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XANTHONES OF THE GENTIANACEAE—III

THE CRYSTAL AND MOLECULAR STRUCTURE OF
2-HYDROXY-1,3,4,7-TETRAMETHOXYXANTHONE!-2

G. H. Stourt, T. SHUN LIN and 1. SINGH
Department of Chemistry, University of Washington, Scattie, Washington 98105

(Received in USA 16 July 1968; Received in the UK for publication 10 December 1968)

Abstract—One of the xanthones isolated from Frasera albicaulis Dougl. ex Griesb. is shown to have the
structure 2-hydroxy-1,3,4,7-tetramethoxyxanthone (1) by X-ray crystallographic analysis using the
symbolic addition method.

AMONG the products isolated from the roots of Frasera albicaulis Dougl. ex Griesb.
was a hydroxytetramethoxyxanthone (xanthone J!) which is unusual in lacking an
OH group at C-1. Methylation yielded 1,2,3,4,7-pentamethoxyxanthone, defining the
oxygenation pattern but leaving the location of the OH group uncertain. To determine
this unambiguously and to obtain further information about this heavily substituted
aromatic system, we undertook an X-ray structural investigation of the compound.

DISCUSSION

Solution of the structure of the natural product by direct phase determination
showed that the crystal consists of molecules of 2-hydroxy-1,3,4,7-tetramethoxy-
xanthone (1) (chemical numbering; see Fig 1 for that used in the X-ray analysis)
linked in chains by intermolecular H-bonds between the OH and CO groups. This
structure is entirely consistent with the chemical and physical properties of the
molecule.

OMe O

HO ‘ ‘ OMe
MeO ~0
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The bond lengths and angles found from the atomic parameters of Table 3 are
listed in Table 1. These are generally normal and show similarities to those reported
for celebixanthone (2), another xanthone with one ring entirely substituted.* One
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FiG. 1 Crystallographic numbering. The molecular conformation is approximately as seen
normal to the ring system.

TABLE 1. BOND LENGTHS AND BOND ANGLES

C1 C2 1389 (2)A Cc2 C1 C6 1208 (2)°
Ct C6 1417(2) C2 C1 01 115-3(1)
C2 C3 1-401 (3) C6 C1 0O1 123-8(1)
C3 C4 1-386 (3) C1 C2 c3 1203 (2)
C4 Cs 1-404 (2) Cl1 C2 02 122:3(2)
Cs Co 1:399(2) C3 C2 02 1174 (1)
C8 C13 1:399(2) C2 C3 C4 1203(2)
C8 C9 1:390(3) C2 C3 o3 121-8(2)
(6.4 C10 1395(2) C4 C3 o3 1177(2)
C10 C11 1-369 (3) C3 C4 Cs 118-8(2)
cn C12 1-403 (3) 04 C4 C3 121-5(1)
C12 Ci13 1-380(3) O4 C4 Cs 1196 (2)
C6 Cc7 1470 (2) Cc4 (] Cé6 1224(1)
C7 C8 1470(2) C4 C5 o7 113-8(2)
Cs 07 1:369 (2) C6 C5 o7 123-8(1)
C9 o7 1-363 (2) Cs Cé6 C1 117:3(1)
C1 O1 1:372Q2) C1 C6 (o)) 124-2(1)
C2 02 1:360(2) Cs C6 (oy) 1185(1)
C3 03 1:367(2) C6 Cc7 (03] 124:2(1)
C4 04 1-368 (2) Cé6 C7 C8 115:3(1)
C12 06 1:370(3) C8 C7 05 120-5(1)
C7 oS 1:226 (2) C7 C8 9 1201 (1)
01 Ci4 1436 (2) C9 C8 Ci3 1202 (2)

