the
phenolic ring of another molecule (see Figure 2, a). Conse-
quently, a charge-transfer interaction might furnish an ex-
planation for the color of 1-Y.33 As can be seen from Figure
3, there is considerable overlap of the keto group with the
phenolic ring. However, the distances between these groups
are too large to allow for more than a very weak interaction;
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C13

Figure 3. The projection of the atoms of the cyclohexanone ring in the
molecule at =15 + x, 114 = p, —z onto the best plane (shaded) through
the six atoms of ring A.

these distances from the plane of the phenolic ring are C(5)
4.249,0(6) 4.622, C(6) 4.722,and C(14) 4.241 a. The ques-
tion of a charge-transfer interaction in solution has been ex-
amined spectrophotometrically.

When the spectrum of 1 in methylene chloride was sub-
tracted from that of an equimolar solution of the compound
in methanol, the resulting difference spectrum showed mo-
derately strong apparent maxima at 241 and 292.5 nm (e 262
and 128, respectively) and a very weak, broad, structureless
band with an indistinct maximum at ~340 nm (e 13). Of these,
only the band at 292.5 nm has a counterpart in the analogous
difference spectrum of o-cresol in the same two solvents. De-
spite its weakness, the apparent band at 340 nm may thus be
partly responsible for the difference in color and its dependence
upon solvent polarity. The properties of this band (low inten-
sity, width, and absence of fine-structure) are indeed remi-
niscent of those of a charge-transfer transition; the findings
are thus compatible with this interpretation of the color dif-
ference, although they do not furnish conclusive proof. It
should be emphasized that the spectroscopic evidence for the
charge-transfer effect was obtained from solution studies. In
order that a correlation between solution and solid-state
structures can be made, it is necessary to postulate that an
intermolecular approach, somewhat similar to that in the
crystal, takes place in solution. The band at 241 nm, not found
in the difference spectrum of the model compound, is believed
to reflect the presence of the phenoxide ion®* in methanolic
solutions of 1. A much better defined charge-transfer effect,
and one much more clearly influential on the color, was found
recently in the case of 2-(4’-methoxyphenyl)-1,4-benzoqui-
none.*® We plan to study the electronic spectra of 1 in solution
as a function of solvent polarity in greater detail.

The color dimorphism of 1 is not without analogy among
phenolic alkaloids. Two such cases have come to our attention.
Both compounds which show this phenomenon, metathebai-
none (2)33 and verticillatine (3),3¢ resemble 1 in containing

CH,

cgd o 9 CHO

2 3
a,fB-unsaturated carbonyls, viz., a keto group in 2 and an ester
grouping in 3. In contrast to the situation in 1, however, these
chromophores are also conjugated with the phenolic ring in
both 2 and 3.

Metathebainone (2), derived from a rearranged morphinane
skeleton, exists in a yellow and a colorless modification,3® but
the mode of formation of these two modifications differs from

that of the two forms of 1 and does not seem to depend upon
the polarity of the solvent used for recrystallization. In contrast,
the behavior of 2 in solution is quite analogous to that of 1:
solutions of 2 in ethanol or water are yellow; those in benzene
or chloroform are colorless.3?

Verticillatine (3) resembles 1 in forming yellow crystals from
methanol and white ones from chloroform,3¢ its dimethyl ether
is colorless. The color of the yellow modification of 3 has been
ascribed?® to the presence of some of the phenoxide ion which
has a Amax of 300-323 nm.
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