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ABSTRACT

I. The three-dimensional crystal structure of o ~keto-1,1'-
trimethylencferrocene has been determinec by X -ray diffraction
analysis. This compound crystallizes in the centrosymmetric

monoclinic space group C - P&I/a. The unit celil contains four

ik
molecules and has the dimensions a = 22.981 + 0.002 A, b=

7.381 + 0.001 A, ¢ =5.833 + 0.001 A andpB =93.38 +0.02°. The
structure was solved from the locations of the iron-iron vectors in
the (001) Patterson projection and was refined in both two and three-
dimensions by the method of lecast-squares. The firal reliability
factor, R, was 0.067. The cihedral angie between the best planes
through the two nearly planar cyclopentadienyl rings is about 9.8°.
The average ring carbon-carbon bond is 1.128 + 0.010 A and the
average iron-ring bond is 2.040 + 0.006 A. The principal thermal
motion is a vibration of the entire molecule in a direction roughly

#
parallel to the ¢ axis.

II. The crystal structure of the chloranil-hexamethylbenzene
complex, as first reported by Harding and Wallwork _Acta Cryst.,
8. 787 (1955)], has been refined in order to show that their data are
consistent with a more reasonable structure than that proposed by

them. The molecular dimensions of the refined structure show no



significant deviations from the expected values. In addition, the

molecules are nearly planar.

T, The crystal structures of two phenazine derivatives from

extracts of Pseudomonas aureofaciens have been determined. The

first of these, l-phenazinecarboxyli¢ acid, has been solved and refined
in two dimensions. The molecular structure of the other derivative,
2-hydroxy-1-phenazinecarboxylic acid, was unknown at the time this
work was begun. Ithas been sol_ved in three dimensions and partially
rofined b_Y the method of least-sguares.

1-Phenazinecarboxylic acid crystallizes in the space group
-5

CZhu PZl/a with four molecules in the monoclinic unit cell. The lattice

Q

constants area = 18.5+ 0.1 &, b = 14.3 + 0.1 A, ¢ =3.87 +0.02 &,
and g = 99.5 + 0. 5°., The structure was solved from the weighted hkO
reciprocal lattice net and from the (001) Patterson map. The molecule
is tilted 20-25° with respect to the (001) plane and is internally hydrogen
bonded. The principal thermal vibration is a torsion motion about an
axis which passes through the center ring of the phenasine nucleus.
2-Hydroxy -1-phenazinecarboxylic acid also crystallizes in the
space group Cgh-r P21/a with four molecules in a unit cell which has
the dimensions a = 21.777 + 0.002 £, b = 5.896 + 0,001 &, c =

8.416 + 0.001 A and g = 107.02 + 0.02%, This structure was solved from

the weighted h0f reciprocal lattice net and from the {010) Patterson



vector map. The average ring carbon-carbon bond length, calculated
from the partially refined positional parameters, is 1.41 + 0.03 A
and the average carbon-nitrogen bond length is 1.36 + 0.03 A. The
molccules lie parallel and coplanar in "ribbons' which are stacked
normal to the a* axis and very nearly parzallel to the (012) plane.

The hydroxyli hydrogen atom is internally bonded to the carboxyl group
and the carboxyl hydrogen atom possibly forms a '"bifurcated" bond,

being bonded both intra- and intermolecularly.
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I. o -Keto-1, 1'-trimethyleneferrocene
1. Introduction

In slightly more than a decade since ferrocene was first
synthesized by Kealy and Pauson (1) and independentily by Miller,
Tebboth and Tremain (2), the literature of the chemistry of cyclo-
pentadienyl derivatives of the transition metals has vecome volum-
inous. This interest has been arcused by the unusuzl structures and
properties of thesec so-called "sandwich'" compounds. Of particular
interest have beer metallocene derivatives in which one or more
carbon bridges join the two rings. Ferrocene bridged by a single
carbon chain was first prepared by Woodward and Csendes (3) and by
Rinehart and Curby (4). Doubly and triply bridged ferrocene deriv-
atives have been prepared by Schligl, Peterlik and Seiler (5) and by
Rinehart, Bublitz and Gustafson (6). Finally, a derivatlive of ferro-
cene with four bridges of three carbon units cach has been recently
anrnounced by Schlbgl and Peterlik (7). The fully spannec ferrocene
molecule has not yet been synthesized; the prospects, towever, ave
intriguing since reduction of such a compound should lead to a "caged"'
iron atom. The synthesis of a variety of substituted bridged metallo-
cenes has been vigorously pursued because these systems provide a
scaffold for the study of reactive sites in the vicinity of transition

metals. Some of this work is discussed below.



The first bridged ferrocene to be synthesized (3, 4) was o -keto-
1, Y -trimethyleneferrocene, the subject of this investipation. The

sample used in this study was prepared by Hill (8) by the method out-

lined below.
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Ferrocene, I, was aminomethylated with methylenebisdimethylamine
to give ferrocenylmethyldimethylamine, II, whick was quaternized
with methyl iodide to give ferrocenylmethyltrimethylammonium iodide,
III. Trealment of IIT by the malonic ester synthesis gave ferrocenyl-
methylmalonic acid, IV, which was decarboxylated to 3-ferrocenyl-
propionic acid, V. In the preserce of trifluoroacctic anhydride, V
underwent cyclization to give the desired product, z-keto-1,1'-
trimethyleneferrocene, VI

The infrared spectrum of o-keto-1, 1'~trimethyleneferrocene
shows a carbonyl stretching band at 1682 crn:'1 compared to 1661 cm.-l
for the same band in the spectrum of acetylferrocene (6). This shift
to higher frequency in the bridged melallocene may be interpreted on
the basis of a carbonyl group which is twisted out of the plane of the
cyclopentadienyl ring. The decreased conjugation which results from
this non-coplanarity increases the double bond character of the car-
bonyl group. The effect of this twisted carbonyl group is even more
pronounced in the ultraviolet spectrum of VI. Acetylferrocene exhibits
a T~ 1 electronic transition bond at 226 mp (Emax = 16, 500) while the
corresponding band in @-keto-1, 1'-trimethyleneferrocene is at 227 mp
(ernax = 8,030). The large diffcrence in intcnsity for these two peaks
ig due to the reduced transition probability for the non-coplanar
(bridged) ketone. Still further evidence for the configuration of the
bridged ketone is provided by its nuclear magnetic resonance specirum

(6). The positions of the ring proton peaks in the spectra of



acetylferrocene and VI are essentially the same except for the two
protons at the 24' and 5' positions of VI (adjacent to the bridge, on the

ring to which the carbonyl group is not attached). Thesec proton peaks
occur at significantly lower field in the spectrum of the bridged ketone
due to less diamagnetic shielding by the carbonyl group. Thisis true because
the axis of the cone of shielding due o the diamagnetic anisotropy of

the carbonyl group (9) is tilted with respect to the ring-iron-ring axis

of the molecule.

Recent studies in these laboratories by Hill and Richards (10)
have led them to proposec that direct interaction with the electrons of
the transition metal of a metallocene group may serve to stabilize a
neighboring carbonium ion. The rcactions studicd were the solvolyses
of a number of a-acetoxy derivatives of several metallocenes. The
reaction of greatest interest in the present context is the solvolysis of

@-acetoxy-1, l'-trimethyleneferrocene, VII,

O

?CCH3

\

VI

which may be prepared from the bridged ketone, VI, by reduction to

the alcohol with sodium borchydride, followed by esterification with



acetyl chioride. The rate of solvolysis of VII at 30° in 80% acetone/
water is about 0.23 times that of trityl acetate under the same con-
ditions. Hill and Richards have shown that the solvolysis is first order
and proceeds by alkyl-oxygen fission of the neutral ester. This evi-
dence indicates a relatively stable carbonium ion intermediate, VIII,
which they postulate is stabilized by a direct participation of the iron

electrons. The validity of this hypothesis depends upon a favorable

®

@—C\H

|
- CII
Fe /I 2
@CHZ

VIII

stereochemical relationship of the carbonium ion site and the iron
atom. The crystal structure of o -keto-1, 1'-trimethyleneferrocene was
undertaken because this molecule was the best model available for <he
study of a bridged ferrocene with a trigonal a-carbon atom. Whether
indeed the bridged ketone is a good model for the carbonium ion will be

discussed in more detail later.



2. Determination and refinement of the structure.

j. Preliminary crystallographic measurements.

A crystaliine sample of 2-keto-1, 1'-trimethyleneferrocene,
m. p. 144.5-145.5% ,(1it. (4) m. p. 144-144.5°) was obtained from
E. A. Hill, Microscopic examination of the sample showed that the
dark red-orange compound crystallizes in ar acicular (needle-like)
habit. Several crystals, about 0.3 mm. in diameter and 2 mm. long
with well -developed faces and no apparent twinning, were selected.
One of these crystals was mounted with its prismatic zone axis approx-
imately parallel to the rotation axis of an optical goniometer. The two
unique sets (forms) of faces of the crystal, figure 1, were indexed using
the observed goniometric measurements listed in table l.

The first X -ray diffraction pattern observed was a 20° oscillation
photograph (*) taken with the needle axis, ¢, as the rotation axis.
Measurements from this photograph gave a value for ¢ of approxima tely
5.86 A. A set of layer-line photographs (hk0 to hk3 incl.) was taken
using the equi-inclination Weissenberg technique (11). Measurements
from the hk0 photograph gave values of 7.38 A for b and 22.9 A for
1/a%. In addition, an hOf photograph was taken using the precession
technique {12} with unfiltered molybdenum radiation; measurements

from this photograph gave a g-angle of 93.5°. The a axial length then

Urless otherwise noted, copper K {nickel filtered) radiation
excited at 45 kv. and 15 ma. was used for all photographs.



Figure I.

Table 1.

Longitude
133° 00
189° 52!
255° 58
313° 00
9° 23!

767 22°

210

100 —» d

Cross section of a crystal of ov-keto-1, 1'~trimethylene-
ferrocene with its faces indexed and the positions of the
crystallographic axes indicated.

Goniometric measurements taken on a crystal of
a-keto-1, 1'-trimethyleneferrocene.

Latitude Index
359° 20' 100
359° 25! 210
0° 00 210
0° 37" 100
359° 40! 210

359° 50! 210



is 22.9 }‘ox

More precise lattice constants were obtained later from
Straumanis-type, zero-layer Weissenberg photographs taken at room
temperature using crystals mounted about the b and ¢ axes. The rela-
tive positions of a total of 189 reflections on the hOf and hk( photo-
graphs were measured with an oPtical comparator and the Bragg angle
was calculated for each reflection. From these data, the lattice param-
eters were calculated using a computer program writter for the Bur-
roughs 220 digital computer by the author (see Appendix, partI); the

values are

a =22.981 + 0.002 4 , B = 93.38 +0.02°%
b= 7.381+0.001 A,
c = 5.833 +0.001 &,

where the uncertainties listed are about ten times the calculated
standard deviations. The corrections for absorption and eccentricity
were found to be negligible.

Tke densily of & crystal of a-keto~1, 1'-trimmelhylenelerrocene
was determined to be 1.60 g. cm, -3 by flotation in a mixturc of carbon
tetrachloride and ethylene bromide. Assuming four molecules in the
unit cell, the calculated density for CI3H120 Fe (m., w., 240.08)is
1.6l g. cm. -3

The systematic extinctions gave the following conditions limiting

possible reflections: hkf, no conditions; h0f, h = 2n; 0k0, k = 2n.
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These conditions are indicative of the centrosymmetric, monoclinic
5 .
space group CZh -F cilfa. Since the molecules possess no symmetry,

they must lie in generzl symmetry positions in the unit cell.

ii. Intensity data.

In order to minimize absorption errors, a small acicular
crystal with roughly hexagonal cross section was chosen for the ¢ axis
intensity photographs. Two packs of three films cach werc exposed
for each layer, the first for 16 to 20 hours and the second for about
two hours. Intensity data for reflections hkO to hk5, inclusive, were
collectec in this manner. The same crystal was used to make a
graduated intensity strip and was also used for the hk0 precision
Weissenberg photograph discussed earlier. Contrary to the experiences
of Burke (13), who has cetermined the crystal structure of 1, 1'-tetra-
methylethyleneferrocene, the bridged ketone is quite stable to ¥ -rays.
There was ro noticeable change in the crystal after exposure to radi-
ation for over 250 hours. However, all photographs taken with copper
raciation from crystals of both of these bridged ferrocenes exhibit a
high background due to fluorescent scattering by the iron atoms.
Fluorescence occurs when an incident quantum of X -rays has just
sufficient energy to excite secondary X -rays in the absorber atom.
This is true if the wavelength of the characteristic line of the incident

radiation (1. 542 A for copper K ) is slightly shorter than the wavelength
o
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of the absorption edge of *he excited atom (1. 743 A for the iron K
edge).

Some difficulty was experienced ir cutting a crystal of w-keto-
1. 1'-trimethylenefcrroccenc in order to obtain satisfactory diffraction
photographs about the b axis. The long, slender needles fractured
uneverly; after several dozen unsuccessful attempts, a rather unsatis~
factory fragment was mounted. The multiple film Weissenberg tech-
nique was again used to collect intensity data, reflections h0¢ to hig,
inclusive, being recorded. No attempt was made to prepare an intensity
scale from this crystal.

The intensities were estimated visually by comparison with the
intensity scale prepared from the crystal mounted about the c axis.
The comparisons were made with the aid of a hinocular microscope.
This investigator has concluded, in retrospect, that a simple magnify -
ing glass is more useful in the estimation of intensities; it is less tiring
on the eyes, permits a larger field of vision to prevent indexing
errors, and its lower magnification probably makes possible a maore
accurate estimation of the integrated intensities. The measured
intensities were scaled within each layer using an average film factor
calculated for each set of photographs.

T.orentz and polarization corrections were applied to the
intensity data using a Burroughs 220 computer program written dy

Hybl (14). No correction was made for absorption at this point; it was
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decided to wait to see if the structure could be refined without this

correction.
Layer scale factors, K,, for the corrected intensities, I, ,
i i
were calculated using the 220 computer least-squares scaling program

written by Deverill. This program minimizes the function

R= Yyrw. (K 1_-1,_)‘z (1)
i i i) i
where W "“-—1- if i..=21
ij - 1., ! i~ M
ij
1 i
or w,. = —~——— if I <I

ij ij M
‘IM Iij

and Kl = 1. Any arbirrary valne of T, may be taken for T_ .
1]

The program prints lists of the scaled lF‘|2‘s, and a list of the weighted
a,vera'ge \F 1 and the |F!'s. Although the hOf data were initially
included in the average |F | %15, it was decided to use them only to

scalc the hkO data because of the large number of discrepancies between
the high angle reflections of the two sets. These discrepancies may be

due to a possible misalignment of the crystal while the b axis photo-

graphs were being taken.

iii. The two-dimensional structure.
Measurements from a scale model of o-keto-1,1"-

trimethyleneferrocenc indicated that the volume occupied by the molecule
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{assuming normal van der Waals radii (16)) is roughly that of a
5.5 x 6.5 x 7.5 A rectanguiar prism, as shown in figure 4. The
volume of this prism is about 268 zi3. This agrees reasonably well with
the value of 2446.9 15.3, which is the volume occupied by 2 single mole-
cule as calculated from the unit cell parameters. Since the ¢ axis is
only 5.8 A long, the molecule must lie in the unit cell with the plane
formed by the iron atom and the carbon bridge approximately normal
tc the ¢ axis. Fortunately, the atoms of the molecule are best resolved
when viewed down this short axis. It appeared, therefore, that it might
be possible to determine the structure in the {001) projection.

The most obvious way to solve this siructure was to look for
the large peaks representing vector s between the iron atoms in the
(001) Patterson projection. In this projection of the unit cell the iron
atoms lie at x,y; :2,5;; 2#+x%, *-yand ¥ -x,%+y. The asymmetric unit of the
Patterson projection will, therefore, contain iron-iron vector peaks
at (2x, 2y), (3 - 2x, &) and (¥, # - 2y). Since the L.aue symmetry for
the monoclinic crystal system is 2/m, the hk0 vector map will have

pram symmetry. The Patterson expression for this projection is

4 @ g 2
% Zhlk |F(nx0)!" cos 27hU cos 2mkV. (2)

P(WVO) =
An hkO vector map was calculated from equation 2 using a Burroughs

220 computer program written by Hoogsteen (17). The summation was

carried out in intervals of 0.01 a and 0.02 b. No attempt was made to
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| Figure 2. A model of o-keto-1, 1'-trimethyleneferrocene showing
the approximate overall dimensions of the molecule.
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remove the original peak or sharpen the Patterson map, which is shown
in figure 3. The iron-iron vector peaks may be clearly seen in this
drawing. 1E.'rom these peaks the coordinates x = 0. 150.and y =0.125
were dérived for the iron atom.

In the (001) projection, the space group PZI/a degenerates to

the plane group pgg. The structure factor expression for this projection

is
F(hk0) = 4% f cos2rhx, cos2rky, for h + k = 2n
11 i i
F(hk0) = -4% fi sin?m'hxi sinZ'r'fkyi for h+k = 2n + 1} (3)
1

The electron density expression is

h+k=2n

oMB

o)
[Zh gk F(hk0) cos2mhx cos2rky -

|

p(XYO) =

ht+k==2n+1

h £k F(hk0) sin2rhx sin2nky] .

Om8
Om8

Using the coordinates detocrminced from the vector map, the contribution
of the iron atom to about 100 of the largest hk0 structure factors was
calculated from equation 3. For about 25 of these reflections the iron
atom contribution was sufficiently large to determine with certainty the
sign of the siructure factor. An hkO electron density map was calculated
from these phased structure factors using the trigonometric terms of

equation 4 in the Hoogsteen program. This map clearly showed the
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positions of the iron atom, the o' and B carbon atoms of the bridge
and one carbon atom in each ring. The atoms of the carbonyl group
and the rest of the ring atoms were poorlsf' resolved d.ue to overiaps
in this projection. However, from a consideration of the geometry of
the molecule it was possible to assign trial coordinates to all of the
atoms.

At this point the first structure factor calculation and least-
squares refinement -was performed using the. Burroupghs 220 program
written by Marsh (18) for the monoclinic space groups. This program
minimizes the function
lZ

2.2
\

ZWHFObS 1. (5)

_'l cale

A block diagonal approximation is used in setting up the least-squares
matrices. The x and z parameters for each atom are handled as a

2 x 2 matrix and the y parameler as a 1 x 1 matrix. The anisotropic
temperature factors and the population parameter are included in a

7 x 7 matrix (2 x 2 for isotropic atoms) for each atom. The atomic
scattering factors for carbon and oxygen which were used in all of the
structure factor calculations on this compound were an average of the
values given by Berghuis et al. (19) and Hoerni and Ibers (20). The
atomic form factor curve for iron was taken from Thomas and Umeda
(21). | The isotropic temperature factor, B, was given the value 3.0 A%

for all the atoms. Each observation in the least-squares calculation
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was weighted according to the function
) .
fw = f__ 3 ) ’ (6)
c

whérc fc is the valuc of the atomic form factor of carbon at the cal-
culated value of sin @ /A. Unobserved reflections were given zero
weight unless they calculated larger than the threshold value, in which
case they were included in the least-squares and were weighted
according (o equation 6.

The fitst two-dimensional structure factor calculation showed
good agreement between the observed and calculated F's. The R factor,

define das

o) |k F

| - |F

z|kF
O

|
obs calc (7)

bsl

was 0.16. Several cycles of least-squares refinement, without letting
the isotropic temperature parameters change, brought R down to
0.085. At this point all of the positional parameter shifts were less
_than one-tenth of their standard deviations. No attempt was made to
refine the structure further in projection. In the final two-dimensional
calculation 146 reflections were included in the least-squares, 21 of
which were "'less than'' reflections which calculated too large.

All the phased structure factors were used in the calculation of

a final (001) electron density map, shown in figure 4. Although this
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Figure 4.

Final (001) electron density map of ¢-keto-1, 1'-trimethyl-

eneferrocene. The contours are drawn at 4, 6, 8....e. A")‘,

except for the iron atom, where the contours are at

5,10, 15 .... e. A™2.
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map showed somewhat more detail than the first one which was cal-

culated, many of the atoms were still poorly resolved.

iv. The three-dimensional structure

From packing considerations, particularly the proximity
of two molecules related by a center of symmetry, an estimate of
0.250 was made for the z coordinate of the iron alom. Using the
refined x and y atomic coordinates from above and a table of expected
interatomic distances and angles (22), the approximate z coordinate
was calculated for each of the other atoms.

