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R = Y%(Ry+ R.) — YaRe(ryr )

where Ry and R equal |ry|2 and |r |2 and are the usual
expressions for normal incidence reflectivity.3® Similarly, with
the second polarizer in the y direction (parallel), we find

R =3%(Ry+ RL) + YaRe (ryr1) (A.5)

Note that R+ + R! gives (R { + R1)/2 asexpected. Also, as
expected, R+ + Rl gives 1 and Y for the two limiting cases
of perfect reflection in all directions (ry = r, = —1) and per-
fect reflection in one dimension (ry = —1; r, = 0). For the
limiting case of an isotropic absorber with reflectivity Rjs,, we
find #* = 0and R! = Ri, as required for the case of normal
incidence collection.

Since R | is unstructured in the visible, #+ will more or less
follow Ry as we observe in Figure 2. Also, since r is real,
Re(ryr.) is always positive and the ratio R!/R* is always
greater than 3. As stated earlier, we observe &I/ ®+ ~ 3.
However, it is difficult to argue even qualitatively the effect
on this ratio when all angles of incidence are included.

(A.4)
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Structure of Imerubrine,
a Novel Condensed Tropolone-Isoquinoline Alkaloid
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Abstract: Imerubrine, Co0H17NOs, is an orange-red base obtained from Abuta imene and Abuta refescens. 1t crystallizes in
space group PT; cell dimensions @ = 11.368 (1) A°, b= 11.871 (1) A°, ¢ =13.058 (1) A°, « =94.23 (1) °, 3= 100.87 (1) °,
v = 75.18 (1) °. There are four molecules in the unit cell. The structure, solved by a novel direct methods approach, proves to
be a new tropolone ether for which the general term “tropoloisoquinoline” is proposed. The possible biosynthesis is discussed.

Imerubrine, C20H;7NOs, is an orange-red base which has
been isolated from the tropical American vines Abuta imene
and Abuta refescens. On the basis of its spectroscopic prop-
erties, the tentative structures 1 or 2 were suggested for im-
erubrine.2 We now report the results of a complete x-ray

crystallographic analysis which shows that imerubrine has
neither of these structures, but has instead the remarkable
tropolone ether structure 3. Imerubrine is thus the first ex-
ample of a new isoquinoline alkaloid type, for which the general
term “tropoloisoquinoline’ is proposed.?
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Table I. Crystal and Experimental Data for Imerubrine

Molecular formula: Z=4
Cy0H17NO;5

Molecular weight: 351.4

Habit: prismatic D, =1395gcm™!

Radiation: Cu Ko (graphite = Crystal size: 0.44 X 0.25 X 0.10
monochromator) mm?3

Wavelength: 1.5418 A Reflections: 5678 (1256 unobsd, 1
o).

Maximum sin 6/X: 0.587 A~!

Diffractometer: Nonius CAD-4

Function minimized: TwA?2

Dy =138 gcm™!

Space group: PT

Cell dimensions,
from LS refinement of £6
data
a=11368(1)A LS weighting: after Peterson and
Levy?

R (obsd only): 0.040

Anisotropic temperature factor:
exp[—27r2(2iEjU,-ja*,-a*jh,-hj)]

11.871 (1) A
13.058 (1) A

T2 WR 5 o
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Experimental Section

The crystal system was determined as triclinic. In general all ex-
perimental techniques were standard for this laboratory and have been

6709

described previously.* Further details are given in Table 1. Unless
otherwise stated, programs used were from the XRAY726 system and
scattering factors used were those provided. _

There was, of course, some doubt about the space group but Pl was
assumed and appears confirmed by the successful refinement. Data
collection was routine although there appeared to be some radiation
damage. The falloff of intensity standards was 9% from the beginning
to the end of the data collection. Lorentz and polarization corrections
were applied but not absorption corrections. The distribution of £
values appeared hypercentric (instead of the 0.27%, expected for a
centrosymmetric structure, 1% of the £ values exceed 3.0 and the
largest, £(3,5,0), was 7.3 which may be compared with £(0,0,0):11.0).
A Patterson synthesis was compatible with aromatic molecules lying
approximately parallel to (3,5,0) but was not immediately inter-
pretable.