03 Ci15 1-431(3) c7 C8 C13 1196(2)
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TABLE 1—continued

04 Ci6 1420 (3) ¢ 9 07 1226 (1)
06 C17 1-427(4) c8 © Cl10 1203(2)
07 © C10 117002
Cl4 H1l 0982 (32) o C1o cn 1198 (2)
Cl4 H12 0903 (30) 9 Ci10 H2 117-1(6)
Cl4 Hi3 0941 (43) Cll C10 H2 1230(16)
C1s H21 1020 (35) Cl0 Cii H3 1183 (18)
C15  H22 1-122(51) Cl0 Ci c12 1204 (2)
C15 H23 1018 (42) Ci2 Cli H3 1213(18)
Cl6 H31 1081 (39) c13 c¢12 cn 1200(2)
Cl6 H32 0983 (37) C13 C12 06 1250(2)
Cl6 H33 1-113 (66) cit Cc12 06 1149(2)
C17  Ha 1:059 (30) C8 C13 H4 1174 (14)
C17 H42 0987 (29) cs C13 C12 1198 (2)
C17 H43 1112(33) Cl2 Ci3 H4 1229 (14)
Cl0 H2 0942 (29) 01 Cl4 H1 989(17)
Cl1  H3 0964 (30) 01 C14 HI12 114:2(20)
C13 H4 0932 (26) 01 Cl4 HI3 117:5(22)
02 HI 0867 (36) 03 C15 H2 1030(17)
03 C15 H22 1071 (22)
03 Ci5 H23 109-5 (21)
04 Cl6 H3I 107-2(18)
04 Cl6 H3R2 1154 (24)
04 Ci6 H33 960 (34)
06 Ci17 H4l 117:5(16)
06 C17 H42 1050 (19)
06 Cl17 H43 1154 (17)
Cl4 01 cCi1 116:5(1)
c2 02 HI 1097 (21)
C3 03 CI5 1162(2)
ca 04 Ci6 1148 (2)
c12 06 C17 1164 (2)
cs 071 9 1189 (1)

significant feature is the repulsion between O1 and Q5. This is shown by the opening
of the angles O1—C1—C6 and O5—C7—C6 from their nominal value of 120° and
serves to increase the O1—OS distance to 2-84 A, as compared with 2-55 A for C1—C7.
This distortion appears to be transmitted, with diminishing effect, around the ring,
since the substituents at C2, C3, and C4 are all bent away from C1.

The precision of the bond lengths as calculated from the atomic standard deviations
is remarkably high, perhaps optimistically so in view of the partial block character of
the least squares refinement. Comparison of the four Ar—OMe bonds, however,
provides an esd of 0:002 A, while the four O—Me bonds give 0-007. The latter figure
is certainly too high since the observed bond lengths include varying contributions
from shortening caused by rotary oscillation (note that the order of O—Me bond
lengths is the inverse of the order of the average B;; of the Me carbons). Thus the best
estimate of the standard deviations probably lies between these values and 0-004
would appear a reasonably conservative value.



1978 G. H. Stout, T. SHUN Lin and 1. SiNGH

On this basis the apparent shortening of the aff bonds of the xanthone ring (C1-C2,
C3-C4, C10-Cl11, and C12-C13), which are between 0012 and 0-037 A shorter than
the adjacent C—C bonds, is clearly significant. This shortening implies increased
bond order and bond localization at these positions and indicates that the aromatic
system tends toward the canonical form shown as 1. A similar effect should appear at
C5-Cé6 and C8-C9 but, although suggested by the data, is much less marked. This
difference may reflect additional contributions from the zwitterionic forms 3, which
would serve to lengthen these bonds.

Least squares planes calculated for the two benzene rings are
together with the distances of some neighbouring atoms from the

I "Ll M
in ‘1abie 2,

given
m. The deviations

TaBLE 2. DEVIATIONS (IN A) FROM LEAST SQUARES PLANES

A B C

C1 —-0011 —0-022
C2 0018 -0-081
C3 —0-008 —-0-011
C4 —0-009 0-064
Cs 0-016 0-067
Cé —0-006 0-048
c? -0045 -~ 0107 0-123
C8 -0013 0-008
(8 0-014 0-039
C10 -~ 0002 0-035
Cl11 - 0010 —-04033
C12 0012 -0-113
C13 0-000 —0-082
Ci4 1078

C15 —1002

C16 —-1221

C17 0137

01 -0099 0-018
02 0079 -0-213
03 0059 —0-105
04 0037 0-061
o5 —-0220 -0-301 0-267
06 0006 - 0181
o7 0046 0019 0110

Bold face numbers represent atoms used in calculating the
plane.

of the C atoms forming the rings from their L. S. planes, compared to the estimated
standard deviations in the positional parameters, suggest that the rings are not
rigorously planar although they approach planarity closely. This is confirmed by a
1 test.* As might be expected, the average deviation from planarity in the less substi-
tuted ring is smaller than that of the other.

The planes A and B intersect at an angle of 1749°, causing the molecule to be slightly
butterfly-shaped, although less so than is implied by models. The considerable
deviations of O35 from A and B show that the CO group is twisted somewhat out of



Xanthones of the gentianacae—III 1979

the molecular plane, and altho OS5 and O7 are on opposite sides of these planes the
heterocyclic ring assumes a very flattened boat form. The deviations from a plane
(C) calculated through the entire aromatic system show that OS appears, as would be
expected, on the side opposite to that toward which the rings are bent.