The first cycle of three-~dimensional structurc factor calcu-
lations and least-squares refinement was run using isotropic temper~
ature factors with B = 3.0 A2 for all atoms. The observations were
weighted according to equation 6. It was immediately apparent from
the poor agreement (R = 0.50) between the observed and calculated
structure factors and from the large negative z shifts for many of the
atoms that the molecule should be moved in the negative z cdirection.
A shift of ~0.05 in z was applied to all of the coordinates and another
slruclure factor and least-squarcs calculation was performed. R for
this calculation dropped to 0.37 and the shifts, though still mostly
negative, were considerably smaller. Several more least-squares
cycles, permitting the isotropic temperature factors to change, saw
the R facior decrease vapidly to 0.12. At thic point, anisotropic

temperature factors were introduced for the iron atom and the weighting
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scheme was changed to

1
= 3 > 4F
v F if Fobs min (8)
obs
or
1 .
/w o= if Fobs < 4Fm:'m
J(Fobﬁ)(4Fmin)
where ', is the smallest observable F. This weighting function is

min

ersertially that of Hughes (23). Two more least-squares cycles were
run and R dropped to 0.092. The approximate positions of the hydrogen
atoms were calculated assuming C - H bond distances of 1.0 A . The
hydrogen atoms were arbitrarily assigned isotropic temperature factors
equal to thosc of the hecavy atoms to which they are attached. These
parameters, along with anisotropic temperature factors for the oxygen
atom and the carbon atoms, caused R to decrease to 0.080 after four

more least-squares cycles. The weighting scheme was then changed to

= — if = 4
/v 2 * Fobs Fmin

obs

. (9)

: < 4
F_ @) Fobs ™ i

W



2

This weighting scheme was used because the Marsh least-squares

i s s 4
program minimizes the sum of the squares of the residuals in F
therefore, the weighls for the final best fit probably should be taken

inversely proportionzal to the squares of the uncertainties in F obs”
5

Five more cycles of least-squares, during which the hydrogen atom
coordinates werc readjusted, brought the R factor down to 0,067. At
this point none of the parameter shifts was larger than one-~third of

its standard deviation , and the refinement was considered complete.
A total of 1466 reflections were included ir the final structure factor
calculation, of which 1196 contributed to the least~squares sums. Only
16 of the "less than' refiections calculated larger than the threshold
value. Table 2 lisis the final heavy atom parameters and their standard
deviations and table 3 gives the assumed hydrogen atom parameters.
The standara deviations in the heavy atom parameters were calculated
from the diagonal terms of the inverse matrix. The final observed

ard calculated structure factors are given in table 4.

The observed structure factors and their calculated signs were
used in the calculation of a three-dimensional electron density map
usirg the Hoogsteen program and a first dimension program written by
the author. The first summation was carried out in intervals of 0.01
in x up to 0. 25 along a ; the second and third summations were perfor med
in intervals of 0.02 y and 0.02 z along the full range of the b and c axes.

Figure 5 shows the plotted map, the section through each atom being
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Table 3.

144€2)

ngc3)

Hyg(C )
5)

I_IIS(C'?}

H _(C

HglCy)

20(Cg)
H,,(C

HZZ(C

10

12.)
H23(C 12)
24(C 13)

H,5(C13)

Assumed hydrogen atom parameters.
factors are expressed in the {orm T = exp(-B sin"

24

The temperature

The atoms are numbered as in figure 6.

0,187

0.267

0.252

0.164

0.080

0.153

C. 153

2.073

0.066

0.023

-0.015

0.013

0.211

0.075

0.228

0.453

-0.063

-0.246

-0.109

0.162

0.455

0.531

0.245

0.219

0.641

0.374

-0.020

-0.019

0.465

-0.183

-0.192

0.076

0.264

0.140

0.403

® N4,
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Table 4. Observed and calculated structure factors for a-keto-1,1'-
trimethyleneferrocene. The three columns in each group
contain the values of h, 10|F | and 10F . Reflections
indicated by an asterisk were omitted fron(‘:;at]he least-
squares calculations due to extinction effects or especially
poor intensity estimation. "'Less than" reflections were
included in the least-squares only if they calculated larger
than the threshold value.
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Table 4. {continued)
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taken as close to the center of electron density as possible. A ‘three-
dimensional difference Fourier summation was also performed with

the same intervals and over the same ranges. The structure factor
calculation from which the AF's were derived dic not include the hydrogen

atom parameters. Figure b shows the resulting electron density map.

3. Discussion

i. Bond angies and interatomic distances.

The bond angles and interatomic distances for x-keto-
1, 1'-trimethyleneferrocene were calculsated from the (inal refined
atomic coordinates using 2 420 computer program written by the author
' {see Appendix, partII). Figure 7 shows the calculated molecular
dimensions. The interatomic distances from this determination are
compared in table 5 with those founc for ferrocene (24-26), dibenzoyl-
ferrocene (27), and 1, 1'-tetramethylethylencferrocene (13). It is
interesting to note that even though the two rings of the bridged ketone
are not coplanar, the average Fe-C and ring C-C bond distances agree
quite well with those determined for the compounds listed in table 5.
Furthermore, the internal agreement among the ten ring C-C bond
lengths is very good, the spread being less than 0.04 A. These observa-
tions would seem to indicate that the bridge pulls the | and 1" carbon
atoms closer together than they are in ferrocene, thus tilting the rings

without causing appreciable ring bond distortions. Ttalso appears that
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there is little strain in the trimethylene bridge since the bond lengths
and angles are quite close to the expected values (22). By contrast, in
1, 1'-tetramethylethyleneferrocene the middle bond of the two-carbon

bridge is stretched (%) to approximately 1.61 A (13).

ii. Spatial conformation of the cyclopentadienyl rings.

The best planc through each of the cyclopeantadienyl rings
and through the carbonyl group was calculated by the least-squares
method using a 220 computer program written by the author (see
Appendix, part II). The results of these calculations are shown in
table 6. As may be seen, the ring atoms do noul deviate significantly
from coplanarity, which is further evidence that the bridge does not
cause cistortions in the rings.

The most obvious effect of the trimethylene bridge is to tilt the
two cyclopentadienyl rings so they are no longer parallel. The dihedrail
angle between the planes (defined as the acute angle formed by the
normals to the planes of the two rings) is 9.8°. In the two-carbon
bridged derivative of ferrocene, 1, 1'-tetramethylethyleneferrocene
(13), the planes are tilted about 23°.

In a crystal of ferrocene the iron atoms lie at centers of sym-
metry; therefore, the rings are staggered by exactly 36°. By contrast

the rings of the bridged ketone are more nearly eclipsed, being

The lengthening of this bond may not be significant for the stan-
dard deviation given by Burke for the C-C bonds is about 0.04 A. If it is
a real effect it may be due in part to steric hindrance between the ad-
jacent methyl groups on the bridge.



Tabkle 6. Best planes throupgh the cyclopentadienyl rings and through
the carbonyl group. The values m, are the direction
cosines of the normal to the best piane with respect to the
orthogonal axes a, b, c¥, Atoms indicated by asterisks
were not included in the calculation of the plane.

Direction cosines Atom Deviation
m 0.613 C ~0.005 A
a 1
m, 0.731 C2 -0.001
¢.300 C 0. 006
mc* 3
G -0.010
4
C._ 0,009
o]
e 0.301
1
* Fe 1. 640
* QOrigin -4.748
m 0.722 C -0,006
a 6
m, 0.622 (37 0,003
™y 0.303 CB 0,001
-0.004
C9
0. 00¢
ClO
% -0.123
C13
:k Fe -10 640
* Origin -1.741
m D- 24‘6 C "OU 0124
a 1
.92 C 0.039
m, 0.929 11
-0.. -0.012
m_, 0,276 C12.
O -0,012
* QOrigin 2.870



%
staggered by only 11.8° : In 1, l'-tetramethylethyleneferrocene {13),

this angle is 9 to 10°.

iii., Thermal ellipsoids.

The magnitudes and orientations of the thermal ellipsoids
for ecach of the heavy atoms were calculated by the method of Rollett
and Davies {28) and Waser {29) using a program written by Hebert (30)
for the 220 computer. These results are listed in table 7. There arc
sizable anisotropies in the thermal motions; the major and minor axes
of the ellipsoids for all of the atoms except the oxygen atom and C7 are
generally oriented along the ¢¥ and a axes of the cry stal* « This would
seem to indicate that the entire molecule vibrates in a direction approx-
imately parallel to ¢*. Superimposed on this vibration are the motions
of the individual atoms. The principal axis of the oxygen thermal
ellipsoid lies in the ab plane and is inclined at an angle of 51° to the
normal of the best plane through the carbonyl group {(table 6). The
anisotropy of the ring carbon atoms may be seen clearly from the
molecular plane electron density maps shown in figures 8 and 9. These

Fourier sections were taken through the Dest planes of the cyclopenta-

dienyl rings {table 6). The calculations were performed using a

The degree of staggering is defined here as the angle between
the lines from the centroid of cach ring to the carbon attached to the
bridge after the lines have been projected onto an 'average'' plane. The
"average'' plane is taken such that its normal bisects the acute angle

formed by the normals to the best planes through the two rings.

sk
Since only c axis data were used in the refinement of the temper -

ature parameters, the thermal anisotropy may be an artifice which
arises from systematic errors in the data.



Table 7.
Axis i

Fe 1
2
3
O 1
2
3
C 1
! 2
3
C 1
2 2
3
C 1
3 2
3
C 1
1 2
3
C 1
5 2
3
C 1
6 2
3
C 1
7 2
3
C 1
8 2
3
G 1
9 2
3

Magnitudes and direction cosines of the principal axes
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of the thermal ellipsoids for o-keto~1l, 1'-trimethyienc-
The direction cosines, m, are taken with
respect to the orthogonal axes a, b, c*. The root mean
square deviation, L., is given by (B/81%)%,

ferrocene.

B,

i
.93
2.39
1.61

6.20
4.49
2. 64

3.78
2.78
1.53

4.30
2.72
2.08

4.70
3.41
1.87

5.48
2.98
1.97

4. 14
3.02
1.45

4.72
3.09
1.51

4.19
3.32

1.99

6.1l
2.99
1.16
5.32
4.26
1.74

nes:

0.192
0.174
0.143

0.279
0.239
0.183

0.219
0.188
0.139

0.232
0.186
0.162

0.243
0.208
0.154

0.264
0.194
0,158

0.230
0.196
G. 135

G.244
0.198
0.138

0.231
0.205
0,159
0.2738
0.194
0.121

0.260
0.232
0.148

m,

ia

.346
.925
. 148

. 879
. 257
. 397
. 271
. 846
. 457

-G.

o o9 o o Q o oo

0.
.035

. 610

437

. 659

502

. 863

.034
0.

127

-0.
0.
0.

0.

684

595
700
392

074

. 767
. 635

854

. 003
. 517

. 138
. 975
. 168

. 801
.535
. 264

ik

p.u6l
~0.136
0.989

0.468
-0.602
0.647

-0.165
-0.509
0.844

0.055
(.808
0.587

-0.152
0.980
-0.128

0.021
0.728
0.685

U.358
-0.205
0.911

-0.105
-0. 640
0.761

"'Oa 509
0.182
0.841

-0.003
-0.169
0.986

0.090
-0.546
0.834

1

oo O O oo o O O oo O O O C

ic*

. 926
. 379
.005

099

.763
.639

. 940
179
. 292

772
407
489

.836
. 197
512
.999
.012
.018

701

704
.118

. 990
012
. 146

122

. 983
. 139

- 294
.108
.0L6

. 567
. 660
. 494



Axis i

Table 7.
C 1
10 5
3
C 1
11 >
3
C . i
12 »
3
C 1
13 5
3

{continued)

kS

.05
.70
.81

—

o

. 80
.86
.61

el A

3.95
3.26
1.75
4.96

3.05
2.31

36

w{A)

0.226
0.185
0.152

0.219
. 190
. 143

oo

224
203
. 149

0.251
0.197
0.171

o O O

ia

-0.618
-0.637
0,458

0.483
0.874
-0.001

-0.339
0.756
-0.558

0.053
-0.211
0,974

ib

~0.122
. 655
0.746

[

-0.193
0.107
0.975

-0.383
0.431]
0.817

~0.321
0.92¢
0.217

ic®

D.758
-0.424
0.497%

0.868
-0. 446
0.220

0.849
0.514
0.127

0.947
0.319
0.047
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Figure 8. Electron density map in the best plane (table 6) of the

cyclopentadienyl ring C;-Cg of e ~keto-1, 1'-trimethyl-
eneferrocene. The contours are drawn at intervals of
2, 3, 4... e, A~%, The orientation is as in figure 5,
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Figure 9. Electron density map in the best plane (table 6) of the
cycloperntadienyl ring C,-C, of ¥-zeto-1, 1'-trimethyl-
eneferrocene. oThe contours are drawn at intervals of
2, 3, 4... e. A~%, The orientatior is as in figure 5.
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program written for the 440 computer by Duchamp (31). The principal
anisotropy shown by these electron density maps is due to the motion
of the molecule 2s a whole. Superimposed upon this vibration there
appcars to be a tangential motion of the ring carbon atoms which are

not attached to the bricdge.

iv. Molecular packing.

The molecular packing of o~-xeto-1, l~trimethyleneferro-
cene is shown in figure 10. The intermolecular distances less than
3.7 A were calculated using a 220 program written by Barker (32) to
generate the coordinates of the nearest symmetry -related molecules
from the heavy atom coordinates in table 4. The results of this cal-
culation are given in table 8. No calcuiation of the intermolecular
H-H or H-heavy atom distances was run since the coordinates of the

hydrogen atoms are only assumed.

v. Mechanistic implications.

The crystal structure of @ -keto-1, 1'-trimethyleneferro-
cene has been presented here as a possible model for the configuration
of the carbonium ion generated in the solvolysis of a-acetoxy-1, I'-
trimethyleneferrocene. If indeed the ketone in the crystal and the
carbonium ion in solution are quite similar, itis difficult to explain
the marked stability of the latter as observed by Hill and Richards.
Stabilization by the iron atom would seem to be ruled out in this model

since the distance from the iron atom to the o-carbon, as shown in
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Tablc 8. Inter molceular distances less than 3.7 A for a-keto-1,1"'-
trimethyleneferrocene. The atoms referred to in the
first column belong to the reference molecule at x, y, z.

From To In molecule at D(A)
C,, Cq x, 1+vy, = 3.439
0 Cly x, 1-y, 1-2 3.501
O C5 %, v, 1 +z 3.532
0 C, %, 1 -y, 1-2z 3.559
Q C10 %, v, | += 3.585
Clo Cls X, Y, 2 3.606
c, Cq Pox, 2ty, z 3.624
ch GS ¥, 1+y, 2z 3.637
<5 c., %, 1 -y, z 3. 642
C C %, V. 2 3.668



figure 7, is too long (2.9 ﬁ) for an appreciable Fe-C interaction. In
addition, the vacant p orbital of the carbonium ion, if taken to be
normal to the plane of the carbonyl group, is tiltec at an angle of about
59° with respect to an orbital from the iron atom to the w-carbon atom.
Nor would it seem possible that appreciable stability could be derived
from conjugation of the carbonium ion with the 'adjacent cyclopentadienyl
ring; the @~carbon is bent about 0.3 A out of the plane of the ring and
its p orbital (in the carbonium ion) is inclined at an angle of about 42°
to the orhitals of the ring 7 system.

The stability of the carbonium ion does not seem to be explain-
-able in terms of the structure of the ketone, and it may be necessary
to introduce distortions in the molecular framework of the ion. From
a study of 2 scale model of the ketone, it scems possiblc to twist the
C=0 bond into coplanarity with the ring ard at the same time to bring
the o~carbon atom a little closer to the iron atom, but only at the
expense of increasing the peripheral iron-ring distances significantly.
In the solvolyses of the other compounds studied by Hill and Richards
it is probable that the ring bearing the w-carbon atom shifts slightly
in its plane, as shown, in order to provide more effective stabilization
of the carbonium ion. But, because of its rigid structure, a similar

shift in the bridged carbonium ion does not seem possible.
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In conclusion it may be said that the iron participation hypothesis
of Hill and Richards is a useful one and appears to be valid for many
a-metallocenyl cations. However, the factors which influence the
stability of the carbonium ion from the solvolysis of o-acetoxy-1,1'-

trimethyleneferrocene are still open to speculation.
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11, The Chioranil-Hexamethylbenzene Complex, A Refinement
1. Introduction
When one allows a hot, concentrated benzene solution of
equal molar quantities of chloranil and hexamethylbenzene (I) to cool,

purple-red acicular crystals of an intermolecular complex,

O CH3
crt J «al CH CH
X 3
~
c Cl CH3 'CH3
O CH
3
I
Cﬁ PIS L6(LH3)6, are obtained. 'Ihese crystals show pronounced

pleochroism, the maximum light absorption being parallel to the
needle axis {(a axis). This indicates that the molecules are probably
stacked in columns of alternating chloranil and hexamethylbenzene
molecules parallel to the a axis.

The crystal structure of the complex between chlorarnil and
hexamethylbenzene has been investigated by Harding and Wallwork (1).
They found the space group to be PZ.I/C, with unit-cell dimensions
a=7.304,b=8.644, c=15.26 A and8 = 106°. There are two
complexes in the unit cell with each molecule lying on a center of
symmetry. They reported extreme non-planarity for the chloranil

and hexamethylbenzene moleccules and explainec the puckering in terms
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of steric interactions and polarization bonding between the two mole-
cules. Since then, Dorohue and Trueblood (2) and Nyburg (3) have
expressed surprise at this and other features of the reported structure
and have suggested that, in view of the small number of observed
reflections (only 185), the reported non-planarity might not be sig-
nificant. A refinement of this structure using ‘he data of Harding and
Wallwork was initiated in order to see if their data might not be con-

gistent with a morc reasonable structure.

2. Refinement of the Structure

Using the observed structure factors listed in table 2
of Harding and Wallwork, several cycles of least-squares refinement
of the positional parameters were carried out. The calculations
were performed on the Burroughs 240 computer using the monoclinic
structure factor and least-squares program written by Marsh (see
PartI, ». 17). The weights were taken inversely proportional to
the square of the form factor of carbon .,* Individual isotropic
temperature parameters were adjusted only approximately, with the
roatriction that chemically cquivalent atorns have identical param-

eters. In order to place the data on an absolute scale, it was found

A number of proncunced and persistent discrepancies between
calculated and observed structure factors among the weak reflections
discouraged the author from the usual scheme of assigning weights
inversely proportional to the observed structure factors.
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necessary to muliiply the observed structure factors by 4. 25.

The atomic parameters and their standard deviations before
and after refinement are listed in table 1. The standard deviatlions
after rofinement are about 0.06 A for the positions of the oxygen and
carbon atoms and 0.02 A for the chlorine a.t;cnms.’}= The standard
deviations in the temperature factors are about 2.0 for the light
atoms and 0.7 for the chiorine atoms. In the last least-squares re-
firement cycle no coordinate shift was as much as onc-third of its
standard deviation. The final R factor was 0. 14 compared with the

value 0.47 obtained from the parameters of Harding and Wallwork.

3. Discussion

The best planes through the chioranil and hexamethyl-
benzene rings were calculated using the 220 computer program
written by the author (see Appendix, part II). Two calculations were
run, the first using the atomic coordinates of Harding ard \."[all’si'vork>I=
and the other the refined coordinates; the results are shown in table
2. As may be seen, the two rings are more nearly planar after
refinement than they were before. The two molecules are closely

parallel, the calculated dihedral angle being 2.1°.

These values are in approximately the expected ratic whereas,
as Donohue and Trueblood (2) point out, the standard deviations given
by Harding and Wallwork are greater for the chlorine atoms than for
the lighter atoms. The latter authors have acknowledged (4, 6) that the

gtandard deviations which they reported were calculated incorrectiy.

%k ] ..
It is clearly more appropriate to include all twelve atoms of

the chloranil molecuale in the calculation of the best plane than, as
Harding and Wallwork did, to consider only the six carbon atoms.