Symbolic addition by means of local semiautomatic programs’ did
not produce a recognizable solution. Many trials were also made with
the use of NQEST® as a guide in symbolic addition but without useful
result. Several attempts were also made to solve the structure using
MULTAN? with both automatic starts and controlled sets of starting
phases but results were similar to those obtained by symbolic addition.
The ORTRAN!O program of Thiessen and Busing was then applied
with a view to eliminating unreliable triplets but again unsuccessfully.
However, the results of ORTRAN suggested that there were two po-
sitions, differing by a rotation of a little less than 30° where the best
fit of a benzene ring transform might occur. The information was used
toapply Laing's!! technique, but neither of the two orientations from
ORTRAN gave a useful starting set, mainly because there were no
strongly interacting planes corresponding to intermolecular vec-
tors,

At this point, we came to the conclusion that our previous starting
sets of symbols might be divisible into two weakly or inconsistently
interacting subsets corresponding to the two independent molecules.
If the angle between the molecules was about 30°, the points where
a fitted benzene transform was negative would correspond not only
to negative values for one molecule but also to points where the
transform of the benzene rings of the second molecule was positive.
Any triplets of planes with one or all transform values negative would,
following Thiessen and Busing,'0 be unreliable, and it seemed possible
that many triplets with large A4 values which connected the sets might
well be unreliable. All planes with E values >2.3 which had negative
transform values were then removed and the multisolution approach,
using MULTAN, was then applied to the remaining planes. All Z, in-
dications were ignored and, while “MULTAN had trouble defining the

[N/ 3R
3
N o .-

Figure 1'. The two independent molecules in their crystal conformations. The two molecules are drawn with 40% probability ellipsoids for the heavier atoms
and arbitrary spheres for hydrogen. The molecules are drawn with the coordinates of Table I but, of course, given the center of symmetry, the orientation
of the methoxyl groups is actually very similar but not identical (the differences are significant). Estimated standard deviations lie between 0.002 and

0.003 A for atoms in the nuclei and are <0.004 A for O-C (methyl) bonds.
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Table I1. Parameters for the Heavier Atoms (X 104)