The OMe groups attached to plane A are rotated so that C14, C15, and C16 are well
out of the aromatic planes. The rotation about C1-01 is 7240°, that around C3-O3 is
58-1°, and that around C4-O4 is 830°. These results are in accord with those for
celebixanthone, in which the OMe group, similarly hindered by adjacent alkyl and
OH groups, is rotated by 72:8° from the L. S. plane of the phenyl ring. In contrast,
however, C17 is only slightly out of plane B and rotation about C12-06 is only 5-1°.
This preferred, nearly coplanar conformation that allows maximum overlap of the
unshared oxygen electrons with the aromatic n cloud is assumed despite the close
approach of C17 and C13 (2:80 A) that it produces. The opening of the C13-C12-06
bond angle presumably reflects an attempt to relieve the resulting strain.

In the same way, H1 lies close (0-18 A) to plane A and the rotation of the OH group
about C2-O2 is only 6-6°. It is possible that there is some H-bond interaction between
Hl1 and O1 (H1:--O1 227 A, O2—H1---Ol 112°), but it is unlikely that this is as
important as the advantages of coplanarity in determining the OH orientation.

An H-bond clearly exists, however, between O2 and O5’ of a molecule related by the
two-fold screw plus unit translation along a (1 — x, y + 4, 4 — z). The O2---O5’
distance is 273 A, the H1---O% distance 198 A, and the O2—H1-:-O5' angle 144°.
This bond serves to link the molecules into chains running along the b axis, the chains
consisting of alternate molecules in the planes x and 1 — x. To show this chain,
Fig 2 includes the CO groupof 1 — x, y+ 1,4 —zand the OH of 1 — x, y — §,

F1G. 2 Four molecules in projection along a*. Dotted lines show the hydrogen bond system
from the molecule at x, y, z to thoseat | — x.
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% — z as well as the molecules x, y, z/—x, 3 + .4 ~z/x, 4 —y, 3 + z/~x, —y, —2z
seen in perpendicular projection onto the bc plane.

Aside from the close O:--O and H---O approaches characteristic of the H-bond,
all of the intermolecular distances in the crystal are greater than or only slightly less
than the sum of the van der Waals radii. These close approaches can all be attributed
to imprecision in hydrogen positions, to the anisotropic van der Waals radius of
Me groups, or to uncertainties in the radius of hydrogen, here taken as 12 A.®

| 9

The sample of xanthone J, m.p. 144-5-145-5°, C,,H,,0,, MW 332, was obtained from Frasera albicaulis
Dougl ex Griesb. as described earlier.! A rounded cube of approximately 0-3 mm thickness was cut from a
large crystal using a solvent lathe,® and mounted along the b axis. After preliminary oscillation and equi-
inclination photographs, the lattice parameters were measured by carrying out a least-squares fit to 16 20
values measured on a Picker handset diffractometer fitted with a General Electric goneostat.” Intensity data
were obtained on this same instrument, using a 28 scan and stationary background counts with Ni filtered
CuK, radiation (K,, 1-540510, K,, 1-54433 A).

Crystal data. Monoclinic

a = 9564 + 00023 b = 8059 + 00015 ¢ = 20-316 + 00025 A

B = 99499 + 0-017°

V = 1544 A F(000) = 696

Dimens) = 14430 g cm 3 (flotation in CCl,/hexane)

Dy =1427gem™*for Z = 4

Space group P2, /c.

The intensities of 3330 reflections to the limit of 20 = 160° were measured and scaled together on the
basis of three standard reflections that were remeasured twice a day. There was a slow decrease in intensity
with time, reaching — 159 by the end of the data collection.

The data were reduced with the usual 1/Lp corrections, but without absorption corrections, and standard
deviations were determined based on counting statistics. Those reflections (156) which differed from zero
by less than their standard deviation were coded as unobserved. The small fraction of unobserved reflec-
tions undoubtedly arises from the size of the crystal used and contributes to the high precision of the results,
although at the cost of possible systematic errors from absorption and Renninger effects.

During the data collection intensities were measured for both Okl and Okl reflections (201 each). Calcu-
lation of the usual R value (here

& o Z1Foul = [Foul

2 [Foul

gave 3-6%

All calculations were carried out on an IBM 7094. The data reduction, Fourier, and structure factor
programs were those of the X-RAY 63 crystallographic system of Stewart et al.® Scattering factors for
carbon,” oxygen,'° and hydrogen!® were taken from the literature. The full matrix least-squares refinement
used a version of the ORFLS program of Busing et al.!? modified for the X-RAY 63 system. This program
minimizes )’ w(|F,| — |F.[)%. The residual index R is defined throughout as

LI Fo| — |F|

Z|Fol

where the summation is over the unique observed reflections only. Fig. 2 was prepared largely by the illus-
trative program ORTEP.!3

Structure determination. The structure was obtained by direct phase determination using the *“‘symbolic
addition” method and programs written by ourselves. ! The phases of 242 reflections (E 2 1-5) were obtained
in this way in terms of three variables. Examination of three-dimensional Fourier maps corresponding
to the possible sign combinations of these variables yielded one which revealed the location of 19 atoms
forming three rings with S attached atoms.