50

]
—

0°9 (P07 0 (8)¥c0°0 (L)obs "0 (7)661 "0 (£)620°0 (€650 D
0°9 (F)91T°'0  (8)59z 0~ (9)%49°0 (@otr-o  {€)sL7 0= {€)519°0 Iy,
0°9 (€)980°0  (L)7oc 0 (9pFF°0 ()ggo-o  (g)roc o (£)82¥%°0 0,
6°1 (e)ecoco  (9)ocT 0 (9)6LF 0 (z)evoro  {e)svro  (€)8L¥ 0 65
6°1 (€)860°0  (s)Lo0°0  (8)2¥S°0 (z2Ww60°0  (€)610°0 (¢)8zs "0 85
6°1 ()Lso o (9yest-0- (9)9is-o (7)750°0 (e)eztto-  {£)¥ss-0 ots)
$¢ (z)yist0  (¥)BS0°0- {(V)S6070 €LT D €50 °0- €800 %0
G-°g (1)reo o0 (z)aseo-  (Z)P1-0 (7)690°0 (cYecco- (e)e?1°0 "o
g'¢  {(n)zvr-o (z)9z'o (2W70°0- (7)2%1°0 (€)eszo (£)ozo-o- Y15
0°1 (¢)e90°'0  (s)we1°0  (9)tio-0- (7)s¥0 "0 (¢)ect-0  (£)910°0- 5
01 ()00  (s)p7o°0- (L)9S0°0 (7)e6070  (£)Loo-o- (€)sL0°0 e
0°T (z)szo 0  (9)o¥1°0- (S)TLO°O (zyoro-o  {(e)wr-o- (£)9Lo°0 'y
a z A x 7 4 x
JUSUIBULIAI ADITY JUSWIULIR I 3I10]2¢g

‘1 an81J Ul s® pPiaqunu S8.r SUWIOlE IYL WoE

usf &xo ayy 107 perrodor oIem SUOTITIAOD pIepuels JO 10}de] einjeradwa) ON 01

Aq poIdniTniu UDDQ 2ABY SUOTIRIADP pLEPUL}S Y] SUWOle SULIOTYD PUE UOGIEd Ol

101 IomTep pue Sulpaefl Aq pasn sem ¢ IO F(0 G JO SN2A Y .A.N Yo m.E.m g-)dxe

= I wWIoj oy} ur passaidxs 91r sI0)de) simriadurol >1doajost o] IUOWIULISI
19j3e pue @1032q Xo(dUIOD 2USZULTAYIAUIBXSY- [TURIOTYD 2Y} IO} saoteweded Dpuoly ‘1 219B.L



51

880G "€~ uidraQ
71
¥10°0 D
6700~ I D
01
£720°0- D
mv 2
870 0~ 8 6200 % T
€H0 0 8, L7270 s
N. B
€100~ o) 19670 wt
000 "0 uIdTIQ
9
620°0 0
G
600°0 10
P
100 °0- 0
m 2
610°0- D 990°0 % WX
rd . q
050 "0~ 0 0L? 0 ads
I =
Y L80°0- o) 1960 wr
uorperas g w o1y SOUIS0D UOTID0IT(T

JUDWBUTFDL 12TV

+3uoTIe[noTED 89 aenbs-15ea S UL PIPNIOUT JOU SEM
utdrao oyl -,.2 ‘g ‘e saxe TeuodomIo eyl 03 10edsox Y1im saueld 350q 9] O} STRULIOU
.uﬂmgmpmwvh ..-.m.u.u.m pue mw.HOMUn—

*
27} JO SOUISOD UAOTIDSIIP 2Yi oI® W §9NTeA OYL

xa7dWiod oUIZUDQTAYIoWIRXAY- [TURIOTYD OY) JO so[nostows 2yl ysnoays sauefd 1so g

0cg "¢~
671 °0-
€60°0
1170
600 "0~
¥¥0°0
1%70°0

0000
§20 0
$90°0
160°0
£€0°0-
8170~
YV ¥60°0-

UOTIBTAS(]

ui3tap
71

Tt
01
6

(OIS

0o v L o

woly

o)
€L070 x W
€¥7T0 Yo
®
L96°0 w
2
090°0 4
q
89770 w
e
L9670 wl

S2UIS0D UOTIISITJ

JUsWIaduULI=sd 2 i0ja g

A CLAS



52

The bonc distances and angles before and after refinement
were calculated and the results are shown in figure 1. These molec-
ular dimensions show no significant deviations from the exvected
values, the extremc valuc 1.71 !u\, calculated for a pair of C—GII3
bonds, being only two standard deviations from the normal distance
of 1.54 A. The intermolecular distances after refinement are shown
on the packing diagram in figure 2. The closest approaches, 3.32 A,
are oetween oxygen and chlorine atoms of chloranil molecules in
adjacent stacks.

On the basis of this refinement it appears that the experimertal
‘data of Harding and Wallwork are compatible with planar molecules
having normal dimensions anc it is not necessary to postulate, as
they have done, a zigzag arrangement of volarization bonds to explain
this structure. This refinement was recently published (5); in reply

Wallwork and Harding wrote:

The refinement of the crystal structure of the
chloranil -hexamethylbenzene complex by Jones and
Marsh (ref. 5, this thesis) confirms the suggestion
already made (ref. 4, this thesis) that the molecular
distortions originally reported (ref. 1, this thesis)
arc probably not sigrificant. They worc mistakenly
interpreted as being significant in the original work
because the standard deviations of atomic positions
were incorrectly calculated. In spite of the improve-

ment in R and molecular planarity brought about by
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the recent r_eﬁnement it is cleér that the present
X -ray data are not sufficient to establish accurate
atomic positions. New and more extensive data
are now being obtained at about -100° C, and these

will be used in a further refinement of the structure.
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1L, ‘i'wo Phenazine Derivatives from Pseudomonas Aurecfaciens.

1. Introduction
Recent investigations by Haynes and coworkers (1),
Kluyver {2), Olson (3) and the author have led to the isolation and
identification of two phenazine derivatives from cultures of the soil

bacterium Pseudomonas aureofaciens. The major constitient of

extracts of this bacterium is a golden colored (hence the name aureo-

faciens) compound, Cl3HSOZN2’ which has been shown to be 1-

phenazinecarboxylic acid (I).

O O O O
s .
E?I/ ~~ C/ I'.I - \C/,'? g
N\ N\ o
- ~
N N
1 II

One of several minor constituents is an orange compound,
CI3H803N2, which was only very recenlly shown by Olson Lo be 2~
hydroxy -1-phenazinecarboxylic acid (II). The structure of II was

concurrently and independently determined by the author using X-ray

diffraction techniques.
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2-Hydroxy -1-phenazinecarboxylic acid, although crange when
crystalline, forms a blood-red sclution in weak base. Olson has
found that the red color does not begin to appear until nearly two
equivalents of basc have been added to the yellow neutral solution of
1T in 2: 1 dioxane-water. Itis probable, therefore, that the highly
colored species is not the carboxylate anion dut rather the keto di-

anion (I1I). This is confirmed by the fact that l-phenazinecarvoxylic

0. © 0

-

o
N

—
N
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acid {I) remains light ycllow in base while 2-hydroxyphenazine
changes from light yellow to dark red-orange (4). In neutral solution
and in the solid, II probably exists in the enol form.

In the purification of the orange pigment (I1}) Olson experienced
some difficulty separating it from the l-pheunazinecarboxylic acid (I)
which is present in the crude extracts. Chromatography was of no
use; however, he was able eventually to separate the two components
by repeated extraction of the solid mixture with 10% sodium hydroxide
solution. The yellow l-phenazinecarboxylate anion is apparently

much less socluble in base than the red kete dianion of II.
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The structure of II was determined by Olsor from ultraviolet

and infrared spectra and from the synthesis outlined below.
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3-Chloro-2-methyl-2'-nitrodiphenylamine (VI) was prepared by
heating a mixture of o-chlorgnitrobenzene (IV), 3 -ckloro~-methyl -
aniline ( V) and sodium acetate. The product was reduced with
ferrous oxalate to give l-methyl-2-chtorophenazine (VII) which was
oxidized with hydrogen peroxide to give an N-oxide, presumably
l-methyl-2-chiorophenazine -5-oxide (VIII). The oxide was then
refluxed with potassium hydroxide in methanol to give l1-methyl-2-
methoxyphenazine -5 -oxide (IX), which was then reduced with lithium
aluminum hydride to 1-methyl-2-methoxyphenazine (X). The latter
was found to be identical in all respects with the product formed
from the methylation of II with diazomethane, followed by reduction
with lithium aluminum hydride. Thus II is showu uneguivocally o
be Z2-hydroxy-1-phenazinecarboxylic acid.

At the time that the author's investigation of 11 was begun,
its molecular structurc had tentatively been idenrtified as c-hydroxy -
l1-phenazinecarboxaldehyde-10-oxide (XI), which has the same
empirical formula as 1I. This crroneous identification was corrected

by Olson shortly before the crystal structure was solved by the author.

H o]
o ~oF Ty
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In the course of this investigation the crystal'st-ructure of l-phen-
azinecarboxylic acid was also determined, albeit unintentionally.
The two-dimensional structure of the latter is reported here because
it provided experience which was useful in the more difficult deter-

mination of the crystal structure of II.

Z. Determination and refinement of the structures.
i. Preliminary crystallographic measurements.
About 5 mg. of an orange compound purperted to be
a fairly pure samplie of an undetermined phenazine pigment,
013H803N2’ was obtained from E. S, Olson. The sample was dis-
solved in a small volume of warm acetic anhydride in an Erlenmeyer
flask and was set aside to crystallize. The first crystals appearcd
at the surface of the solution in the form of elongated orange plates;
however, as the solution evaporated further, clusters of slernder
orange needles began to appcar ot the bottom of the flask. The
crystals were collected on a micro-Buchner funnel and were washed
with a small volume of fresh acetic anhydride followed by a few drops
of ether.
A cursory microscopic examination of the two types of

crystals suggested they migh: be different habits of the same crystal
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structurc. Ir order to determine if this was the casc goniometric
measurements were taken from a crystal of cach habit. One of the
plates with several gooc faces was mounted with its elongated direc-
fion parallel to the optical goniometer rotation axis. Figure 1 shows
a typical cross section of one of the plates with the faces indexed:
the goniometric measurements are listed in table 1. One of the
needle-like crystals was then mounted with the needle axis parallel
to the goniometer rotation axis. The faces on the needle were rnot as
well defined as those on the plates; therefore, the measurements
listed in table 2 are only approximate. Figure 2 shows a typical
~ cross section of one of the needles with the faces indexed and the
positions of the crystallographic axes indicated. The goniometric
measurements taken on the plate and the needle clearly show that
they were not simply two different habits of the same crystal structure.
The first X-ray diffraction pattern observed from these

ok
crystals was a 20° oscillation photegraph taken from one of the

* Actually, as will be shown later, the two crystal forms are
different compounds. The neecles are l-phenazinecarboxylic acid (I)
and the plates are 2-hydroxy -1 phenazinecarboxylic acid (II}. The
orange color of the former was misleading since in pure form I is
bright yellow. That the crystals of I were contaminated with II may
be seen from the fact that both gave red solutions in base, whereas
pure I gives no such color test. Nor could the two compounds have
been distinguished from their melting points. Both began to decompose
{presumably decarboxylation) near 200°; the remainder of { melted at
225.5-230° (lit. (4) m. ». 239°) while II melted at 222-223.5° (lit. (3)
m. p. 225-266°).

dedge
Unless otherwise noted, copper K {nickel filtercd) radiation

excited at 45 kv. and 15 ma. was used for a1l photographs.



Figure l.

Table 1.

Longitude
61° 37!
134° 38
241° 38'

314° 37!

63

100

o]e]!
\G

Typical cross section of a plate {2-hydroxy-1-
phenazinecarboxylic acid) crystallized from acetic
anhydride. The faces are indexed and the positions
of the crysmllographic axes are indicated.

Goniometric measurements taken on a crystal of
the type shown in figure 1.

Latitude Index
0° 02 001

359° 56 100
0° o00' 001

0° 08! 100



Figure 2.

Table 2.

Longitude
356° 01’
76° 21!
175° 49

256° 10!

64

Typical cross section of a needle (1—phenazine~
carboxylic acid) crystallized from acetic anhydridé.
The faces are indexed and the positions of the
crystallographic axes are indicated.

Goniometric measurements taken on a cryetal of
the type shown in figure 2.

Latitude Index

0° 09' 110
0° 01'° 110
359° 57° 110

0° 03! 110



65

plates rotated parallel to its elongated direction (b axis). Measure-
ments from this photograph gave a value of 5. 89 A for b. Using

the equi-inclination Weissenberg technique a set of layer-line photo-
graphs, hOf to h3f inclusive, was obtained. From the h0f photograph
the values a = 21.6 A, ¢ = B.38 A and B = 107° were measured. The
positions of the a and ¢ axes on the film were chosen such as to

make these axes normal to the crystal faces (sec figure 1). More

precise unit cell parameters were later determined for this com-

pound (Z-hydroxy-l-phenazinecarboxylic acid); thesc have the values

i

21.777 + 0.002 &, B =107.02 + 0.02°,
5.896 + 0.001 A,
8.416 + 0.001 4.

0
il

These lattice constants were obtained from Straumanis-type, zero-
layer Weissenberg photographs taker at room temperature using
crystals mounted about the b and ¢ axes. An optical comparator

was used to measure the relative positions of 2 total of 129 reflections
from the h0f and hk0 photographs; the Bragg angle was then calculated
for each reflection. The lattice parameters were calculated using

the Burroughs 220 computer program written by the author (see
Appencix, partI}. The estimated uncertainties in the lattice param-
eters are about ten times the calculated standard deviations. The
corrections for absorption and eccentricity were found to be negligible.

The density of one of the plates was determined to be about
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1.53 g. cm. -3 by flotation in a mixture of chloroform and carbon
tetrachloride. Assuming four molecules in the unit cell the calculated
deﬁsity for C.13H803N2 (m. w. 240.2) is 1.54 g. cm. -3

The systematic extinctions from the b axis photographs and
from an hkO0 precession photograph taken with unfiltered molybdenum
radiation gave the following conditions limiting possible reflections:
hk#, no con_diti_ons; hOf, h = 2n and 0k0, k = 2n. The crystals,
therefure, probably belong to the centrosymmetric, monoclinic
space group CZh- Plea. Because the molecules have no center
of symmetry, they must lie in general symmetry positions in the
unit cell.

Another 20° oscillation photograph was taken, this time from
one of the needles with its axis aligned parallel to the rotation axis
of the camera. Measurements taken from this film gave a value of
3.87 A for the c axis. This same crystal was used to collect the
set of photographs hkO to hk3 inclusive by the equi-inclination
Weissenberg technigue . The hkO film éave the measured values
l/a* =18.2 A andb =14.3 A. Anh0g photograph was then taken
with unfiltered molybdenum radiation using the precession technique.
Measurements from this film gave a p —qngle of 99.5°. The a axial
length then becomes 18.5 A. More precise lattice constants were
determined later; these have the values l/a* = 18.222 1 0. 002 & and

b = 14.338 + 0.002 A. These values were obtained by the method
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outlined above from 172 reflections on an hk0 Straumanis-type,
Weissenberg photograph. The author has been unable to mount one
of these needles to obtain precision data around another axis.

The density ol one of the needles was delermined by flolatioa

in a mixture of carbon tetrachloride and ckloroform to be about 1. 54

-3 . .. . .
g. cm. Assuming four molecules in the unit cell and the empirical

-3 %
formula CI3H803NZ.’ the calculated density is 1.57 g. cm.

The systematic extinctions observed on the photographs taken
with the needle-like crystal were the same as those observed for the

plate, hence the space group C_ - P&lla. may be assigned.

5
Zh
Because the crystals of the two habits were the same color,
had nearly the same densities andc unit cell volumes, crystallized
in the same space group, had similar melting points and gave the
same color test, the author came to the conclusion at this point that
they were polymorphic forms of the same compound. Polymorphism
is not an uncommon occurrence in crystals of organic compounds,
The infrared spectra of these two crystal forms would have shown

instead that they were different compounds, but at this stage of the

investigation there was not sufficient sample available to obtain spectra.

*Since the neecles have been shown to he l-phenazinecarbaxylic
acid (I), the correct empirical formula is C13Hg0O2N2 (m. w. 224.21}.
The correct calculated density is 1.47 g. cm. -3 The density of one of
the needles has been subsequently redetermined and the value 1.51 g.
cm. -3 was obtained. The discrepancy between the cbserved and cal-
culated densities is probably due to the fact that the needles were quite
small, making it difficult to tell when they were suspended.



68

ii. The two-dimensional structure of l-phenazine-
carboxylic acid.

Because of their short axis (3.87 A) and more
favorable morpholegy, it was decided to determine the structure of
the needle-like crystals. The same crystel from which the unit cell
parameters were obtained was used to collect the hkO0 intensity data.
Three separate packs of three films each were taken, the exposure
times being 2, 16, and 50 hours. A graduated intensity scale was
also prepared from this same crystal.

The intensities from the hk0 photographs were estimated
_visually by comparing them to the intensity scale with the aid of a
large magnifying glass. An average fiim factor was used to scale
the readings from the several photographs. Lorentz and polarization
corrections were then applied to the data using he Burroughs 220
computer program written by Hybl (ref. 14, part I).

The most obvious features of an hk0 photograph from this
crystal were the regions of intense reflect’ons surrounded by arcas
of relatively weak reflections. In order to visualize more readily the
intensity distribution, a weighted hk0 reciprocal lattice net was con-
structed. This net, shown in figure 3, was plotted from the corrected
intensities, the radius of each spot being proportional tolF‘! and the
area to [Fla. The plot clearly shows the Fourier transform of a

six-membered ring lying nearly flat in the unif cell with one of the
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Figure 3.

Weighted hk0 reciprocal lattice net (1eft) for 1-phenazinecarboxylic acid compared
to the optical transform (enlarged approximately 40X) of the molecule. The
drawing of the mask (actual size) from which the transform was obtained indicates
the orientation of the molecule.
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2.8 A interatomic vectors roughly parallel to the b* reciprocal
lattice vector. That the hk0 photographs would skow this pattern
was quite expected, since the 3.87 A axis of the unit cell confines
‘the molecules to lie nearly flatin a plane normal to T001]. The
weighted reciprocal lattice does not, however, indicate a unique
orientation for the phenazine ring system: In theory the patches of
kigh intensity on the weighted reciprocal lattice net should appear to
be elongated in the direction normal to the line joining the ring
centers, due to the increased resoclution of the transform parallel to
the linc of centers. However, because of the mm symmetry of the

~ hkO reciprocal lattice net, it is impossible to determine the direction
of elongation of the regions of high intensity. There were, then,
threce possible orientations for the rings, each at an angle of 120°

from the other two, as shown below. However, orientations 2 ard 3

A

1 2 3

are equivalent because of the pgg symmetry of the hk0 projection of

the unit cell.
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Later. after the structure had been determined, the aptical
diffraction pattern of the molecule was photographed for comparison
with the weighted reciprocal lattice net. Both the optical transform
and the mask from which it was obtained are shown in figure 3. The
optical transform was prepared using an apparatus similar Lo that
of Taylor, Hinde and Lipson (5). The mask was constructed from
stiff cardboard on a scale of 0.13'" = 1 &, the holes being 5/64'" in
diameter for all atoms (6). The apparent elongation of the maxima
normal to the line of ring centers of the molecule may be clearly scen
in this optical transform.

In order to choose between the two possible orientations of
the phenazine ring system and to determine the position of the molecule
in the asymrpetric unit, the (001) Pallerson vecior map was exain-
ined. For simplicity, only the rings were considered, especially since
the pesitions of the substituents were unknown. Also, all of the ring
atoms were considered to be equivalent. In this projection, the
molecules lieat x, yv; x, y;5 t%, B -yand % -x, ¥ +y. The
asymmetric unit of the Patterson projection will, therefore, contain
the peaks of the intermolecular vector sets centered at (2x, 2y),

(3 - 2%, ¥)and &, ¥ - 2y). These arrays of peaks may overlap, of
course, It was useful for the interpretation of the vector map to
introduce the further simplification that the atoms of each ring may

be represented by a single "atom' at the center of the ring. That
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this approximation is valid may be seen from an examination of the

set of vectors between two six-membered rings, as shown below.

The relative positior of the two rings is irmmaterial as long as they
~ have the same orientation. There are 36 vectors in this set, six of
which are superimposed on the veclor jolning the centers of the two
rings. Since all of the other peaks of the set are small compared
to this peak, the set of 36 vectors may be approximated by the single
vector joining the centers. In a similar manner, the set of 196
intermolecular vectors between the atoms of two phenazine ring
systems. where each of the individual six-membered rings has the
same orientation, may be approximated by the set of 9 vectors
joining the ring centers.