Atom x/a y/b z/c U(11) U(22) U(33) U(12) U(13) U23)
c(l) 3554(2) 7070 (2) 8347(2)  SO01(10)  436(9) 658 (11) =195 (9) 92 (9) —60 (8)
C(2) 4359 (2)  7555(1)  7926(1)  420(9) 344 (9) 507 (10) =69 (8) 74 (8) —60 (7)
C(3) 4465 (2) 7650 (1) 6868 (1) 441 (9) 455 (9) 469 (10)  —84(8) 2(8)  -107(7)
C(4) 5294 (2)  8210(2)  6633(1)  473(9) 533(10) 378 (9) -59(8) 58 (8) -30(7)
C5) 6095(2)  8701(1)  7424(1) 409 (9) 523(10)  427(9)  —126(8) 84 (8) 10 (7)
C(6) 6038 (1) 8594 (1)  8452(1) 358 (8) 384 (9) 399 (8) -63(7) 74 (7) -15(7)
c(7) 6652(1)  8992(1) 9468 (1) 368 (8) 335(8) 382 (8) -51(7) 67 (6) 1(6)
C(8) 7589 (2)  9533(1)  9623(1) 449 (9) 484 (9) 423(9)  —155(8) 78 (7) 4(7)
C(9) 8199 (2)  9949(2) 10578 (1) 451 (9) 510(10)  495(10) —186(8) 35(8) -2(7)
C(10) 8021 (2)  9932(1)  11582(1) 467 (9) 401 (9) 455 (9) -84 (8) 3(8) -28(7)
c(11) 7129 (2)  9454(1) 11990 (1)  S53(10) 389 (9) 406 (9) -35(8) 57(8) 3(7)
C(12) 6263(2)  8893(1)  11313(1) 494 (10) 383 (9) 412 (9) -91(8) 113 (8) 12 (7)
c(13) 6063 (1)  8685(1) 10266 (1) 374 (8) 310 (8) 406 (8) -35(7) 65(7) 23 (6)
C(14) 5120(1)  8073(1)  9728(1) 411 (8) 326 (8) 445 (8) -69(7) 92 (7) 6(7)
N(15) 4355(1)  7635(1)  10128(1)  517(8) 471 (8) 549 (8) ~170 (7) 155 (7) 29 (7)
C(16) 3588 (2)  7130(1) 9408 (2)  S80(I1l1)  SI6(11)  681(12) —258(9) 174 (10) 9(9)
c(17) S161(1) 8040 (1)  8659(1) 384 (8) 331 (8) 436 (8) -70(7) 82 (7) -19(7)
0(18) 3730 (1) 7154(1) 6099 (1) 576 (7) 667 (8) $77(7)  —194(7)  —45(6)  —171(6)
0(19) 5309 (1) 8378 (1)  5607(1)  623(8) 815 (9) 361 (7) -84(7) 81 (6) -26 (6)
0(20) 6927 (1)  9236(1)  7163(1)  602(7) 894 (9) 480 (7) -347 (7) 105 (6) 97 (7)
0o(21) 8705 (1) 10402 (1)  12382(1) 642 (8) 700 (8) 479(7)  =262(7) -8 (6) -91(6)
0(22) 7104 (1) 9532(1)  12930(1)  809(10) 780 (9) 369(7)  —242(8) 71 (6) -19 (6)
C(23) 2686 (2)  7963(2)  S565(2)  589(15)  984(19)  714(17) —-126(14) -—-162(13) —159(15)
C(24) 6178 (3) 7540 (3)  S127(2)  956(22) 1362(29)  S71(15) 192 (20)  362(13) 40 (16)
C(25) 6404 (4) 10280 (3)  6592(3) 1351 (31) 1133(25) 1137(27) —698 (24) —69 (25) 492 (23)
C(26) 9593(2) 10970 (2) 12166 (2)  765(16)  935(18)  696(16)  —473(16) s(13)  -142(14)
C(1A) 8976 (2)  2259(1) 7709 (1) 499 (10)  S06(10) 493 (8) -227 (8) 27 (8) -33(9)
C(2A) 9933 (1)  2811(1)  7679(1) 400 (9) 388 (8) 404 (8) -94(7) 40 (7) 6 (6)
C(3A) 10430 (2)  3025(1) 6818 (1)  448(9) 475 (9) 344 (8)  —111(8) 32(7) -17(7)
C(4A) 11352 (1) 3626(1)  6974(1) 481 (9) 470 (9) 342(8)  —129(8) 128 (7) 2(7)
C(5A) 11880 (1)  3980(1)  8000(1)  419(9) 410 (8) 397(8)  —159(7) 115 (7) -3 (6)
C(6A) 11417 (1) 3771(1)  8844(1) 378 (8) 325 (8) 348 (8) -84(7) 77 (6) 0 (6)
C(7A) 11680 (1) 3991(1)  9982(1) 362 (8) 314 (7) 350 (8) -68 (7) 78 (6) 2 (6)
C(8A) 12565 (1)  4505(1)  10511(1)  422(9) 423 (9) 396 (8)  —141(7) 97 (7) 5(7)
C(9A) 12839 (2) 4758 (1)  11599(1) 424 (9) 500 (10)  400(9)  —152(8) 53(7) —46(7)
C(10A) 12329 (2)  4551(1)  12408(1) 431 (9) 511 (9) 349 (8) -53(8) 53(7) —46 (7)
C(11A) 11346 (2)  3945(1)  12401(1)  463(10)  602(10)  370(9) -81(8) 135 (7) 23 (7)
C(12A) 10680 (2)  3545(1)  11447(1)  445(9) 488 (9) 417 (9) ~154 (8) 148 (7) 10 (7)
C(13A) 10821 (1) 3548 (1) 10441 (1) 360 (8) 340 (8) 377 (8) -65(7) 95 (6) 15 (6)
C(14A) 10050 (1) 3050 (1) 9566 (1) 376 (8) 371 (8) 418(8)  —104(7) 110 (7) 25 (6)
N(15A) 9161 (1) 2534(1) 9601 (1) 492 (8) 545 (8) 509 (8)  —232(7) 127 (7) 14 (6)
C(16A) 8636 (2)  2158(2) 8646 (1)  506(10)  387(11)  S89(11)  —304(9) 82 (9) 7(8)
C(17A) 10445 (1) 3210(1) 8648 (1) 360 (8) 343 (8) 382 (8) -80(7) 78 (6) 14 (6)
O(18A) 9902 (1) 2696 (1) 5850 (1) 560 (7) 795 (8) 364(6)  —218(7) 8 (5) -91 (6)
O(19A) 11804 (1)  3841(1)  6125(1) 676 (8) 631 (8) 383 (6) -210 (6) 208 (6) 17 (5)
O(20A) 12776 (1) 4582 (1) 8129 (1) 571 (7) 661 (7) 481(7)  =347(6) 201 (6) —80(5)
0(21A) 12707 (1) 4901 (1) 13406 (1) 596 (8) 890 (9) 354(6)  —227(7) 65(6)  —121(6)
0(22A) 11073 (1) 3778 (1)  13240(1) 764 (10) 1209 (12)  382(7) —398 (9) 187 (6) 18 (7)
C(23A) 10707 (2) 1953 (2)  S215(2)  749(15)  889(17)  SI13(13) —153(14) 47(11) =250 (12)
C(24A) 11505 (2)  5034(2)  5823(2)  811(l6)  694(14)  503(12) —150(12) 177(11) 197 (10)
C(23A) 13912(2)  4018(2)  7781(2)  469(12)  797(16)  778(15) —200(11)  143(11) 105 (12)
C(26A) 13710(2) 5449 (2) 13636 (2)  653(14)  846(16)  483(12) —262(13) 21(10)  —138(11)