Structure factors were calculated for this model for the set of data to (sin 8)/4 0-45 (1182 refl) and another
Fourier map showed the remaining five atoms. With these included R for the limited data was 419 and
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three cycles of difference Fourier syntheses reduced it to 22%, Individual isotropic temperature factors
were introduced and two cycles of least squares refinement gave R = 15-5% for the full data.

The thermal parameters were changed to individual anistropic, and one cycle of refinement using the
full data lowered R to 11-3 %, Because of the large number of parameters now involved, the refinement was
performed in two blocks, C9 through C15 appearing in both to provide an overlap. Eighteen reflection
which had very bad AF values were removed from the data set and another cycle of anisotropic refinement
gave R = 839

A difference Fourier map at this point showed all 16 H atoms and these were added to the model. One
cycle of refinement on these and their individual isotropic temperature factors brought R to 6-8%;.

The 18 reflections previously rejected were remeasured using a smaller crystal and MoK, radiation. Sixty
other reflections were also remeasured to provide scaling The new |Fo|'s showed good agreement with the
|F.|’s and were added to the data

Four complete cycles of least-squares refinement were carried out, each cycle consisting of three passes,
two covering the carbon and O atoms and the third the hydrogens. The weights for these refinements were

1
"~ MAXF (070 + 007 |F,|, 0p,)
where MAXF means “the greater of”, o, was obtained from counting statistics, and the constants from
a plot of |AF| against [Fg['* The final value of R was 54%, and the maximum change in the positional
parameters during the last cycle of refinement was 04 . The values of the atomic coordinates and the

thermal parameters are given in Table 1, in which the numbers in parentheses are the standard deviations
obtained from the final inverse matrix.!®

Acknowledgement—We wish to thank the National Institutes of Health for financial support through PHS
grant GM-12095 and the Research Computer Laboratory, University of Washington for additional grants
of computer time.

REFERENCES

! Paper H of this series, G. H. Stout, E. N. Christensen, W. J. Balkenhol, and K. L. Stevens, Tetrahedron 25,
1961 (1969).
2 Presented in part at the meeting of the American Crystallographic Association, Gatlinburg, Tenn.,
27 June-2 July 1965, Paper G-11.
3 G. H. Stout, V. F. Stout and M. J. Welsh, Tetrahedron 19, 667 (1963) and unpublished results.
* G. H Stout and L. H. Jensen, X-ray Structure Determination pp. 424-425. Macmillan, New York (1968).
* L. Pauling, The Nature of the Chemical Bord (3rd Edition) p. 260. Cornell University Press, Ithaca,
N.Y. (1960).
6 Ref 4,p. 72.
7 Program PARAM, originally written by Dr. R. A. Alden.
8 J. M. Stewart, Technical Report TR-64-6, Crystal Structure Calculation System for IBM 709, 7090, 7094,
Computer Science Center, University of Maryland (1964).
? R. Mcweeny, Acta Cryst 4, 513 (1951).
10 J. Berghuis, 1J. M. Haanappel, M. Potters, B. O. Loopstra, C. H. Macgillavry and A. L. Veenendaal,
Acta Cryst. 8, 478 (1955)
! Table 2, R F. Stewart, E. R Davidson and W. T. Simpson, J. Chem. Phys. 42, 3175 (1965).
12 W. R. Busing, K. O. Martin and H. A. Levy, ORFLS, A Fortran Crystallographic Least Squares Program,
ORNL-TM-305, Oak Ridge National Laboratory (1962)
3 C. K Johnson, ORTEP: A Fortran Thermal-Ellipsoid Plot Program for Crystal Structure Illustrations,
ORNL-3794, Oak Ridge National Laboratory (1965)

14 For discussion and references see J. Karle in Adoances in Structure Research by Diffraction Methods
(Edited by R. Brill and B. Mason) pp. 55-89. Wiley, Interscience, New York (1964); and Ref. 4, pp. 324-
338. The steps in the solution of this structure are described in detail in the latter as an example.

13 J. R Wiesner and E. C. Lingafelter, Inorg. Chem. 5, 1770 (1966). Program DELSIG written by Dr. R.
Chastain,

16 Lists of |Fo| and F, from the final refinement may be obtained from the first author.

-

-