Figure 4 shows both of the possible orientations of the phen-
azire nucleus with respec: to the glide line which is parallel to the
b axis in the hk0 projection. The intermolecular vector array, P,

which is shown for each orientation is independent of the distance of
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Figure 4. The Patterson intermolecular vector array for two

molecules related by a glide line parallel to the b axis,
shown for each of the two possible orientations of the
phenazine ring system.
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the molecule from the g glide. When the ring system lies normal to

g, the nine intermolecular vectors form five peaks in a straight line
aty =%. The peaks, which are separated by 2.4 ng, have the relative
magnitudes l: &: 3: 4: 1. In the other oricntation, the intermolecular
vectors form a diamond-shaped array of 9 peaks of approximately
equal magnitude. Each of the peaks is separated from the closest
neighboring peaks by 2.4 A and the center line of the array is at

y = 5. For two phenazine nucleii related by & glide line parallel to
the a axis, the vector peak arrays will be the same as above, except
<hat they will be centered atx = % .

The (001) Patterson projection, shown in figure 5, was cal-
culated from the expression given earlier (see equation 2, PartI)
using the Burroughs 220 computer Fourier program written by Hoog-
steen. The summations were carried out at intervals of 0.01 a and
0.0l b. The map was no: sharpened because the only program avail -
able (Duchamp (7)) to do this calculation on the 220 computer uses
a modification function which deemphasizes the intermolecular
vectors. The problem was to find on this map one of the two vector
arrays shown in figure 4. Several fits were obtained but were rejected
because of packing considerations. At this point it was observed that
if the phenazine nucleus was oriented paraliel to the a axis, F(020)
would calculate much larger than observed. From this evidence,

the orientation shown at the top of figure 4 was dismissed from
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further consideration. This considerably simplified the problem
and a reasonable fit, shown by the shaded circles in figure 5, was
quickly located.

The atomic coordinates for the ring atoms were derived from
the vectors which haé been teniatively identified and a structure factor
calculation was run using the program written for the monoclinic
space groups by Marsh (see Part1, p. 17). The isotropic temper-
ature factor was taken 0 be 3.0 A 2 for all atoms. Although
factor was quite high {over 0.55), the agreement between the observed
and calculated structure factors was generally good. An electron
density projection onto (001) was then calculated from 49 of the phased
hk0 structure factors using the Hoogsteen program with the sams
summation intervals as before. This map clearly showed the positions
of the 14 ring atoms and alsc contained, adjacent to Cl, a group of
three large, but poorly resolved, peaks which looked very much like
a carboxyl group.* The only other positive regions on the map were
two small peaksa, either of which might possibly have been a hydroxyl
group.

At this time the author was still under the mistaken impression

that the needle-like crystals being investigated were the unknown

About this time Olson showed that the unknown pigment was
rot 2-hydr oxy—l-phenaz.inecarboxaldchyde—lO—oxide (X} as was
originally believed, but rather contained a hydroxyl and a carboxyl
group.
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phenazine pigment, CISHBOsNa. Because of this, numerous attempts
were made to refine the struciure by the least-squares technique,
including in the calculations the carboxyl group and an oxygen atom
at onc or the other of the positions indicated by the Fourier map.
After every few cvcles of least-squares a new electron density map
was calculated. Although the ring and carboxyl atoms were better
resolved on each successive map, both of the other peaks remained
relatively small. It soon became clear that there was no hydroxyl
group in this molacule.

The first structure factor calculation run after the hydroxyl
group was removed from the trial model gave a value for R of 0.27.
Several cycles of least-squares refinement, where the weights were
taken inversely proportional to the form factor of carbon and the
individual isotropic temperature factors were allowed to shift,
brought R down to 0.20. The weighting function was changea at this

point to the llFo scheme (see cquation 8, PartI}). After three

bs

more cycles of least-squares, R was 0.15. The weighting function

>
was then changed to the 1/F scheme (see equation 9, PartlI) and
o

bs
anisoiropic temperature factors were included for the heavy atoms.
The hydrogen atoms, whose coordinates were determined assuming

o .
C-H and O-H distances of 1.0 A, were also included in the calculations

with isotropic temperature parameters equal to those for the heavy

atoms to which they are attached. After six more least-squares
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refinement cycles, during which the hvdrogen atom positions were
readjusted manually, all the parameter shifts were less than one-third
of their standard deviations. The refinement in two-dimensions was
considered complete at this point with R = 0.094. A :otal of 325
reflections were included in the final structure factor calculation,
of which 197 cortributed to the least-squares sums. Because of the
large temperature motion of the molecule many "'less than'' reflections
had been recorded; however, only four of these calculated larger
than the threshold value. Table 3 lists the final heavy atom param-
eters and their standard deviations and table 4 gives the assumed
hydrogen atom parameters. The stardard deviations for the hcavy
atom parameters were obtained from the diagonal terms of the inversc
matrix. The final obzerved and calculated hkD structure factors are
iisted in table 5.

The observed structure factors and their calculated signs
were used in the Hoogsteen program to obtain the final (001) electron
density map shown in figure 6. A difference Fourier map projecied
onto {001) was also calculated and is shown in figure 7. As will be

discussed later, O, , of the carboxyl group is clearly hydrogen bondec

16
toN_ .
13

iii. Thec two-dimensional structure of 2Z-hydraoxy-1-
phenazinecarboxylic acid.

The h0f intensity data from one of the plate-iike

crystals were recorded photographically using the multiple-film
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Final heavy atorm parameters and their standard deviations
tor l-phenazinecarboxylic acid in the (00]) projection.

The temperature factors are expressed in the form
T = exp(-Bl
bered as in gigure 6. All

ey

2215(15)
2125(17)
1482(14)
927(13)
992(12)
442(11)
511(15)
- 77(16)
1{18)
£48(19)
1212(15)
1155(13)
1717(10)
1629(13)
2905(15)
2973(10)
3350(10)

2 2 _ . . _
h BZZ k Blz.hk) The atoms are num

b

900(20)
- 50(23)
-516(16)
- 86(15)

883(17)
1300(13)
2220{18)
2701(19)
3626(20)
4108(20)
3691(19)
2720(16)
2297(13)
1388(17)
1361{24)
2273(14)

936(15)

B
11

38{10)
49(13)
41({10)
36(9)
30(8)
34{ 8}
41(11)
40(10)
56(14)
61(16)
40(10)
32{9)
30(7)
34(10)
36(11)
40(8)
43(8)

B
22

8(21)
8(25
42(13}
37(13)
42(13)
47(12)
58(18)
58(17)
59(19)
66(19)
53(16)
36(13)
40(11)
48(15)
99(25)
78(14)
98(17)

-]

oc
et

values have been multiplied by 10%.

BIZ

9(22)
6(26)
18(17)
1{ 15}
11(15)
- 6(14)
3(20}
19{19)
33(24)
10(26)
-14{18)
4{ 15)
6(13)
0{18)
32(24)
-21(15)
30(17)
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Table 4. Assumed hydrogen atom parameters for l-phenazine-
carboxylic acid. The temperature factors are expressed
in the form T = cxp{-B 2in%8 /1 2¢). The atoms are
numbered as in figure 7.

x y B
HIS(CZ) 0.259 -0.042 6.2
ng(c3) 0. 144 -0.120 5.8
HZO(C4) 0.048 -0.046 5.6
HZI(CS) -0.057 0.230 5.0
Hza(cg) -0.046 0.398 5.8
H23(C10) 0.071 0.478 6.1
H24{c11) 0.170 0.403 5.2
I—I25(016) 0.248 0.228 5.9
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Observed and calculated hkO sirtucture factors for

l-phenazinecarboxylic acid.
group contain the values of h, lOiF b | and 10F
obha

The three columns in each

calc’

Reflections indicated by an asterisk were omitted from
the least-squares calculations due to extinction effects.
"Less than'' reflections were included in the least-

squares sums only if they calculated larger than the

threshold value.

T R R

434
163
100
“
29
30
123

)
]
"
n

AAAAN

H
iy

113

181
a2
[
118
114
194

< "
116

<2
aa
<N
< n
E]
(1]

1%

£
<8

¥96

A
]

AR T Y
E
=

467
=177
2

- 4%

-111

153
L1}

"
=10
EL )
- 67

194
- T8

17T
£l
10

-

~BT8
Ry

15}
-%
-8

®acm e

1
1z
n
14
16
18
17
18
1%

2

[ I

10
11
13

14
1%
18

13
19
Hil

Bwomaoeeans

-

AN
w
1

AAAANA
=4

A

A
tofgenueny B

=10
n

- 62
-7

n
323
- 40
64

EL
- 57
- 88
-3

112
54
- b6

- 45
0
L1

- 58

- 12
45

- 20

%
- 10

-7

R ]

AAAN

< 3

< 37
< 38

3
< 3%
<%
< 21

Bl 0

<30
< 30
< 3
43
<3N
< n
59
56
30a

28
<n

=75

2%
-3
-
-
- 60
-5
4
-5

- 18

-0

-1

13

L A )

1z
"
4

LI

Somuneawn~oc

A

AANA

ALAAAAAAAR AANAANNAA AN

A

AAAAANAN

152
-m

- 4
-1

- 27

... ‘
BERZma@d

P
Shwa



82

Figure 6. Final {(001) electron density map of l-phenazine-
carboxylic acid. The contours are drawn at

2,3, 4, ... e. A2,
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Ha ™ | N7 N e

—

Hzo

» Hio

Figure 7. The (001) difference Fourier map for l-phenazine-
carboxylic acid, showing the hydrogen bond (dotted
line) between O]¢ and Nj3. The contours are drawn
at 0.3, 0.5, and 0.7 e. A-2.
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Weissenberg technique. The intensities of the reflections were
estimated visually by comparison with a graduatea intensity scale
prepared from the same crystal. The readings from the several
Photographes were then scaled together using a film factor which wae
the average of the individual film factors. Lorentz and polarization
corrections were applied to the data using the Hybl program for the
Burroughs 220 computer.

As was the case with l-phenazinccarboxylic acid, the photo-
graphs from the hydroxy derivative showed patches of intense reflec-
tions surrounded by areas of relatively weak reflections. The
- weighted h0f reciprocal lattice net, which was plotted from the cor-
rected intensity data with the radius of each spot being proportional
to |F! and the area to XF\Z, is shown in figure 8. Because the
length of the b axis is about 5.9 A, it was expected that the planes of
the molecules in the unit cell would rot be parallel to (010) but rather
woulc be inclined somewhat. In projection, then, certzain of the bond
lengths would appear to be shortened and the rings would lose their
hexagonal symmetry. The regions of intense reflections on the
weighted hOf reciprocal lattice net woula, therefore, be expected to
appear at higher values of sin€ than they would if the molecuale lay
paraliel to (010}). With this in mind, an examination of the weighted
h0f reciprocal lattice net indicated a possible shape and orientation

for the six-membered rings of the phenazine system. Beczause the
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hOf net contains no symmetry other than a center, it was possible to
observe the apparent elongation, roughly normal to a*, of the intense
regions. This would indicate that the molecules Lic in the unit cell
with the ring center-riug cenler vectors approuximately parallel to a.*,
as had been surmised earlier from the shape and symmetry of the
unit cell and from the exceptionally strong 002 reflection.

Later, after the structure of this compound had been deter-
mined, the optical diffraction pattern of the molecule was photographed
by the technique described previously. Itis shown for comparison
in figure 8, along with a drawing of the mask from which the pattern
‘was obtained.

In order to further confirm the shape and orientation of the
individual rings in the phenazine nucleus, and in the hope of locating
the positior of the molecule in the asymmetric unit, two (010) Patterson
projections were calculated, the second of which had the origin peak
removed ard was sharpened. The Patterson expression in the hO4

projection ig

2 oo oo 2 - ‘z '
P(UOW) = = {gh‘%i[(lf‘(ho.e)l + |F(ho) (%) cos2mhU coszmtW
(1)

- (lF(hOE)lz— |F(R02) |9sin2nhU sin2miW]} .
\

The vector maps were both calculated from equation 1 in intervals

of 0.0la and 0.02c using the Burroughs 220 computer nrogram written
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2
by Hoogsteen. The sharpened tFO 's for the second map,

bs1

shown in figure 9, were calculated using the computer program

written by Duchamp (7). The latter program cvaluates the expression

Z 2
B = MK[F __ ]

a 2 2
- f -Z2B sin 8/’ :
- : ni s exp( sin 8/x )] (2)

obsl
5

where M is a modification function of the form

2 sink 4

M = ( Y ) exp(-4.4 sin.zel?\ 2) : (3)

which is taken from Waser and Schomaker (8). This modification
function emphasizes the intramolecular vectors {(about 1.5 A ) while
giving lower weight to the longer intermolecular vectors. The
overall scale factor, k, and the overall isotropic temperature factor,
B, were determined by the techrique of Wilson (9). The two vector
maps were quite similar, except that the peaks around the origin of
the sharpened map were clearly distinguishable. Peaks in the sharp-
ened Patterson map representing vectors between atoms in the same
ring are shown shaded in figure 9 and the bond vectors arc incdicated
by dotted lines. The shape and orientation of the six-membered
rings of the phenazine nucleus, as derived from this map, were found
to agree closely with those obtained from the weighted h0f reciprocal
lattice net.

The next problem was to find the location of the molecule in

the asymmetric unit. Because of the prescnce of the glide plane in
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the space group PZl/a., one may choose anapparentunit cell ir. the
hO0f projection which is halved along a. This cell contains two
molecules and has the symmetry p2, requiring that the phenazine
nucleii of the two molecules be parallel. As is seen in figure 4,
the set of intermolecular vectors between iwo parallel phenazine
ring systems may be approximated by a set of five peaks in a straight
line with relative weights approximately in the ratios 1: 2:3:2: 1.
If the two molecules in the apparent unit cell are cenlered at (x, y)
and (1-x, 1-y), the vector array will be centered at {1 - 2x, 1 - 2y).
From packing considerations it was clear that the row of peaks
- roughly parallel to a* at the top of figure 9 contained the vectors
being sought. However, the beights of these peaks were not in the
* :
expected ratios and atleast two locations, and possibiy a third,
seemed plausible.

Since the shape and orientation of the phenazine nucleus were
known, it was decided to attempt to determine its positiorn in the
asymmetric unit simply by moving it in small increments over the
region of possible locations, performing a structure factor calculation
at each point. In order to carry out this calcuiation, a molecular
search routine was writien by the author to generate the atomic
coordinates for the monocliric structure factor program. A new set

of coordinates for the 14 atoms in the phenazine nucleus was calculated

The approximation of the phenazine nucleus being represented
by three '"atoms' at the centers of ‘he rings begins to break down as
more substituents are added.
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at each point of a 15 x 10 grid, the grid points being separated by
0.01a and 0.02¢, respectively. The origin of the grid was taken at
x =0.18 and z = 0.16. Approximately 60 hQf structure factors were
calculated at cach point, but only the valuec of R (sece equation 7, Paxrt I)
was printed for each calculation. The lowest value of R (0.66) was
calculated when the phenazine nucleus was centered at the point
x =0.26andy = 0.26. This location was very close to one of the
three derived carlier from the (010} vector map. The calculation
was then run again with the phenazine ring system centered at this
point, this time printing the observed and czlculated structure faciors.

An (010) electron density map was calculated from about 30
of the phased structure factors, using the Hovgsieen comnpuler pro-
gram. The summations were carried out in intervals of 0.0la anc
0.02c. This map showec all the ring atoms, albeit poorly resolved,
and three peaks which appeared to be & carboxyl group on the o
position of the phenazine nucleus. There were several other smaller
peaks on the map, any one of which might have been a hydroxyl

H

oxygen atom.

At this point a large number of structure factor calculations
and least-squares refinement cycles were run on several of the
possible structures derived from the h0f electron density map. The

observations in each case were weighted inversely proportional to the

Althougk the correct structure of this compound had been
recently shown by Olson to be 2-hydroxy-1-phenazinecarboxylic acid,
this evidence was purposely ignored in order to show that the structure
could be solved withou: the aid of prior chemical knowledge.
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form factor of carbon and an isotropic temperature factor of 3.5 for
B, as derived from the Wilson plot, was used for all atoms. After
structure factors were calculated for each new structure, another
(010) electron density map was calculated. Although one of the first
structures tried was essentiaily correct, this was not immediately
recognized because the agreement between the observed and calculated
structure factors was not as good as was expected (R = 0.53}). How-
ever, the other structures gave even poorer agreement and the author
soon returned to the correct structure. The least-scuares refinement
of this structure progressed very slowly, possibly because of the poor
"resolution of the atoms in the (010) projection. Afier about z dozen
least-squares cycles, R had dropped only to 0.37. Another (010)
electron density map calculated at this peoint indicated that the molecule
should be shifted slightly toward the origin, approximately paraillel

to a*. This improved the calculations somewhat but another dozen
least-squares cycles, during which the isotropic temperature param-
eters were allowed to shift, were required to bring R down to 0. 26.
The welghting scheme was then changed to the llF‘Obs function (see
equation 8, Part I) and, after five more cycles, R was 0.18. Aniso-
troplc temperature factors were introducecd for all the atoms and Lhe
weighting scheme was changed to the ”Fibs function {see equation 9,

PartI). Seven more least-squares cycles dropped R to 0.145. At
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this point the shifts were all very small and the refinement in the
h0f projection was considered complete. A total of 216 reflections
were includec in the final h0f structure factor calculation, of which
172 contributed to the leasi-squares sums. Of the latter, 17 were
"less than'' reflections which calculated larger than the threshold
value.

The observed h0f structure factors with their calculated
signs were used in a final (010) electron density map, shown in
figure 10. As will be explained later, the origin has been shifted

by -0.25a in this drawing.

iv. The threc-dimensional structure of 2-hydroxy-1-

phenazinecarboxylic acid.

During the preliminary work on this structure
a purer sample {m. p. 223.5-225.5°; lit. (3} m. p. 225-266°) of
Z-hydroxy-1-phenazinecarboxylic acid was supplicd the author by
E. S. Olson. The red-orange powder was recrystallized slowly
from acetic anhydride to give a variety of shapes and sizes of the
plate-like crystal habit. It was relatively easy to selec: and mount
crystals for the b axis and ¢ axis intensity photographs.

The intensity data for reflections h0f to h5¢, inclusive,

and for reflections hkO to hk5, inclusive, were recorded photograph~

ically using the multiple -film Weissenberg technique. Two packs of
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three films each were exposed for each layer, the first for 6 to 16

- hours and the second for 48 to 120 hours. The long exposure times

\

Wwere necessary because the crystals were rather small. Since the
'Sp.ot shapes on the photographs from the lwo axes were similar, only
a single graduated intensity scale was prepared, this from the crystal
mounted to rotate about thé b axis.

The intensities of all the reﬂectioﬁs on these photographs
were estimated visually by comparing them to the gradualied intensily
scale with the aid of a magnifying glass. The measured intensities
were scaled within each layer using an average film factor calculated
for each set of photographs. Lorentz and polarization corrections
were applied to the intensity data using the program written by Hybl
for the Burroughs 220 computer. Layer scale factors were then
calculated using the least-squares scaling program written by
Deverill (see p. 12, Part]I).

In order to determine the y coordinates for the atoms, a set
of relative v coordinates was calculated from the refined x and =z
coordinates and from a table of expected bond lengths (ref. 22, Part Ij.
Another molecular search program was written to generate the atomic
coordinates as the model was moved in increments of 0.02b over the
region of possible locations. The magnitude of R was calculated :;;Lt
each point, using approximately 150 values of F(hkf) in the monoclinic
structure factor program. The lowest value of R (0.46) was calculated

when the phenazine nucleus was centered aty = 0.54. From packing
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considerations, this seemed to be a permissible location.

The first three-dimensional structure. factor calculatioﬁ,
‘using isotx.'opi'c.‘temperature factors from a previous two-dimensional
calcuiation, gave the disappointing value of 0.50 for R. Several
cycles of least-squares calculations were run, with the weights
taken inversely proportional to the form factor of carbon, but the
structure did not refine significantly. At this point it was noticed
that the agreement between the observed and calculated structure
factors was reasonably good for tﬁose reflections with h even but
was poor for those reflections with h odd. This suggested that the
origin had been taken at the wrong location in the h0f projection.
In this projection, the location of the origin is ambiguous, since it
is impossible to distinguish between centers of symmetry and screw
axes. Because hOf reflections are present only with h even in the
space group Plea, it was possible to refine the structure in pro-
jection with the origin taken at a screw axis rather than at a center
of symmetry. Aftcr 0.25 had been subtracted from all the x coourdin-
ates, the three-dimensional structure began to refine. Four least-
squares cycles dropped R to 0.26. The anisotropic temperature
parameters Bli’ 333 and B13 from the final h0g refinelment were
then included in the calculation for all the atoms. After three more
cycles R had dropped only to 0.24, the slow rate of convergence

probably being due to the block diagonal matrix approximation which
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is used in the Marsh program. Since it appeared that further refine-
ment using this program would be a slow process, the work was
discontinued at this poirt, to be resumed later when a full matrix
least-squares program becomes available. The partially refined
heavy atom paramecters and their standard deviations, which were
calculated by the least-squares program from the diagonal elerents
of the inverted matrices, are listed in table 6. The average uncer-
tainties in the positional parameters are 0.013 A for the carbon
atoms, 0.010 A for the nitrogen atoms and 0.009 & for ‘he oxygen
atoms.