origin”, with six variable phases, the set of phases expanded readi-
ly.
Of the 64 solutions, the one with the highest combined figure of
merit proved correct and all but four atoms of the two molecules were
visible in the £ map. For the record, the other figures of merit were
ABSFOM, 1.0575 (13th highest); PSIZERO, 0.2967 X 103 (2nd lowest);
and Ry, 26.83% (2nd lowest, the lowest, of course, being the solution
with all signs +).

Standard refinement techniques finally resulted in an R factor of
0.040 (observed reflexions only) using anisotropic thermal parameters
for the heavier atoms and isotropic thermal parameters for hydrogen
atoms (considerable partitioning of the least-squares matrix was
necessary given the size of the problem but the process converged
satisfactorily). Atomic parameters are given in Tables Il and I1I. A
table of structure factors is available as supplemental material (see
paragraph at end of paper for details).

Discussion
Molecular Structure. The bond lengths for the two molecules

are given in Figure 1 (an ORTEP'2 diagram), bond angles in
Table 1V, and a packing diagram as Figure 2. It will be noted
that the agreement in the bond lengths of the two independent
molecules is very satisfactory. Standard deviations of bond
lengths, from the least-squares calculation, range from 0.002
10 0.004 A with an average of 0.0035 A and the actual average
standard deviation, assuming the molecules are truly identical,
is 0.005 A.

The two molecular nuclei are coplanar to within about 2°
but are twisted by ~21° around their plane normals. Neither
17-atom nucleus is planar on the x? test, although individual
rings are essentially planar and overall deviations are small.
The slightly different conformations of the two independent
nuclei are probably a consequence of packing forces. The two
tropolone rings are essentially planar, although some devia-
tions, particularly that of C(11A), 0.03 A, are statistically
significant.
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Figure 2. Packing diagram, the direction of projection is onto the plane of the molecule containing C(1).