The observed structure factors and their calculated signs
were used in the molecular plane Fourier program written by
Duchamp (ref. 31, PartI) to calculate the electron density in the
plane of the moleculc. The atoms in this map, which is shown in
figure 11, are surprisingly well resolved considering the level of

refinement; even some of the hydrogen atoms may be scen:

3. Discussion of the structure of l-phenazinecarboxylic
acid.
i. Bond lengths and intermolecular distances.
Although it is usually difficult to obtain meaningful
bord lengths and intermolecular distances from a structure solved

oniy in projection, one can at least determine the minimum values
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Partially refined heavy atom parameters and their standard
deviations for 2-hydroxy-1-phenazinecarbuxylic acid. The
temperature factors are expressed in the form
T =.exp(—B1}_hz - Baj 14 - B13 ht) and are taken from the

final h0f refinement.

The atoms are numbered as in

figure 11. All values have been multiplied by 104,

s
C, 930(5)
c, 1460(5)
C, 1367(6)
C, 764(6)
C, 216(5)
N, - 355(4)
C, - 858(5)
Cq -1468(7)
09 -1994(7)
Clo ~1916(7)
€ -1312(6)
G, - 783(6)
N, - 186(4)
Cl4 323(6)
Cis 1043(5)
O 576(4)
0, 1636(4)
O 2054{4)

y

4374(18)
5777(19)
7734(22)
8316(22)
6817(19)
7434(17)
6020(19)
6669(26)
5299(25)
3292(25)
2716(24)
4155(20)
3592(17)
4912(20)
2452(19)
1196(14)
2015(16)
5358(16)

Z

2427(13)
3204(13)
4117(14)
4233(14)
3408(13)
3566(11)
2795(13)
2986(17)
2202(17)
1317(16)
1184(18)
1897(13)
1769(12)
2513(13)
1449(12)

612(10)
1434(10)
3198(10)

Bll

20(3)
21(2)
32(3)
20(3)
22(3)
25(2)
24(3)
24(4)
62(7)
30(4)
20(3)
24(3)
19(2)
28(3)
18(2)
26(2)
23(2)
23(2)

B

33

121(18)
189(22)
186(24)
357(35)
270{28)
229(21)
208(25)
294(33)
360(42)
376(40)
239(27)
203(24)
197(19)
213(26)
161(20)
271(19)
351(23)
249(19)

B13
22(11)
68(13)
58(15)
56(17)
70(15)
28(12)
29(14)
- 3(17)
136(28)
76(21)
36(14)
54(15)
3(11)
76(16)
16(11)
40(11)
99(12)
47(11)
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of these parameters. The projected bord lengths, when compared to
the expected values, may allow one to estimate the angle of tilt of
the molecule , as has becn done for l-phenazinecarboxylic acid in
lhe (001) urojection. Table 7 lists the projected bond lengths, which
were calculated on the Burroughs 220 computer, using the program
written by the author (sce Appendix, partII). These bond distances
irdicate that the molecule is tilted 20-25° from the plane of the pro-
jection, about an axis roughly paraliel to a line c¢rawn trom N

15

through the middle of the C5“N6 bond.
The projected intermolecular distances less than 3.6 A are

listed in table 8. These were calculated using the Burroughs 220

computer program written by Barker (ref. 32, PartI}.

ii. Hydrogen bonding.

The absence of an O-H strelching (requency peak above
3000 ¢m. -1 in the infrared spectrum (in chloroform) of 1-phenazine-
carboxylic acid indicates that the molecule is intcrnally hydrogen
bonded in solutior. As may be seen from the (001) difference Fourier
map shown in figure 7, the compound is also intramolecularly
hydrogen honded in the crystalline state. It is interesting that the
molecule forms this type of bond rather than a hydrogen bonded dimer
as ¢o most carboxylic acids (10). Empirically, one might expect the

latter to be the preferred bonding scheme, since oxygen is more
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Table 7. Bond distances in the (001) projection of l-phcnazine-
carboxyliic acid.

Bond D(A) Bond D(A)
¢, -c, 1. 37 C,,-C,, 1.39
c,-C, 1.36 C,,-N, 1.20
CS-Cr—L 1. 20 N]‘3\—C14 1.31
C,-C, 1.39 c.,.-C, 1.30
G, - N, 1. 20 G, -G, 1.38
N, - C, 1.32 C, -C,, 1.40
C7-C8 1.29 C1 _015 1.44
'cg-cg 1.33 C-9, 1.31
Cy-C1p 1,38 Ci5 -0, 1.02
C. -C 1. 20 0., -N 2.32
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Table 8. Intermolecular distances less than 3.6 A in the (001)
- projection of l-phenazinecarboxylic acid. The atoms in
the first column belong to the reference molecule at
X, y. Symmetry related distances are not listed.

From To In molecule at D(A)
X, y 3.0
C4 N6 X, ¥ 8
. -8 + - .
Cy 0, 2+x,8-7 3.37
C9 .CIO x, 1 -y 3.46
C, C, %,y 3.46
C
10 | o, 2 -x, Bty 3.46
CIO ClO X, L -~y 3.51
’ 1
C, Ol F-x, -2+y 3.51
C o) 5 -x, Bty 3.56

11 17
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electronegative than nitrogen. It is possible that packing consider-
ations and the close proximity of le to 016 dictate the presence of

the intramolecular bond. In projection the N13- distance is

C
16
2.32 A (Lable 7), Lut, because of the tilt of the molecule a2nd becausc
016 may not lie exactly in the plane of the molecule, this distance
may be somewhat longer, perhaps 2.4-2.6 A. The 615-016-1_12.5

angle, as measured from figure 7, is probably not larger thkan 90°,

compared to the usual angle of 100-110°.

iii. Thermal ellipses.

The magnitudes and erientations of the thermal cllipses
in the (001) projection of 1-phenazinecarboxylic acid are listed ir
table 9. These values were calculated from the temperature param-
eters given in table 3 using the Burroughs 220 computer program
written by Hebert (ref. 30, PartI). As may be seen from the plotted
ellipses, shown in figure 12, there are sizcable anisotropies in the
thermal motions of the peripheral carbon and oxygen atoms. The
principal mode of vibration in the (001) plane appears to be a torsion
motion about an axis located roughly on the midpoint of a line joining
N6 and Cla' The presence of a large, nearly isotropic temperature

motion at CZ is perplexing, but a possible explanation is given below.
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Table 9. Magnitudes and direction cosines of the principal axes of
the thermal ellipses for 1-phenazinecarboxylic acid in the
(001) projection. The direction cosines, m, for the major
axis are taken with respect to the a and b crystal axes, .

The root mean square deviation, y, is given by (B/8n ")=.

. . A
Axis i Bi u(A) m, m,.

Cl 1 G.55 0.288 0.285 0. 958
2 4.88 0.249

CZ‘ 1 7.36 0.306 0.339 0.941
2 6. 46 0.286

C3 1 5.8k 0.272 0,932 D.364
2 3,13 0.199

C, 1 4.81 0.247 0.999 0.018
2 3,03 0.196

C, 1 4.31 0.234 0.837 0.547
2 3.04 0. 196

‘ 1 4.65 0.243 0.928 0.372

2 3,70 0.217

c, 1 5. 47 0.263 0.966 0.260
2 4,7h 0.245

Cq 1 6. 04 0.277 0.792 0.610
VA 3.99 0.225

Cq 1 8.33 0.325 0.894 0.448
2 3.97 0.224 :

€10 1 8. 24 0.323 0.983 0.181
2 5.30 0,259

C., 1 5.68 0.268 0.881 0.474
2 3.94 0.224 i

c,, 1 4,27 0.232 0.984 0.175
2 2.90 0.192

N, 1 4,10 0.228 0.935 0.355
2 3. 16 0.200

Cly 1 4.51 0.239 1.000 0.008
2 3.98 0.225



Table 9 {continued)

15

16

17

Axis i

Y

v o= N

B,

1

8. 82
4.02

7.08

4.61

8.83
4.90

104

0.334

o0 oo O

. 226

. 299
. 242

.334
. 249

la

0.382

0.530

0,443

Ib

0.924

0.848

0.896
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Figure 12.

D 2

Termperature factor ellipses for l-phenazinecarboxylic
acid in the (001) projection. The ellipses are plotted
on a relative scale from the data in table 9. The
approximate location of the torsion axis is indicated

by a cross.
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iv. Conclusion.

It seems probable that the crystal used in this structure
determination contains a small amount of 2-hydroxy-1-phenazine-
carboxylic acid, as indicated by the evidence presented earlier (see
footnote, p. 62 ). If this is true, the molecules of the hydroxy acid
would be expected to replace the 1-phenazinecarboxylic acid molecules
ir random sites throughout the crystal. A quitec similar situation has
been reported by Curtl, Riganti and Locchi (11). These investigators
studied solid solutions of phenazine and N-oxyphenazine and found
that one would rcadily replace the other, the unif cell parameters
_changing gradually as the ratio of the components was varied betwecen
the extremes of pure crystalline phenazine on the one hand ard pure
crystalline N-oxyphenazine on the ather. Thus it is possible that
the anomalous temperature factor at CZ (see figure 12) and the rather
large ""hydrogen' peak at ng (see figure T) may both be explained by
the presence of a smzll amount of 2-hydroxy-1l-phenazinecarboxylic
acid,

The author recently obtained a sample of pure 1-phenazine-
carboxylic acid which was recrystallized slowly from acetic anhydride
to give extremely fine, fibrous needles. There was very little
resemblance between these crystals and the crystal which was used
in this structure determination; however, the fibrous crystals have

not yet been examined with X -rays.
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That it was possible to determine the structure of 1-
phenazinecarboxylic acid from one small, impure crystal is iesti-
mony to the power of X-ray diffraction analysis in the determinadon
of tha structures of organic compounds. This probahly could not

have been donc by any other physical or chemical technique.

4, Discussion of the structure of 2-hydroxy-1-phenazine -
carboxylic acid.

i. Molecular dimensions and planarity.

I'he interatomic distances and bond angles for 2-
hydroxy-1-phenazinecarboxylic acid were calculated from the partially
refined positional parameters given in table 6, using the program
written by the author for the Burroughs 220 computer. The results
of these calculations are shown In figure 13. The average bond
lengths are 1.41 # 0.03 £ for the aromatic C-C bonds and 1.36 + 0.03 A
for the C-N bonds. These may be compared with the values
1.402 + 0.009 A and 1.355 + 0.009 £ , respectively, as given by
Herbstein and Schmid: from ‘heir determination of the crystal
structure of vhenazine (12).

The best plane through the molecule was calculated using the
author's computer program with the atoms weighted according to
their atomic numbers. Table 10 lists the results of this calculation;

within the limits of error the molecule is planaxz.
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Table 10. Best plane through a molecule of 2-hydroxy-1-
phenazinecarboxylic acid. The values of m, are
direction cosines of the normal to the bestélane
with respect (o the orthogunal axes a, b, ¢ .

Direction coeines Atom Deviation

m -0.068 C, -0.026 A

m, -0.564 c, -0.009

m % 0.807 C, 0.008
c, 0.034
G5 0.014
N, 0.028
c, 0.007
Cg 0.003
Cq 0.002
Clo -0.053
<, -0.045
ClZ 0,008
N, -0.004
Cl, 0.004
C.e 0.015
O 0.097
O, -0.032
Oq -0.057

-0.030

)
H
e
aa
Ha
=]
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ii. Molecular packing and hydrbgen bonding.

Crystals of 2-hydroxy-1l-phenazinecarboxylic acid are
quite dense {p = 1.54 g. cm. -3) for an organic compourd containing
only light clements; by comparison, nicotinic acid (3-carboxy-
pyridine} has a density of 1.47 g. cm. -3 (13) and phenazine (z-form)
a deAn.sity of only 1.33 g. cm. -3 (12). 1t was expected, then, that
the molecules of this compound would be packed tightly in the crystal
slructure; this was found to be the case.

Intermolecular distances were calculated from the partially;
refined positional parameters l.ist.ed in table 6 using the coordinate
generating program written for the Burroughs 220 computer by
Barker. ‘I'he results of these calculations, for distances less than
3.5 A, are listed in table 11.

The crystal structure may be described as consisting of
stacks of "ribbons' of 2-hydroxy-1-phenazinecarboxylic acid mole-
cules. Each ribbon is composed of parallel, coplanar molecules
which are related by centers of symmetry 7.24 A apart, as shown

below. Thus, the pattern of the ribbon is repeated every 14.48 A.
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Takle 11. Intermolecular distances less than 3.5 A for 2-
hydroxy-1-phenazinecarboxylic acid. The atoms
in the first column belong to the reference molecule
atx, y, 2. Symmetry related distances are not

listed.
From To In molecule &t D(A)
0.4 O X, Y, Z 2.798
C,, s % 1l -y, = 3.364
C, N, X, -y, 1 -z 3,387
Ciy Ol Xy ¥, Z 3.390
C4 016 x, 1t+ty, = 3.407
Ny, 0, .V, Z 3,422
Cii 0., X, Y, Z 3.482
C C %, -y, 1-2z 3.490
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The ribbons are then stacked normal to the a* axis, very nearly in
the (012) or (012) pianes. The cdistance between the best planes
through adjacent ribbons. is about 3.31 A (the (012) interplanar
spacing). The stacks of ribbuns which are alterrately parallel to
(012) and to (012) are equivalent because of the 2, axes parallel to b.
One consequence of this packing arrangemen: may be secn ir the 012
reflection, which is at least twice as intense as any other reflection
recorded.

The hydrogen bonding in the crystal is entirely within the rib-
bons; there are no hydrogen bonds between adjacent vibbons or between
adjacent stacks of ribbons. The prescnce of a small peak near 018
in the molecular plane electron density map (figure 11) seems to con-
firm the spectral evidence {3) that O, is hydrogen bonded to 0,

The O, _-O,_ distance (figure 13) is 2.48 A and the C,-0,

18 17 -H angle,

8
as measured from figure 11, is probably about 95°. The carboxyl
hydrogen atom is rot clearly visible on the eleciron density section
and therefore one can only speculate as to its location. However, the
close proximity (2.80 A) of the 016 carboxyl atoms across the centers

of symmetry has led the author to postulate a novel bifurcated hydrogen

bond (see Proposition I).

i1l. Conclusion
Although this investigation was undertaken ir order to

determine the molecular structure of a then unknown natural product,
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it has resuited in a crystal structure which has several intriguing
features of its own. It will be particularly interesting to examine
such points as the thermal anisotropies of the atoms in this tightly
packed structure and the hydrogen bonding scheme. But the final
answers 1o these and other gquestions await the further refinement of

the structure.
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1. A Program for the Calculation of Lattice Parameters.

1. Intr.oduction.‘

This program was written in basic machine language for the
Burroughs 220 digital computer. It provides for calculation, by
the least-squares method, of lattice parameters and their estimated
standard deviations for all of the sev’erai crystal systems. The
required input is the Miller index, hkl, the Bragg angle, &, and the
wavelength, & , for each measured reflection. The data may be
given external and/or internal (progr ammed) weights and provision
is made for the standard correction terms for two sources of sys-
tematic error, eccentricity and absorption. The output is a list of
the obscrved and calculated Bragg angles, the calculated lattice
parameters, and, at the operator's option, the matrix of coefficients

of the normal equations and the corresponding inverted matrix.

2. The theory of least-squares.
The following description of the least-squares method is taken
in part from Buerger (1). Suppose we have a quantity, Q, which is

a linear function of a set of n wvariables x_., X.,, X_eooas % with
n

Z 3

coefficients a., a., 8., erees @
17 T2 7y n’

n
Q= a,x, + a,x, + &, Xy + .oee a ¥ = jZ a.x, . (1)
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There will, in general, be associated with any physical measure-

ment, ¢, a random error, ¢. If g is taken as an observed value

of the quantity Q, we may write

Q:q-l—.e: y a, x, . (2')

Suppose now that we make a set of m observations, qm, where

m > n. We have then a set of m ""observational equations"

9 te; = Jzajlxj
q2+€& = Zajdxj

e = ) ;
q.3 t"3 3 dJS xJ ()

Because of the errors associated with the measured values of q,
solving various sects of n of these equations will lead to slightly
different values for the n wvariables. Since we cénnot fit all of the
observed data exactly, we must decide upon a criterion for the best
fit of the data. According to Legendre's principle, the most
acceptable values of the variables are such as to make the sum of

the squares of the residuals a minimum; that is,
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must be a minimum. From equation 3 we see that

e, = ;;z ajixj)--qi ' (5)

and therefore we wish to minimize the sum

z& .Z[(;Zaﬁxj)-qif.. (6)

1

This is a minimum when its partial derivatives with respect to

Xy XZ ..... Xn are equal to zero; that is, when
2
a'fei ? z
1
= /o _ =0
3% 26 I 3 %) -9 day
2 .
64‘38i Z Z
- = 2 [( a.x)-q Jla_. =0 (7)
ox i j oy 1T
2
2 y Z
¢ = 2 /4 . X,) - q, . =0,
dTe, : o( - %y XJ) q Ja .
feb:s
n

Equations 7 may be rewritten
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Lha o

S LU S T R

Lha s

L 8L X, - 9.
:'Lj21 iAdo 2i 7§

i i
] ~1
Y v

o)

YT

.jjnl‘]i_]jnll

(e)

We have now a set of n ''mormal equations' with n unknowns. They

may be solved directly for the set of variables, Xj’ if the set of

coefficients, aji’ is known. This may be conveniently done by set-

ting up the equations in matrix form

PN 2 L a Ta.,.&a
Rt £215 %24 £ "ni
Ta,’ b
a AL eeses

F25%1 0 [ ta £ %2 “ni
2

a , a Ta .,a, o na .

oni 1i i ni 21 i ni

or with abbreviated notation

Mx =P .

oYy

22, %

2%
LE

(9)

(10)

Inverting the n xn matrix and multiplying both sides of equation 10

by the inverse, we obtain

M-l

Mx=M

(11)
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' -1 y
But M M is the identity matrix and therefore

x=M P. (12)

3. The least-squares method as applied to the calculation
of lattice parameters.
Let us now apply the above technique specifically to the
pro.blem of calculating lattice parameters. For the most general tri-
clinic case, the Bragg angle, 8 , is a function of the lattice param-

eters (2)

2 e 2 % ¥ % % %*
izsine=haaa+kb2+£2c'a+2kﬂbccosoa +
A

% % % & sk % 2
2hta c cospP + 2hka b cosy + Gsin 20 (1L3)

' in”20 sin28
+ J[ sin + ;t.l’l
. ) sin

Correction terms for eccentricity and absorption have been included
in equation 13. These will be discussed later. Introducing weights
and abbreviating equation 13, we obtain

Jwm =fwh2A +\/Wk23 +fw£2(3 +/wkiD + /whi +/whkF

+/welG + /Wil . . (14)

where



i21

®2 *2 *2 . L E3 * % *
A=a ;B=b C=¢ ;,D=2bccosy ; E=2a c cosp ;

2
gin 26 + sinzze ]

F =227 b cosy in%20; ;
=2a b cosy; g= i j o= .
Y g = sn ] {: 8 sin 8

Equation 14 is one of the set of observational equations, there being
one for each observed reflection. The variables A, B, C, D, E, F,
G and J arve the parameters for which we will solve. We have

. . . . . 2
chosen to write the observational equations as functions of sin @
(rather than sing or @) because this results in a linear expression
for all crystal systems. In order to minimize the sum of the squares

. .. 4 .

of the residuals in egin 9, the guantity

) (15)

5; (‘/Wi siﬁzgobs —fwi RiT-'Zecalc
must be made a minimum. Finally, dilferentialing as before, we
obtain the set of normal equations, shown in matrix form in table 1.
This is the matrix which is set up and inverted by this computer
program for the triclinic system.