Table ITL. Parameters for the Hydrogen Atoms (X 103). Designations Indicate Attachments

Atom x/a y/b z/e U Atom x/a /b z/c U
1 298 (1) 672 (1) 789 (1) 69 1A 854 (1) 194 (1) 705 (1) 59

8 790 (1) 967 (1) 897 (1) 50 8A 1306 (1) 478 (1) 1010 (1) 42

9 884 (1) 1035 (1) 1047 (1) 51 9A 1350 (1) 514 (1) 1180 (1) 47
12 576 (1) 860 (1) 1171 (1) 39 12A 1003 (1) 320(1) 1159 (1) 45
16 301 (1) 678 (1) 967 (1) 68 16A 795 (1) 180 (1) 870 (1) 50
231 222 (2) 755 (2) 515(2) 110 231A 1024 (2) 134 (2) 487 (1) 117
232 220 (3) 848 (2) 604 (2) 152 232A 1148 (2) 151 (2) 563 (2) 112
233 295 (3) 837 (3) 505 (3) 208 233A 1086 (2) 240 (2) 466 (2) 153
241 698 (3) 736 (2) 564 (2) 176  241A 1207 (2) 550 (2) 631 (2) 155
242 628 (3) 784 (2) 457 (2) 133 242A 1161 (2) 506 (1) 511 (1) 101
243 568 (4) 675 (4) 498 (3) 264 243A 1063 (2) 543 (2) 592 (1) 125
251 576 (3) 1029 (3) 606 (3) 165 251A 1379 (2) 329 (2) 736 (2) 146
252 624 (4) 1090 (3) 715 (3) 230 252A 1453 (3) 386 (2) 839 (2) 185
253 705 (4) 1042 (3) 643 (3) 189 253A 1418 (2) 455 (2) 740 (2) 144
261 996 (2) 1127 (2) 1287 (2) 120 261A 1446 (2) 490 (1) 1348 (1) 82
262 1027 (2) 1040 (2) 1188 (2) 123 262A 1354 (1) 618 (1) 1323 (1) 78
263 916 (2) 1166 (2) 1166 (2) 112 263A 1379 (1) 562 (1) 1440 (1) 77

Table IV. Bond Angles. Estimated Standard Deviations Range from 0.10 to 0.18°. The Second Set of Angles Refers to the Atoms with the
Suffix A

2 1 16 119.6 119.6 9 10 021 121.3 122.1
1 2 3 130.2 129.8 11 10 021 109.4 108.7
1 2 17 114.8 1142 10 11 12 122.1 122.5
3 2 17 115.0 116.0 10 11 022 119.5 118.9
2 3 4 120.2 119.6 12 11 022 118.4 118.7
2 3 018 118.4 117.3 11 12 13 132.1 131.5
4 3 018 121.4 122.9 7 13 12 129.9 130.5
3 4 5 122.3 122.0 7 13 14 107.0 106.6
3 4 019 119.3 118.6 12 13 14 123.1 122.9
5 4 019 118.2 119.4 13 14 NI1s5 129.1 128.7
4 5 6 118.7 119.0 13 14 17 107.0 107.3
4 5 020 120.9 120.7 NIS 14 17 123.9 124.0
6 5 020 120.4 120.1 14 NI1s5 16 114.3 114.2
5 6 7 135.5 135.8 1 16 NI1s5 125.7 125.8
5 6 17 117.1 117.2 2 17 6 126.6 126.1
7 6 17 107.3 107.0 2 17 14 121.7 122.1
6 7 8 126.5 126.6 6 17 14 111.7 111.8
6 7 13 106.9 107.4 3 018 23 114.3 117.4
8 7 13 126.6 126.0 4 019 24 116.6 116.5
7 8 9 128.8 128.8 5 020 25 115.6 117.4
8 9 10 131.2 131.2 10 021 26 119.3 119.8
9 10 11 129.3 129.3