For efficiency in programming, and with only a negligible
increase in calculation time, a full 8 x 8 matrix is set up and
inverted for each of the crystal systems. When a whole row and

column of the matrix are zero, the corresponding diagonal element

is set equal to one before inverting and then reset to zero after
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(= wibt, Twhh IR Twihkl  Zwhh ity Dwig IWEY w rlﬁ ( Ewhym, W
Tw hikd Zwky TW kA 18 Tl Twhil  Twhk, Twihg, Iwkh iy B W m,
Wbl LN Tyl Zwll® Bwh DEAEL soang Bwidhiy ¢ Ewlim,
Twhtkl  ZIwil, EW k12 Zw et Twhkl,  Ewhiel,  Twklg Zwk Ly D TwElm

E—13
Twill,  Twhkl Twhay Dwhk TR Tebikl swhle  Ewhl E Twylm
Ew bk Twily iy Twhdly Zw bkl Twhtk, LWhR ke ZwW kg, Zwhk, F Zwbykym
Twbteg Twlg pA RN Zwkle Zw bl Twhiug; W RLAAN G EWE,my
Tyt Ewihy ZwY, Twil), Ewhly, Twhd EW g Zwyf, I J Wy

. .. .

Table 1, Normal equations in matrix form for triclinic system.

The i's have been omitted from the summations signs
for simplicity.

' B
Tw b + R o Tw, e, + 4] o o Twylih, + 100, Tw, (0, + k‘ﬂm g _q (o 0, kﬂhﬂ
o o o o o 0 5 o o o
ey (b + WY -] Ty -3 o o g zwgy c Towylrymy
o o o o Q o o o o o
0 o o o o o o o o - )
o o o o ) o ° o o o
T R O Ewiie 0 ° o ZwEYy EEd e Twiemy
L“:wiwl . ¥y o vl e o o R LY Wl L‘I L Wy
- - Py

Table 2. Normal equations matrix for the tetragonal system.
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Zwithsi + b+ hlkl}: °
[+] 3}

A

o o
(o] 4}
¢ [¢]

Twy i, oy - hylde O

Lz“’ia"i 83 by O

Table 3.

(- tJ <3 a
rwlﬂlid-kiflj)’

o

o

Tw i + B+ ey

LEwl(h’jl + I+ ]'L”i

Table 4.

Ty + K3 - byt
o

b wll‘l

Ewilhgy

zwlly
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Tw 8 - bk T (f hx“i)m

o

By

Zweh

Wi

o

Wil

W8,

Wi
! y,

-~
}:wt(h’l +1 4 k) oy

[+]

z W‘i.l'lmj

ALY

Tw jm,
L it v,

Normal equations matrix for the hexagonal-trigonal

systems.

[+] ] (o]
0 o4 °
(o] 0 Q
2] (o] 0
< o o
o] o] L]
Q < o
o o o

Nk e 12
Twylhi+ b+ N':A

o]

LUyl

TWE)

Twy B3+ K+ ]ll)-hl r.q
o ]
0 o
o o
0 0 -
o 0
Zwikgly @
= U

( 2
Ty (1 + By - ey

o

g,

L Ewydymy y

Normal equations matrix for the cubic system.
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inverting. For the monoclinic system, the coefficients of D and F
are set equal to zero, and for the orthorhombic system the coeffici-
ents of D, E, and F are set equal to zero. For the tetragonal system,

the obscrvational cquaﬁons are of the form
2 2 P2 .
S (" +kNA +/wlTC +/wegG S wiT =/ wm . (16)

The corresponding matrix of normal equations is given in table 2.

The form of the hexagonal-trigonal observational equations is
2 2 2 .
Jw(h™ + kK +bhk)A +/we C+/wgG+/wiJ =/wm (17)

and table 3 gives the normal equations matrix. The cubic observa-

tional equations are of the form
2 2 & .
Jwh +k +2)A+/wegG+/w il =/wm. (18)

Table 4 shows the normal equations matrix for the cubic crystal

system.

4. Correction for systematic errors.
It should be noted that the least-squares method gives
no indication of the correct form of the observational equation to
be used to fit the data, but rather gives only the best fit of the equa-
tion employed. Itis therefore desirable to include, in the observa-
tional equation, correction terms for any important sources of
systematic error. There are a number of disc.uss_ions of sources

of error in the determination of lattice parameters (2-7) to which



125

the reader is directed. I:is generally agreed that the most important
source of systematic error (assuming that film shrinkage has been
taken into account) is due to absorption of the primary x-ray beam

by the sample. Taylor and Sinclair (5} and Neleon and Riley (7)

have shown empirically that the error due to absorption in the
measured unit cell edge, &, as a function of the Bragg angle, ¢ ,

is given approximately by

2 2
:“E:J[\”coebe +co:,e-1
L

1
d sinf _E ( 9)

For the purpose of this program, however, we are concerned with

2 . 2 .
A(1/d7) which is proportionzl to the error in sin € . Since

2
1 ~2 ~2 , Ad ~8s8in © ad :
Mz)=—5pd=—(F)=——5— (7). (20)
d d d A
cquatiorn 13 may be rewritten
1 - L4 F4 .
A(—E Yy =17 gin 28 4+ sin 48 _].; . (21)
d - 8 sinf -

This is the form of the absorption correction used in this program.
It appears that equation 21 holds well for angles greater than 30°.
In any event, the correction is likely to be negligible for small

organic crystals.
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Another source of systematic error arisee if the sample
is not quite coaxial with the cylindrical film holder. The correction

for this eccentricity may easily be shown to have the form

Ad

H—&— = G'cosze (2.2.)

which may be rewrititen

1. 2 )
A(~—= ) =G sin 26 . (23)
2
d

This is the form of the eccentricity correction used in this program.
it should be noted that this is nof a correction for a sample which
wobbles in the beam, for it is assumed that this sort of adjustment
ie casily made. The eccentricity correction refers to the possibility
that the axis of rotation of the shaft is not located at the center of

the film holder; it is, therefore, negligible for a well constructed
camera.

Although there are undoubtedly other sources of minor
systematic errors, only absorption and eccentricity are included,
at the operator's option, in the least-squares calculation carried

out by this program.

5. Weighting of observations.
This program minimizes the sum of the squares of the

2 . . . :
residuals in sin 0 . Hcence an appropriate weighting function may be
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1 _ 1 N 1
5, ~ (2 sin® cosa)cre ~ (sin 28)0@
sin B

Jw =

. (24)

But O, may be expected to be constant for all values of 9, in which
case we may write

1
sin 26

VAN

. (25)

'J.*his weightiné function has been discussed by Hess (8). In addition
to the internally ﬁrogrammed weighting function, equation 25, an
external weight, Yw = &€ , may be applied to the observed data.
The desired combination of the éxternal and internal weights is
selected by sctting the appropriate program control switches on

the computer console.

6. Conversion of reciprocal to direct lattice paramelers.
The cohversion of reciprocal lattice parameters to direct
lattice parameters is straightforward for the higher symmetry
crystal systems. However, the expressions are somewhat more
complex for the triclinic system. The formulas used in this program

for the conversions are given below.

e % %

~ sing _ sinB _ siny
@ %% Py s ST R (26)
a s b s c s
where
% L2% 2 % AR 2% % ® %k 2 F .5
s =[sin o sin P -cos o cos B + 2cosy cosB cosy -cos vy 17 ;

also,
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% - X% Tk
cosf cosy - cosu
cosy = ¥ =
%
sinf  siny
£ % ES
‘ COsS® CcoOsy - COS
cosf = % Y = B (27)
' siny siny
& * e
coOB8xy cosf - cosy
cosy = %* %
siny sinf
7. Calculation of standard deviations.

2
If absolute weights (w = 1/0 ) arc used in the obser-
a
2 .
vational equations, the variances, o, s will be equal to the cor-
J
responding diagonal terms of the inverse matrix. That is,

5 =M., . (28)

Usually, however, we have only a relative set of welghts and the

expression for the variance becomes

FM ] (29)

Equation 29 assumes that the only remaining errors are random
observational errors. This means that we must have the correct
form and best fit of our observational equation in order to obtain

meaningful standard deviations.
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The expressions used for calculation of the standard

deviations in the lattice parameters are

o = a ] = b o) o3 = < M
- *7 g, = - ’ = *2 8] H
a 22 A b 2b 2 B c 2c C
also,
o)
D
o, = s = = (30)

Zb ¢ sinw sinB siny

_ E
O T T W % *
2a ¢ ginp sing siny
% T TE x| % *
Za b siny sing sinp
8. Input.

The data tape input to this program is shown in table 5.
Three wavelengths. )‘n , may be used in the calculations if desired.
This permits one, for example, to enter Kg » K , and Ko, .

(mean) 1 2

Zonal data from two or more axes may be lumped together into one
calculation if desired. For example, h0f and hk0 data may be run
together and the calculations will be performed ag if hk¢ data had
been entered. If one wishes to keep the calculations separate, the

hk{ data words must be divided into blocks with end-word tags, as

shown in table 5. The hk{ data word list begins in cell 1000 and the



Table 5.

Cell

0000

1000

999 + m
(m < 1000)

2000

1999 + m
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Input data tape.

Contents

6 0000

o

00AA
00RA
0 OO0AA

[

6 0000

0 O+4hh

4 Othh

0 O0+hh

5 0+hh

6 0000

A EEDB,

X Eege.o8 8eed
n

6 00CQO

04
Ah
AA
Ak

04

04

9o

30

0000
ARG

AAAR §
AR

1000

ket 04

k+£4

kiﬂﬂ

(VD U | W — -

kL2
2000

esos h

(G300

Remarks

hr‘in_ﬁ_units;ceﬁls 0000 - 00Q2Z
must contain ?Ln oY Zero.

First block of hkf data.

p blocks of hkf data with a 4in
the sign position of the last word
of each block.

Last block of hkf data witha 5

in the sign position.

y =0, 1or 2;

g” = external welght

{9.9=2 €= 0.0}

8 = Bragg angle in degrees

(90° = @ = 0°);

thesc words are in the same order
as the corresponding hki{ words.

Branch to start of program.
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corresponding A, £, B word list begins in cell 2000, It is nec-

essary that the two lists be in the same order and of the same length.

9. Program opei'z;tion.

Figure 1is a flow chart of the sequence of operations
carried out in this program. The operating time is less than one
second per reflection, excluding prinl-out itime. An errvor halt will
occur if the number of parameters is equal to or greater than the
number of observations. The program control switches used for
this program are listed in table 6.

The operating instructions for this program are as
follows:

1) Read in the program tape with the "Hold PZT to Zero'"
switch in the normal (down) position.

2} Set the selected program control switches.

3) Set up the ’011tput for SPO commands.

4} Read in the data tape with the PZT switch down unless

Kn = 2 for any of the reflections. If there are 2's in

the sign positions of any of the data words, set the

PZT switch in the up position, press the "S to P'' switch,

put the 'S On'' switch on, set rS = 0300 and then read

in the data tape. After the data tape has read in and the

computer halted in cell 0300, return the PZT switch

to the normal position and turn the "S5 On'' switch off.
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Table 6. Program control switch selections.

PCS Condition Response

1 On Cubic system

2 On Tetragonal system

3 On Hexagonal system

4 On Orthorhombic system

5 On Monoclinic system

1-5 Off Triclinic system

6 On Omit eccentricity correction

Off Include eccentricity correction
7 On Omit absorption correction
Off Include absorption correction

8 On Jw =1

9 On

8 On 1

9 Off Sw sin 28

8 Off

9 On Jw =g

8 Off e = g

9 Ott W T sin 28

0 On Print normal and inverse matrices

Off Omit matrix print-out
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5) The program begins with a BUN to cell 0300, If every-
thing functions normally, the computer will carry out the
required calculations and halt with rC = 8421 00 1248.

If the number of parameters in the observational equa-
tions is equal to or greater than the number of observed
data in any input block, the computer will halt with

rC = 7777 00 77;77. If, because of an input error, =
calculated sind is greater than one, the computer will

halt with rC = 5110 00 000O.

10, Qutput.

The first group of output is the list of reflections with
the obscrved and calculated Bragg angles in degrees. This list
permits one to check quickly for reflections which have been indexed
or punched incorrectly.

The second output group is the calculated unit cell
paramectcrs. The axial iengths are given in Angstrom units and the
axial angles in degrees, along with the standard deviations for each.
The values of the eccentricity and absorption corrections will also
be printed, along with their standard deviations, depending upon thc
condition of program control switches 6 and 7.

If program control switch 0 is on, the full 8x 8 M
matrix will be printed by columns, followed by the P vector. The

-1 . .
jnverse matrix, M ~, will then be printed by columns.
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II. A Program for the Calculation of Interatomic Distances,
Angles and Best Planes.
1. Introduction.

This program consists of four distinct parts, calculation
of orthogonal coordinates, interatomic distances, bond angles and
best planns by the lecast-squares method. Any combination of the
four parts of the program may be selected by means of the program
control switches. The program was written for the Burroughs 220
digital computer in basic machine language.

The required input is the rumber of atoms, the fractional
atomic coordinates, the lattice parameters, and a designation of
any bond angles and best planes to be calculated. The maximum
output consists of the orthogonalized coordinates, the interatomic
distanccs lcss than a designated value, the bond angles, the direction
cosines of the best planes with respect to both orthogonal and crystal
axes, and the normal deviations of the selected atoms from the best

plane.

2. Orthogonalization of coordinates.
The conversion to ar orthogonal coordinate system tor
hexagonal. monoclinic or triclinic unit cells greatly simplifies the
equations for the calculations of irteratomic distances, bona angles,

and least-squares planes. By convention, the orthogonal axes,
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X, Y, Z, are related to the crystal axes, a, b, ¢, as follows: Y

e

is coinciden* with b, Z is coincident with ¢ , and therefore X must
™1 L d ~ vt

lie in the plane of a and b.

N

The expressions used in this program for the conversion of crystal

coordinates, x, y, z, to orthogonal coordinates, X, Y, Z, are

cos2 - COSw COBY 7

X=axsiny+czr -
_ siny

Y = ax cosy + by + cz cosw (1)

_ 2 2 2 N z

Z.:cz[l-—cosoz—cos B - cos v + 2cosy t:osi:»cc:»sy‘\j‘5
. 2 ’
sin vy

3. Interatomic distances.
The distance, d_j, between two atoms, i and j ., is
i
calculated by this program from their orthogonal coordinates, using

the formula,
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_ 2,0 g2 2 3 (2)
=g %)% (- )t (g -2 )
4. Bond angles.

The angle, e_jk, formed by three atoms, i, j, and k, is
1 g

caleulated by this program from the law of cosines,

d,.& +a a a 2
8 -coshl[ = Jk ik ] (3)
ijk 2d . d
ij Jk
5. Best plancs by the least-squares method.

The calculation, by the least-squares method, of the
best plane through a set of atoms has been discussed by Schomaker,
Waser, Marsh and Bergman (9) and by Blow (10}). Hybl (11} has
written a lucid, detailed description of the calculation and is quotcd
below.

We define the plane as mlx + m&Y + m3Z -d=0,

where ml, mz, and rné are the direction cosines of the

plane normal and d 1is the distance from the plane to
the origin. A Cartesian coordinate system is assumed.
The distance d, from the plane to an atom P (X Y. )
is then given by dk = rank + mZ.Yk + m?)Z.k d. To
find the best planc we rcquire tha,t S w e

k k
- bj '
l?.’.(wk(rank T m&Yk + m3Zk d} be a minimum subject

as we shall see, to one side condition. The problem of

the plane is essentially eqguivalent to the problem of

finding the principal plane of a set of mass points with
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the least inertia. To find the principal inertial axes

2 2
we introduce the side condition that ml + mz + rn3 =1
by use of the Lagrangc multiplicr A . Thue we define

2 2 2 2

= iy . N . - - +
F Ewk(mlxk + _mZYk t m,Z d) 7\(m1 tm, tm, )

The normal equations resulting from the differ-

entiation of the above expression are

= + - - =
g(am) Ew_kxk(mlxk+m2Yk mszk d) Am, 0
1;0F
-g—("*)ZwY(mX+mY+mZ -d) - =0
3rnz k Ik 2
+ - - =
g( 3) =Zw, Z (mlxk-rmzYk mSZk d) M, =0
and

1,0F _
- 2(—) = 2w X + Y+ L - =
2q) =2 k(ml T Yy T2 -d) = 0

The lasl equatlion can be readily solved for

Yw. (m X +m. Y +m_Z )
g BRI TR BT o o
Ewk 1 2 3

where X = Ekak/Bw etc. Thus if we make the

transformations x = Xk - X, Vi = Yk - Y and

Zy = Zk - 7Z , we eliminate d from the first three

normal equations which are reduced to

m.,, +wazm =0

2
(Ewkxk -Mmy + Dy, Kk kT3

2
Ewy vy my (Fwy, Amy, + Bw vz my =0
2
Ewkxkzkml + Ewkyk R + (Ew Pk ?\.)m3 =0

We write this in the matrix form
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S 12 13 e U |

By - -
Ay 22 Aq m, Al m, 0
A3 A3 Agzh g Ty

In order to solve this secular equation, we first expand

2
itto—h3+a)\ +bh +¢c =0, wherea={(A  +tA_ _+A_ )

2 11 &22
b = (AllAza+A11A33+AzzA33) A, A HA ) ’zand
c=A A 420 A A (A A _%rA_ A CeA A 7).

11 2.2. 33 127713 23 V11 23 227713 3312
The cubic equation can, of course, be solved

directly, but this method is tedious. Since ) is a sum
of squares, all solutions of the cubic must be positive
and since A is a symmetric matrix all three solutions
are real. Tho desired solution is the least of these.
Blow (ref. 10, this thesis) has shown that an approx -
imate value to the desired solution 7\( ) is
7\0( 1) =[-b - (b2-4ac)% 1/2a. Itis clear that this
represents a solution provided by a parabola which

approximates to the cubic at small A. The form of
(1)
A

0 gives the smaller of the two solutions.

This solution may be refined by the Newton-
Raphson method (ref. 12, this thesis). The ntl st
refined value is obtained from the n th value by evalu- .
ating:

(—?\3+a)\2+b7\ + c)
(T Ty TR
n

“nr1 (3% %+ 2an +h)
n n

(1)

0
than that of the quadratic, refinement by the Newton-

Because the slope of the cubic at ) must be steeper

Raphson method will always lead to the smallest solu-

tion.
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Values of ml, rnz, and m3 are obtained from
1), -
substitution of ?\( ) into matrix é -and normalizing so
2 2

»
thatm1 .-I%m2 +m3 .=1.,

The technique outlined above is exactly that used in this

ptrogram; except that the initial value of the Lagrange multiplier,

1
KO( ), is obtained from

. (4)

The expression used for the conversion of orthogonal

direction cosines, m., m., rn3, to non-orthogonal direction

1 l

cosines, cos A, cos B, cos C, are

cos A =m, sin vy + m, cos ¥

cos B = m

2
cos C = ml(cos‘ B-cos vy cos q) + m, cos o (5)
8in vy

m ) ) .

2 2
+ _3 [1-cos oz-cosaﬁ—cos v+ 2cosy cosp CC_)S'Y]E

5111 '\(
6. Input.

The data tape input to this program is shown in table 7.
The number N must be equal to the cell location of the last x
coordinate; therefore, there will be N+1 atoms included in the

orthogonalization and interatomic distance calculations. In general,

+1
for a set of N+1 points, there are I-\IE\TZ.—) different interatomic dis -

tances, many of which may be too long to be of interest. The



Table 7.

Cell

0500

SO R W N

0000

0000+N
1000
1000+N
2000
2000+M

3000

2999+m
(1 = 500)

Input data tape.

o~

++HHOocCoCcOoC OO

Contents -

0000 04 0500

0000 00 ONNN.
0000 DD DDDD

000a
000b
000c
0000,
0000.
0000.

0000

aa aaaa
bb bbbb

e cccce
Fo Vo Ao 1900104

BB PEBE
YY YYYY

04 0000

00xx.xx xxxx

00xx. % xxxx

0000

OO0yy.

00yy.

0goo

00zz.

00z=z.
0000

0 iii

9 iii

04 1000

¥Y YYYY

YY ¥yyy

04 2000

Z2Z ZAZZ

LA ZLZEL

04 3000

jj jkkk

JJ jkkk

141

—_—— e e Y e

Remarks

N =last x cell (0 £ N < 499)
D in A (0 <D < 100)
aimA{(0<ac< 100)

bin A (0 = b < 100)
cin A (0 £ c < 100)

< 1)
cosB(-l<cosp=1)

cos vy (-1 = cosy = 1)

Fractional x coordinates; note
that the last x is entered in
cell 0000 N (-100< x < 100).

F'ractional y coordinate
(-100 < y < 100).

Fractional z coordinate
(-100 < z < 100).

List of m bond angles with a
9 in the first variant position
of the last word.

(0 =1, }, k = 499)
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Table 7. {continued)

Cell . Contents Remarks

6 0000 04 4000

4000 0 000w ww 0iii First set of best plane atoms
: with an 8 in the first variant
: position of the last word.
0 800w ww 0iii (0 <i<499; 0 £w < 999)
: p sets of atoms, each with an
"8 in the last word.

—

0 000w ww 0iii
Last set of atoms with a 9 in the
: last word.

3999+n 0 900w ww 0iii
(n<500)

6 0000 30 1500 Branch to start of program.
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program running time may be significantly reduced by printing oaly
those interatomic distances that are less than a selected value Dmax'

The x, y, and z fractional atomic coordinate lists begin
irn ccll 0000, 1000, and 2000, respectively. These lists must be in
the same order and of the same length.

The atom numbers i, j, k, which must be entered for
the bond angles program, are equal to the cell locations of the x
covrdinates of the atoms selected.

If an atom is entered with weight w = 0 in a best plane
calculation, it will be omitted from the least-squarcs fitting, but
its distance from the plane will be printed. This is useful, for
example, for finding the deviation of hydrogen atoms from the best

plane of a ring of heavy atoms to which the hydrogen atoms arc

honded.

T, Program operation.

A flow chart of the operation sequence for this program
is shown in figure 2. The desired combination of the four parts of
the program may be selected by means of the program control
switches, as outlined in table 8.

The operating instructions for this program are as

follows:
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Table 8. Program control switch selections.

PCS ON Response
Noune Orthogonalization, distances, angles, planes

Distances, angles, planes

2 Angles, planes

3 Planes

4 Or:hogonalization (SPO)

5 Orthogonalization, angles, planes

6 Orthogonalization, planes

7 Orthogonalization, distauces

8 Orthogonalization, distances, planes

9 Orthogonalization, distances, planes.

1,7 Distances

1,8 Distances, planes

1.9 Distances, angles

2,9 Angles

5,9 Crlhiogonalization, angles

4,0 Orthogonalization (SPO), distances, angles, planes
4,5 Orthogonalization (SPO), angles, planes
4,6 Orthogonalizatior (SPQ), planes

4,0,7 Orthogonalization (SPO), distances

4,0,8 Orthogonalization (SPO), distances, planes
4,0,9 Orthogonalizatior (SPQ), distances, angles

4,5,9 Orthogonalization (SPO), angles
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1) Set the "Lieading Zero Suppress'' switch on the
console in the on (up) position and the "Holgd PZT
to Zero' switch in the normal {down) position.

2) Read ir the program tape.

3) Set the selected program control switches.

4) Set up the output for SPO commands.

3) Read in the data tape.

6) The program begins with a BUN to cell 1500. The
computer will carry out the desired calculations
and halt with rC = 0000 00 1638, 0000 00 1823,
0000 00 2588 or 0000 00 3513, depending upon
whether the orthogonalization, interatomic dis-
tances, bond angles or least-squares plane program

is the last performed.

8. Qutput.

If program control switch 4 is on, the orthogonalizec
coordinates in Angstrom units will be printed. The output for the
inleratomic distances program is a list of the pairs of atoms anc
the corresponding distances in Angstrom units. The bond angles
output is a list of the sets of three atoms and the corresponding
angles in degrees. The first part of the best planes output is the
direction cosines of the normal to the plane based on the orthogonal

axes. If the crystal has non-orthogonal axes, the direction cosines
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with respect to those axes will also he printed.” The second part of
the best planes output is the distance of the origin from the plane
and a list of the deviations of each atom from the plane, a negative

deviation indicating the atom lies to the origin side of the plane.
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III. Preliminary X-Ray Diffraction Studies of Anemonin.

i, Introduction.
Anemonin is a white, crystalline compound with the
empirical formula C 10H804' From a study of the reduction and

hydrolysis products of anemonin, several investigators (13-15)

have concluded that the structure is that shown (I). There are, of
course, lthree pussible sterecisomers of I, meso-ancmonin (Ia)

and d and l-anemonin (Ib). Harris (16) has concluded from a

Ia b



149

study of the substituted 1, Z-cyclobntanediol formed in the reduction
of anemonin, that the two vicinal lactone rings are cis, and there-
fore anemonin has the meso configuration. Since there is some
room for doubt in the Harris structure proof, an X-ray diffraction
study of this compound Qas initiated in order fo ascertain, by an
independent metkod, the stereochemistry of anemonin. In addition,

anemonin is of interest because of its unusual spiro ring structure.

2. Preliminary crystallographic data.
A sample of impure anemonin was obtained from E. S.

Clson. This material was recrystallized from chloroform to give a
'cry‘stalline sample which, however, did not exhibit a distinct melting
point (lit. (17) m. p. 157-158°). Examination of these crystals
under a microscope showed that anemorin crystallizes in an acicular
habit with many weil developed faces. The macroscopic symmetry
of the crystals, figure 3, indicated that the point group is Dz.h’ an
observation which was later supported by the determinatiorn of the
space group. A suitable crystal was mounted with its needle zone
axis parallel to the goniometer axis ard goriometric measurements
were taken. Table 3 tabulates these measurements; figure 4 is a
stereographic projection plotted from them.

A 20° oscillation photograph was taken with the needie zone
axis, ¢, as the rotation axis. Measurements from this film gave a

value of 11.62 A for c. Fram the hk0 Weissenberg photograph, the
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Figure 3. A typical crystal of anemonin with its faces indexed
and the positions of the crystallographic axes incicated.

‘Table 9. Gonicometric measurements taken on a crystal of anemonin.

Longitude Latitude Index
34° 06’ 0° 00" 210
99° 17! 0° 04' 210

213° 47° 359° 45! 210

278° 14' 0° 06! 210
15° 10° 37° 12° 111
119° 31! 36° 44! 111
194° 53! 36° 09 111

297° 25! 37° 00° 111

336° 11" 25° 42! 021

156° 00° 25° 01! 021
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Figure 4. A stercographic projection of a crystal of anemonin
plotted from the data in table 9. The c axis is
normal to the plane of the projection.
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values of a, 13.91 A, and b, 11.12 A, were calculated. Higher
la,yelr line photographs (bk1l to hk7 incl.) were obtained by the equi-
inclination Weissenberg technique. Since this investigator intends
to collect complete three-dimensional intensity data on this com-
pound, two sets of three films each were useci for each layer line.
The first set was given a long exposure (10-12 hours) and the other
a short exposure (2-4 hours). Observation of systematic extinctions
gave the following conditions limiting possible reflections: hkf, no
conditions:; Ok, k = 2n; hf, £ = 2n; hk0, h = 2n. These conditions
are corhpatible only with the centrosymmetric, orthorhombic space
group Dilsl - Pbca. The density of a crystal of anemonin was deter -
mined to be about 1.45 g. CC. -t by the flotation method, using

a mixture of ether and carbon tetrachloride in which the crystal
would neither rise nor sink. Assuming eight molecules in the unit

. -1
cell, the calculated density is 1.42 g. cc.
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I. A Dimeric Bifurcated Hydrogen Bond.
1. Proposal.

It is proposed that the crystal structure of 2-hydroxy -
l-phenazinecarboxylic acid contzins a most unusual feature, a dimeric
bifurcated hydroger bond. The author is of the opinion, from the
evidence presented below, that the carboxyl hydrogen atom of this
compound is both intra- arnd intermolecularly hydrogen bonded.

2. Introduction

In general, hydrogen bonds are formed between two,
and only two, atome of electronegative elements (1). Only a fow
‘cases have been reported in which it has been shown that a hydrogen
atom is bonded to three such atoms. The first, and perhaps best
documented of these,was reported in the crystal structure of glycine
by Albrecht and Corey {2). Because of four close approaches betwcen
the nitrogen atom of onc molecule and oxygen atoms of neighboring
molecules, these investigators proposed that glycine exists as a
zwitter ion, with two of the quaternary nitrogen hyérogens each bonded
to a different oxygen atom and the third hydrogen atom bonded to two
other oxygen atoms. They referred zo the latter type of hydrogenbond as
a "bifurcated'" bond. Later, in a morc precise determination, Marsh
(3) essentially confirmed the results of Albrecht and Corey. The bond

lengths and angles measured for the pifurcated bond, as given by
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Marsh, are showr below. Burns and Levy (4) have reinvestigated this
structure using neutror diffraction, and have determined the values

2.41 A and 2.10 A for the H++ O and H-+-0O' bond distances.

At least two other examples of bifurcated hydrogen bords

have been reported. Wright and Marsh (5) have reported a relatively
Gl

long, and therefore probably weak, N-—H:‘ bifurcated bond in the
0

crystal structure of £ ~lysine monohydrochloride dihydrate. Also,

the crystal structure of nitramide, NHZNO,&, as determined by

Beevers and Trotman-Dickenson (6), indicates that both hydrogen

atoms form bifurcated bonds of the type
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3. Discussion.

The partially refined crystal structure of 2-hydroxy -
1-phenazinecarboxylic acid, as reported earlier by the author {see
this thesis, Part III), contains a surprising feature; the distance
between the O, (see figure 13 and table 8, Part III) carboxyl oxygen
atoms in two adjacent molecules related by a center of symmetry is
only 2.80 A. Since the average uncertainty in the interatomic dis-
tances in this determination is about ¥ 0.03 A, the O, -0, , distance
is probably significantly short for the van der Waals. contact between
two oxygen atoms bearing hydrogens. It was expected that the
molecule would be completely internally hydrogen bonded, as 1-
phenazinecarboxylic acid has been shown to be (sée this thesis, Part
IIT1). However, in light of the close intermolecular oxygen-oxygen
approach, the author is led to propose that each carboxyl hydrogen

atom is bonded both intramolecularly to N, and intermolecularly to

13
O16 in an adjacent molecule across the center of symmetry. If this
is the casc, it would be the first recognized example of a hifurcated
hydrogen bond which is béth intra-~ and intermolecularly bonded.

In the hope of substantiating the hypothesis presented
above, a careful examination was made of the electron density in the

vicinily of 0169 Generally one would not presume to look for hydrogen

atom peaks on an electron density map from a structure which has
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been refined to an R factor of only 0.24; however, the surprisingly
good resolution shown by the molecular plane Fourier map (figure 11,
Pai‘t III} encouraged the author to try. A three-dimensional electron
déxlsity- map was calculated in intervals of 0.01lx, 0.02y, and 0, 02%

in the vicinity of 016’ using the Burroughs 220 computer. Figure 1l
shpws the most interesting of several sections which were plotted.
This section, which is taken parallel to (010) aty = 0.16, shows three

unresolved peaks in addition to the O and C 15 peaks. The lwo

16

peaks below and to the right of O, in figure 1, may be ruled outas

16
possible hydrogen locations since neither is in a position to form a
hydrogen bond; a carboxyl hydrogen atom which does not participate
in a hydrogen bond is unlikely. 7This leaves one remaining peak
which seems to be ideally located for the type of bond which the
author proposes. If the coordinates of the assumed hydrogen atom,
as derived from this peak with the condition that the 016—1-1 bond
length be approximately 1.0 A, are taken to be x = 0.010, y = 0. 180,
and =z = 0.025, the calcnlated bond lengths and angles seem quite
reasonable. The latter are shown in figure 2 on 4 diagram of the
proposed hydrogen bonding scheme. In this model 016 and the
carboxyl hydrogen atom deviate from the best plane of the molecule
{scc table 10, Part III), in a direction away from the center of sym-

metry, by 0.1 A and 0.4 A, respectively. The distance between the

two symmetry related carboxyl hydrogen atoms is given as 1.97 A,
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which is shorter than the usual van der Waals contact. However,
this distance may be increased somewhat if the 016_H bond is
shortened or if the hydrogen atom is twisted further out of the plane

of the molecule, away from the center of symmetry.

4. Conclusion.

Although at this stage of refinement one can do no more
than speculate as to the location of the carboxyl hydrogen atom in the
crystal structure of 2-hydroxy-1-phenazinecarboxylic acid, the author
believes thal the hydrogen bonding scheme proposed above is essenti-
ally correct. If this is so, the stronger of the two '"branches" of the
bifurcated hydrogen bond is probably the one to N13-- The fact that
l-phenazinecarboxylic acid does not form a similar intermolecular
hydrogen bond is probably attributable to van der Waals packing
forces which are too complicated to assess. In conclusion, one must
consider the possibility that 2-hydroxy-Il-phenazinecarboxylic acid
exists as a zwitter ion, with the carboxyl hydrogen atom transferred

to N ‘The author has rejected this idea since l-phenazinecarboxylic

13°

acid deoes not appear to exist as a zwitter ion in the crystalline form

and because it does not explain the close Ol approach in the

6 16

hydroxy derivative. The distance from N13 to 016' is too long

(3.42 A) for hydrogen bond formation.
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1T, Calculation of Atomic Coordinates frorn. Molecular Dimensions.
1, Froposal
It is proposed that a computer program %e written to

derive from the approximate dimensions of a molecule the best set

of atomic coordinates relative to an arbitrary orthogonal axial sys-
tem. The author has formulated the cquations necessary to perform
the calculations by the lcast-squares method. Such a program should
be of particular interest to the organic chemist since it would allow
one to describe more accurately the geometry of complex molecules

and the spatial relazionships of reacting species.

2. Irntroduction

The author has presented carlier {see Appendix to this
thesis, part II) a computer program for the calculation of inter-
atomic distances and angles from orthogonal atomic coordinates.
The reverse process, the determination of orthogonal coordinates
from interatomic distances and angles, is also frequently of interest,
The two calculations are quite different however. If onec has a set of
n atoems, for which the coordinates have been determined experi-
mentally, it is possible to calculate from these 3n parameters a
unique set of (n“Z - n)/2 interatomic distances and n!/2(n - 3) ! bond
angles. If, however. one has a set of data consisting of interatomic

distances and bond angles which have been estimated or experimentally
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determined, one cannot calculzte 2 unique set of coordinates but

can only hope to calculate the set which will best fit the data. * The
author suggests that the best fit in this case may be found from the
least-squares mcthod by minimizing with respect to both the inter-

atomic distances and bond angles, simultaneously.

3. Discussion
In the discussior which follows, no attempt will be made
to cxplain the method of least-squares (see for example, ref. 3),
but only to derive the expressions necessary for the proposed com-
Mrter program.
The observational equations which relate the interatomic
distances, Dij’ and the cosines of the bond angles 3 - to the

1}

orthogonal coordinates are of the form

1

D.=Tlx -x)%t(y ~y)2 (s -2)2 1 (1)
ij i j i j i ]
and
D&ij +Dajk - Dzik
- . 2
cos eijk DD, ( }
i} ik

Since i, jand k may be any atom numbers I#n, we may write

P
A similar problem arises in surveying and astronomy and has

been treated by the method of least-squares for the relatively simple
problem of triangulation (1,2}, in which one wishes to obtain only the
most probable values for the angles of a triangle, suhject to the con-
dition that the sum of the angies be equal to 180°.
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—f 3 ) 2 3 woe s s P 3 1 2
D (”Xl 1 Al *n' 'n zr) (3)

and

C =g(xl, Yqr Byrocerer X 5 ¥ zn] (4)

where C = cos®. D and C are not linear functions of %o Vs and z,
and thercfore we cannot determine the best set of atomic coordinates
directdy, but rather must calculate successive shifts, Axi, Ayi, Azi,
to be applied to an initial set of approximate coordinates. The
determination of this initial set of coordinates will be éiscussed in

more detail later. Using Tavior's series expansion, we may obtain
Y Y

linear observational equations for AD (=D -D ) and for
obs calc
AC (= Cobs - Ccalc); the exprecssions are
a .
AD:E(AX.§P+AV.@+M.@) (5
i 12X, iady., idaz,
i i i
and
n aC g G aC
AC = % — t+ Ay, — ho — 6
R ET R e Zzazi) (6)

Both D and C are functions of the same parameters and we may
conveniently minimize the sum of the squares of the residuals for

both quantities together; that is

Z w_ (D - D )2+2w {(7)

D obs calc (Cobs -C )

C
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rmust be a minimum. Since we are minimizing with respect to two
different quantities with different dimensions, the weights, Wi and
W must be taken inverscly proportional to the squares of the

absolute unvertainles in D and C, respeclively; hence

1 1
JSw_ = = and JSw = — (8)
9] “H C e

Table 1 shows the matrix of normal equations which may be
derived from observational equations 5 and 6. The partial deriv-
alive termms in lthe malrix elements are deflined below; for the inter -

atomic distances D. .,

1]
.= X
o] _ i _]
= - Do (9
i ij

where i and j may be interchanged, and, for cos® i

ik’
2 2 2
D -D° +D - - 2D -
e PPt alty o) i 5 (10)
Ex - 3
2D. D
1 ik Pij
& 5% pt & : 4 2
- - + D . -
3G _ (D7 D7 "D g 4D, D7 e = JHD T D -D 7 D D)o, )
E X - ) 3 3
; 2D D.
’ 1] jk
{11}
2 2 2
.- D + D - - 2D -
3c _ P Dy v Dl - ) % (12)
™% 2D.. p3
ik
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where j is the atom at the vertex of the angle. The partial deriv-
atives with respect to Vi ;s and ¥y OF 'z.i, zj and z, may be obtained
from e.quations 9 through 12 simply by substituting y or =z for x wher -
‘ever it occurs in these expressions. The interatomic distance Di'
will contribute only to those matrix elements with the subscripts i

and/or j; similarly, the cosine of the angle Bi.

ik will contribute only

to those terms with the subscripts i and/or j and/or k. After the
matrix in table 1 has been invertied, the shifts, Axi, Ayi, Azi, can
be calculated directly. These may then be added to the initial atomic
coordinates and the whole process repeated cyclicly until convergence
is obtained.

The rate of convergence, and indeed whether or not the process
will converge on the right structure at all, depends upon the accuracy
of the initial atomic coordinates. Obviously one can calculate atomic
coordinates only for molecules with a unique configuration; hence,
the estimated or observed interatomic distances and bond angles,
along with any restrictions on the coordinates, must be sufficient to
define such a configuration. To illustrate this point, suppose one
wishes to calculate atomic coordinates, relative to a set of molecular
axes, for the héavy atoms in a molecule of cémphor, shown in figure 1.
The orientation of the molecule with respect to the chosen axes must
first be defined. In this case we require that the origin lies haliway

between atoms 1 and 4, along x, and that atom 7 lies on the z axis.
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Figure 1. Camphor molecule showing the orientation of the
molecular axes.,

Table 3. A set of possible restrictions on the atomic coordinates
of the camphor molecule shown in figure 1. The
quantities a, b, ¢ ... etc., are coordinates to be

determined.
Atom x v 2
1 a 0 0
2 b c -d
3 -e f -d
4 -a ] 0
5 -g -h ~d
6 g -h -d
-7 0 0 i
8 0 j k
9 0 -j k
10 2 m n
11 p q -r
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The directions of these atoms along the axes must also be indicated,
since the mirror image of the molecule will have the same interatomic
distances and angles. We may, if we wish, add other conditions to
further restric: the system., FFor cmample, we may require that
atoms 2, 3, 5 and 6 lie in a plane normal to the z axis anc that atoms
7, 8 and 9 lie in a plane normal to the x axis. There are many pos-
sible restrictions on the atomic coordinates of the camphor molecule;
one sel of restrictions is listed in table 2. The quantitics a, b, ¢, .. ..
etc., arc unknown coordinates and are the only ones which need be
calculated. Thus, the order of the least-squares matrix for this

case is reduced from 33 to 17. Although there are only 17 coordinates
to be determined, there are as many as 12 bond distances and 21 bond
angles from which to find the best fit.

The method used above to introduce restrictions on some of
the atomic coordinates undoubtedly gives high weigh: to these
coordinates. An alternative method would be to introduce lhesc
rigorous conditions by way of the Lagrange multiplier (see for
example, p. 137, this thesis). However, this complicates the cal-
culatiors considerably and is really not necessary since the observa-
tional weights, W and W can be assigned only subjectively.

The calculation of the initial set of approximate atomic co-
ordinates wiil probably be the most difficult part of the program to

write. Although the author has thought about the problem at some
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length, all the difficuities have not yet been resolved. The program
must be able to recognize, from the list of coordinate restrictions,
the key atorms which define the orientation of the molecule (such as
atoms 1, 4 and 7 in the example given above) and calculate coordinates
for them. It should proceed to the other atoms, one by one, and
calculate approximate coordinates for each. However, the program
must not return to an atom for which it has already calculated
coordinates sincc the new coordinates may be slightly different.