Table V. Comparison of Average Values (Angstroms) for Tropolone Bond Lengths (Calculated from the References Given by Karlsson,
Pilotti, and Wiehager!3) with the Averaged Values for the Present Structure. The Numbering Corresponds to that of Tropolone Itself,
C(1) Being the Atom Attached to the Carbonyl Oxygen Atom and Proceeding through the Carbon Atom Attached to the Second Oxygen
Atom

CH-0(1) C(2)-0(2) C(1)-C(2) C(2)-C(3) C3)-C4) C#H)-C(5) C(5)-C6) C(6)-C(7) C(N-C(1)

Average 1.252 1.342 1.464 1.368 1.409 1.367 1.415 1.365 1.426
from
literature

Average 1.233 1.359 1.475 1.364 1.425 1.358 1.454 1.355 1.449
from present
structure
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The alternation of ring bond lengths, previously noted in
tropolones, is again apparent. A set of average values calcu-
lated from ref 13 is compared in Table V with the average
values in imerubrine and it will be seen that values are very
similar except perhaps for C(1)-O(1) which is definitely
shorter in imerubrine and C(5)-C(6) which, in imerubrine,
is fused to the five-membered ring and is definitely longer than
the average values. It would seem that the enhanced possibil-
ities of conjugation in imerubrine and the larger delocalized
system, also betokened by the red color, have not greatly af-
fected the resonance forms of unsubstituted tropolone.

The molecular packing is shown in Figure 2. Intermolecular
distances, in general, correspond to van der Waals interactions
and only two distances are worthy of note: the methyl carbon
atom, C(24A), is 3.23 A from the carbonyl oxygen atom,
O(22A), in a molecule related by a center of symmetry and
O(19A) is 3.12 A from the methoxyl carbon atom, C(24).

Stacks of approximately parallel molecules, arranged di-
rectly above each other, extend through the crystal. The mean
planes of the 17 nuclear atoms of the two molecules have
equations, in crystal coordinates, —5.329x + 8.670y — 0.1962

MeO MeO
HO NMe MeO NHCOMe
MeO O
5

4 0 0
OMe
Scheme 1
OMe
MeO ~
MeO =N
Q/ 2.1
(~
o oMe

=4.096and —5.062x + 8.450y — 0.625z = 2.058 (“A"” mol-
ecule). The dihedral angle between the planes is 2.18°. Plane
(3,5.0), which has the equation —5.250x + 8.750y + 0.000z
= —1.750, makes dihedral angles of 1.09 and 2.75°, respec-
tively, with the two nuclear planes.

The distances of the molecules in the stacks, denoting the
first molecule by O, the second by A, and the operation of the
center of symmetry by a prime, are O-0’, 3.43 A; O’-A, 3.53
A:and A-A’, 3.48 /{ The molecular packing is somewhat
unusual for aromatic molecules and might almost suggest a
charge-transfer complex, but the intermolecular distances are
not particularly short.

Biogenetic Considerations. Colchicine (5) and its congeners
represent the only previously known group of alkaloids con-
taining a tropolone system.'4 Biosynthetic studies have shown
that the tropolone ring of colchicine arises from the dienone
system of androcymbine (4) by way of a fused cyclopropane
intermediate.'S

We propose that imerubrine probably originates by a related
pathway, as outlined in Scheme I. The intermediate dienone
(7) is simply a highly oxidized proaporphine, and, since
proaporphines are intramolecular oxidative coupling products
of benzyltetrahydroisoquinolines (i.e., 6),'% imerubrine can
be rationalized as a new type of oxidative transformation
product of a benzyltetrahydroisoquinoline. Knowledge of the
structure of imerubrine also suggests that the azafluoranthenes
which accompany imerubrine in the same plants may be in fact
derived from tropoloisoquinoline precursors, rather than from
phenylisoquinolines as proposed earlier. Thus, conversion of
imerubrine (3) to the azafluoranthene rufescine (8)2!7 involves
only a formal decarbonylation of the tropolone ring of 3.

Supplemental Material Available; Structure factor table (33 pages).
Ordering information is given on any current masthead page.
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