If there is insufficient information to derive a unique location for any
atom, the program should be able to recognize this and omit the atom
- from the least-squares refinement. Writing such a program for a
particular molecule would be relatively easy; however, writing one
which will be applicable for any molecule will require considerably

more thought, but undoubtedly can be done.

4. Conclusion.

The program outlined above should be of particular
interest to those studying organic structures and reaction mechanisms.
It will allow onc to cuickly obtain reasonably accurate atomic coordin-
ates from estimatec bonc lengths and angles. From these coordinates
one may conveniently describe the stereochemistry of a molecule,

calculate the distance between neighboring groups, the angle between

LS
I

This is referred to in surveying texts as a '""closing error."
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two orbitals, the direction cosines of the line of attack of a reacting
species, etc. The program might, of course, be of interest wherever

it is desired to calculate relative coordinates for an array of points.
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113, The Structure of Anemonin.
1. Proposal.

The author proposes a reinvestigation of the structure
of anemonin in order to finally settle the question of the relative
orientation of the two lactone rings on the cyclobutane ring. It is
suggested that this may be done hy camparing the rate of 1, 2.-djo)
cleavage of the sodium salt of tetrahydroanemonin with the rates of
cleavage for the cis- and trans-1,2-diol isomers of the sodium salt
of tetrahydroanemonin-3, 4-dicarboxylic acid. A novel method is

proposed for the synthegis of the latter cis- and trans-1,2-ciols.

2. Introduction.
It has been observed (1) that cattle which feed upon

certain species of plants, such as Anemone pulsattila or Ranunculus ,

frequently contract lymphodenosis, an inflammation of the lymphatics.
Steam distillation of fresk, ground plants of the above species, fol-
iowed by extraction of the arganic material into chloroform and
removal of solvent, produccs a small yield of a light yellow oil with
rubefacient and vesicant properties (2). This oil has been shown by
synthesis (3) to be y ~hydroxyvinylacrylolactone {or protoanemorin or

ancminel (E)}. Upon standing, I dimerizes to give a white, crystalline
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T Dimerization
CHZQO > G HO,

@)

compourd (II}) with the empirical formula, C10H804' From a study
of the reduction and hydrolysis products of II, several investigators

(3-5) have concluded that the structure of the dimer, called anemorin,

is that shown. As was mentioned carlier in the presentation of the

O
O
O

o
i

preliminary X -ray diffraction studies on this compound (see Apoendix,
this thesis, part III), there are three possible stereoisomers of II,

meso~anemonin (lactone rings cis} and d and £ -anemonin (lactone

rings trans). The author describes below a possible method to

distinguish between the cis and trans struciures.

3. Piscussion.

Harris (6) has recently studied the structure of
ancmonin and has concluded from the rates of lead tetraacetate 1,2-
diol cleavage of two reduction products, 1, 2-di(3-hydroxypropyl)-

1, 2-cyclobutanediol (111) and the sodium salt ot tetrahydroanemonin (LV)
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HO OH HO OH

r" ‘\. '; k C
HO(CH,), (CH,),OH  NaO,CCHCH, CH GH,CO,Na

111 v

that the lactone rings in the parent compound have the cis configur-
ation. The sodium salt IV is obtainec from anemonin by the hydro-
genation of the double bonds to give tetrahydroanemonin, followed

by hydrolysis of the lactone rings. Tetrol {the name applied by Harris
<o III) may be prepared from tctrzhydroanemorin by further rcduction
‘with lithivm aluminum hydride. Harris found that III and IV are
cleaved rapidly by lead tetraacetate to give decanc-1, 10-diol-4,7-

dione (V) and dilevulinic acid (VI), respectively. He had, however,

CHZCOCHZCHZCHZOH CHZCOCHZCHZCOZH
CHZCOCHZCHZCHZOH CHZCOCHZCHZCOZH
v Vi

no other ditertiary 1,2-cyclobutanediol with which to compare the

rates of cleavage. The best models available were the cis and trans

isomers of bicyclo-[4.2.0)-0clane-7, 8-diol (VII), a disecondazy

(l.'leCHZ(IIH—CHOH
CH,CH ,CH—CHOH

VII
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1, 2-butanediol. As Harris admits, there are significant differences
in the reactivities of ditertiary and disccondary 1, 2-diols. For

example, the formation of a boric acid adduct has been uscd by Cope

htl

:nd Herricks (7) to distinguish the cis isomer of VII from the trans

isomer; however, necither III nor 1V, which are both purported to be
Eii__s_—l, 2-diols, forms a boric acid complex.

Although the cis structure proposed by Harris for anemonin
is quite poooibly correct, it would be reassuring to investigate the

rates of lead tetraacetate cleavage for the cis and trans isomers of

a aitertiary 1, 2-butanediol which is closely related to IV. The com-

pounds which the author proposecs be studied are the cis and trans-
1,2-diol isomers of the sodium salt of tetrahydroanemonin-3,4-

dicarboxylic acic (VIII). These isomers probably can be preparved

HO OH
/i
NaO‘ZCCI-IZGI—I2 CHZCHZCOZNa
NaOZC CcO 21\4a,

c¢is and trans VIII

rather easily by the sequence of reactions in figure 1. Albanesi and

Tovaglieri (8) and Sauer et al. (9) have reported the synthesis of the

2, 2'(5H, 5'H)

cis and trans isomers of A -bifuran-5, 5'-dione (bifuran-

dione, I¥X) by the high pressure reaction of acetylene and carbon

monoxide in the presence of cobalt octacarbonyl and an inert solvent.
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Proposed synthesis of the two 1,2-diol isomers of

the sodium salt of tetrahydroanemonin-3,4-
dicarboxylic acid.

+ CO

C.H
2 2

cis or trans-IX

cis or trans-X

cils or trans-XI

O O
100°
100 atm. - @]
O
O
O O
O O
2 moles HZ W
_— or X
NiIs/IoO4 0O
O
O
8] O
- O
CNCHCHCN N=C CzEN
e or K1
O
g O
T R
N=C C=EN
HO OH
NaOZCCHaCHz : CHchzCOZNa
/
NaOZC COZNa
NaOQOH or VIII
EtOH CH oH
NaOZ‘CCH2 >
HO CHZCHZCOZNa
NaOZC COZNa
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The ¢is and trans isomers of IX are Teadily separated by fractional

crystallization and have becn well characterized (8-12). Holmquist
ct ai. (10) have found that all the C~C double bonds in IX may be
hydrogenated with an excess of hydragen and a nickel molybdate
catalyst; however, if the amount of hydrogen is limitcd to one mole,
only one of the lactone ring double bonds is hydrogenated. It seems
probable, then, thata second mole of hydrogen would add to the other
lactone ring double bond to give either of the two tetrahydrobifuran-
diones (X). Treatment of X with maleonitrile should give the cyclo-
addition product XI which can be saponified to give either of the two
1,2-diol isomers of the sodium salt of tetrahydroanemonin-3, 4-

e
dicarboxylic acid (VIII).

4, Conclusion.,
In conclusion, it may be mentioned that the two isomers
of bifurandione (TX)} are intriguing starting materials from which to

attempt the total synthesis of both meso and df anemonin. Unfortun-

ately, it appears that the lactone ring double bonds of IX zre more
reactive to adcition than the bridge double bond. This is evidenced by
the fact that Diels-Alder adducts arc formed firs: with the lactonec
double bonds (12}, However, the possibility of a stereospecific syn-

thesis of anemonin from IX shoulé be studied further.

There are two possible orientations of the cyano groups on
cis-XI, but either is acceptable.
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Iv. The Molecular Structure of the BF3~—(CSH5) ZW'HZ Adcuct.

1. Proposal.
It is proposed that the structure recently postulated for
the boron trifluoride adduct of dicyclopentadienyltungsten dikydrice
is not consistent witk chemical and structural evidence. An alter-

native structure which seems more reasonable iz proposed.

2. Introduction.

In recent years a number of metallocene hydrides have
been prepared with one or more hydrogen atorms covalenlly bonded
to the metal atom. The first such compound, (CsHa)zReH (1), was
prepared by Green and coworkers (1) from the reaction of rhenium
chloride and sodium cyclopentadienide in tetrahydrofuran. The

existence of a covalent Re-H bound in I was poslulaled {rom nuclear

&

Re-H

magnetic resonance spectra Because of the appearance of a singie
proton peak at exceptionally high field {diamagnetically very well

shielded). These investigators, in a later paper (2), reported the
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preparations of (C5H5)zTaH3, (C5I~15)2M0H2 and (CSHB)'AWH;&'
They also found that the latter two compounds, as well as
(GH,),ReH could be protonated witk. HCL to give (C H S)aMoH3+,

+ + . ) ]
(C 5.'1-15)2\3'{1—13 and (CaHS)ZReHZ o From their studics of these ions
*hey concluded that the order of basicity for the parent metallocene

hydrides is

(C5H5)ZReH > ((_,SI—I5)2WHZ > (CSH ).

dMOHE'

5
Curphey et al. {3) have studied the protonation of ferrocene, osmo-
cene and ruthenocene in boron trifluoride hydrate (HZO -BF3) and

find the order of basicity to be

H > (C p- H 3 a
(C5 5)3Fe>( 5H5)2‘R.u (C 5)206

5

Theac observations have been recently confirmed by Leverberg (4).
Tke results obtained by the workers mentioned above may

be explained in part by the molecular orbital treatment of Ballhausen

and Dahl {5). They make the logical assumption that the ring-metal -

ring axis is bent in these compounds and, on this basis, construct

a set of ninc molecular orbitals by hybricizing the appropriate &, s

and p metal orbitals. Three of these orbitals are directed soward

each rirg and the remaining thrce lie in the equatorial (xy) planc,

as shown. In ferrocene, for example, there are 18 electrons involved

in bonding (5 from cach ring and 8 from the iron atom):; 12 of which
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are used in the iron-ring bonds. The other six electrons, according
to Ballhausen and Dahl, occupy the three equatorial orbitals and may
be used for bonding. Thus, ferrocene would be expected to accept a
proton to give (C 5H5) 2FeH ¥ but should not form a neutral hydride.
By the same reasoning, the species listed in table 1 may be expected
to exist, assuming only hydrides with no more than one positive
’charge are possible. As was mentioned earlier, most of the com-
pounds in this list have been prepared.

The crystal structure of dicyclopentadienylmolybdenum di-
hydride has been determined from X -ray Aiffraction analysis by
Bennett and coworkers (6). They found, in agreement with the
Ballhausen-Dahl molecular orbital model, that the cyclopentadienyl
rings are tilted, the dihedral angle being 25 ¥ 3°, These investigators
alsa elaim to have determined the approximate locations of the
hydrogen atoms from a difference Fourier synthesis. They report
a value of 90 + 10° for the H-Mo-H angle, also in agreement with
the molecular orbital model. One surprising feature of this crystal
structure is the eclipsed conformation of the rings, causing the
maximum steric interaction. This point will be discus sed in more

detail later.
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Some of the metallocene hydride species which may

be predicted to exist from the molecular orbital
treatment of Ballhausen and Dahl (5). The top heading

indicates the total number of electrons in the three

equatorial bonding orbitals.

Those species containing

4 or 5 electrons in these orbitals are presumably
paramagnetic.

{C 5HS)ZTELH

(051':-1 5)&W

(C H,),WH

(C SHS) Z.MO

H
(c5 5)2M0H

5e

_(c:51+15)2TaH‘2

(C5I—I5)ZWH
@

(G H,),WH,

(CSHS)BMOH

@

(CH,) MoH,

(C SHS)ZRe

®

H ReH
(C5H),Re

be

(CSHS)ZT&HB

(C5H5) JNH,

@
(C H,),WH,

(C SHS)E.MOH}Z

(c 1) Mor, @

5 5°2

(C 5H 5) ,ReH

@
H ),ReHZ

(C5 52

5,08

(CH,),OsH

(CH
®

R
(CSH5)Z u

@
(C 5H 5) 2'R?\J,H

(C SHB)ZFe

@
(C 5H 5) 2JF@.H
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3. Discussion.
In a recent communication, Shriver (7) has reported
that dicyclopentadienyltungsten dihydride and boron trifluoride form
a 1:1 addition compound, for which he postulates the structure IIL.

This investigator examined the infrared speactra of (C H_ )

s &WHZ. and

of its BF3 adduct and concluded from the negligible shift in the W-H

3

& _
\H

%W
II

stretching frequency (from 1921 to 1917 cm. hl) that the BF3 group
is not linked to the metal atom through hydrogen bonds. The unlikely
possibility of BF3 interaction with one of the cyclopentadienyl rings
was ruled out by the failure of ferrocene to form a similar complex.
Hc suggests, then, that the only romaining possibility is 2 metal-
boron covalent bond which utilizes the 1!;0 orbital proposed by
Ballhausen and DDahl.

Although Shriver's structure for this adduct seems reason-
able enough at first glance, a study of the steric rcequirements of the
two rings and the two hydrogen atoms leads the author to propose

that there cannot be a metal-boron interaction strong enough to be
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called a covalent bond. Assuming that the etructure of dicyclo-
pentadienvyltungsten dihydride is similar to that of the molybdenum
c:lompound* described abo_ve, the distance between the two hydrogen
atoms, which presumably bond with the q:y and ¥ y orbitals, is
approximately 2.4 A, or roughly the normal van der Waals contact
distance for hydrogen (9). According to Ballhausen and Dahl, the
1Lro orbital contains two electrons and bisects the 90 H-W-H angle.
However, as is evidenced by the weakly basic nature of (C5H5)ZWH2‘

compared Lo (C 5H 2']E{f;-H, this vrbital is sterically hindered from

5)
forming a strong covalent bond. Green and coworkers (2) have

+
observed that the weakly bonded proton on (C5H5) 2WH exchanges

3

with solvent protons in a DZO -DC1 mixture, the exchange being com-

plete in a few minutes. They have also observed that (05H5) zTa.HS

is more unstable and reactive than either (CSHS) ZWH?.. or
(C5H5)2M0HZ. Although Green and coworkers make no attempt to
correlate these properties with a sterically '"blocked' orbital, this
does seem a logical explanation.

In order to form a tungsten-boron covalent bond (bond length
= 2.2 A) in the tungsten dihydride it would be necessary to increase

significantly the H-W -H angle, perhaps to as much as 150-180°.

This must be accompanied by an increase in the dihedral angle of the

ala

This assumption is probably valid since tungsten and
molybdenum form the same types of compounds with nearly identical
bond distances and angles (8).
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cyclopentadienyl rings or an appreciable lengthening of the metal-ring
bonds. From a study of a model of (C5H5)2‘-‘\?\"H2 and from the crystal
structure of (CSH 5) &MOHZ’ it seems unlikely that the dihedral angle

Cdn be larger than about 30° without introducing serious steric inter -
actions between the rings, especially since they are probably eclipsed

in the tungsten derivative. Thus, structure II seems a poor choice

- H .
for the BF (C5 S)ZWHZ adduct

4. Conclusion.
Although there are several alternative structures which

seem more reasonable than II, the best of these (III) is shown below.

2o

W-H HBF3

I1I

This ionic structure, in which a hydride ion has been transferred
from tungsten to boron, would explain Shriver's observations that
the adduct has no appreciable BF‘3 vapor pressure and is insoluble in
hydrocarbon solvents. It would also be more consistent with the
general observation that metallocenes do not react in solution with

ZBF‘3, except to protonate the mctal atom (2-4). Structures 1T and IIT
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could be easily distinguished sincc the latter should be paramagnaotic.
It would be most interesting and informative to determine, by neutron

diffraction, the structure of this unusual compound.
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V. A Fungus Reputed to Possess Contraceptive Properties.
1. Proposal.
Itis propqsed that a thorough :'an.e stigation be made of
a mushroom rcputcd to have contraceptive effects when eaten by
women. This fungus, which is indigenous to a remote valley on the
:'le_and of New Guinea, was identified as a result of the author's
interest in the sq.bject; it is a species previously unrecorded on that

igland.

2o Intr oduction.

The rapidly burgeoning population of the world has
stimulated the effort to find new methods of contraception which are
harmless, effective, inexpensive and simple to use. Although none
of the many methods presently used for contraception meet all these
requircments, the oral ovulation inhibitors probably come the closest.
The best known of these is the widely used drug ""Enovid," manufac-
tured by G. D. Searle and Co. (1). The principal constituents of this
preparation are norethynodrel (170 ~ethynyl-178 ~hydroxy -5 (10} -
estren-3-one) (I) and a small amount (10-15%) of the 3-methyl ether

OH

H,C
——- C=CH
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of ethynylestradiol (17a-et_hyny1- 1,3, 5-estratriene-3, 17p ~-diol) (II)

which occurs as an impurity and enhances the estrogenic activity of 1.
Although it is essentially 100% effective, apparently harmless and easy
to take, it is, at the present time, too expensive for general distribution
in the poorer countries of the world. Hence, the search has continued
for more: easily obtainable drugs.

The problem of fertility control, in both the positive and negative
sense, has been of concern to mankind for centuries. Primitive peoples
in all parts of the world have used and still use various herbs and plants
to affect fertility. Delaszlo and Henshaw (2) have reported over sixty
such materials which interfere with ovulation, implantation, gestation
or spermatogenesis, permanently or only temporarily. Laboratory
screening of extracts of these plants has produced discouraging results;
all are either too dangerous for general use or have other undesirable
features. However, because so many valuable drugs have been extracted
from plants used by primitive peoples for generations, this is still an

active field of investigation.

3. Diecussion.
In the spring of 1962, J. W. Kessel brought to the author's
attention a reference from a rather obscure multi-volume compendium
entitled ""Mushrooms, Russia and History,'" by Wasson and Wasson (3).

The pertinent pari of ihis reference is quoted below.
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Thomas Gilliardé, an ornithologist of the
American Museum of Natural History special-
izing in the birds of New Guinea, first drew
our attention to the Mount Hagen refercnce. He
did more: he suggested that we address a letter
to a Catholic missionary working downstrcam
from the Mount Hagen range and inguire abou:

a peculiar fungal practice among the natives
there. The Wahgi is a river that runs east and
then south into the Gulf of Papua. Below Moun:
Hagen but still far from the sea it drains a
valley shut in on the north by the Bismark range
and or the south by the Kubor mountains. The
natives, known as the Chimbu people, are
linguistically and culturally distinc: from the
Mount Hagen tribesmen, though ethnically simi-
lar. It seems that among them chastity is not
prized as a virtiue in young unmarried women,
and thatl to avoid children they eat a certain
fungus. Later, when they marry, they give up
the fungus and proceed to bear children withouwl
let or hinderance. We sent off our letter to
Father John Nilles, a member of the Society of
the Divine Word, ‘o his station at Mingende,
in the Central Highlands of the Territory of New
Guinea, aznd in duc course his reply confirmed
Mr, Giiliard's report:

"I know (hc wrote) of one kind of mushroom
that is used by wornen as a means of preventing

conception or procuring abortion. A native has
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brought me two specimens of that kind, of
which I send you two cross sections. It grows
on old tree stumps in the bush from 6, 000 feet
up on the slopes of the Ckimbu and Wahgi val-
leys. Whean fresh the color on the top is
brown, and white underneath. Small slices are
cut off, cooked by the woman between hot
stones, and eaten with cooked sweet potatoes."
On receiving this gracious communicatiorn
from Father Nilles, we forwarded the mushroom
samples at once to Professor Roger Heim in
Paris. They wore insufficient foxr defiritive
identification, but Professor Heim felt con-
fident that the specimens belonged to a genus
known in France as urngulina, and probably to the
species called by French mycologists the ungulina
auberiana (Mont.) Pat. This particular species
is abundant throughout the tropics and belongs to
the polypores with rigid trama. It staggers under
the burden of twenty or thirty competing scientific
names; in the collections of the New York Boianical
Garden the specimens carry the designation

rigidoporus microporus.

This reference sufficiently intrigued the author that an attempt
was made to verify the story. In a letter to Dr. D. Shaw. chief plant
pathologist for the Department of Agriculture, Stock and Fisheries at
Port Moresby (the capital of the Australian mandate of New Guinea),

the author cited the Wasson report and requested her help in tracking
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down the alleged anti-fertility mushroom. In reply, Dr. Shaw wrote

that she was unaware of the use of this mushroom, but wouald attempt

to contact Father John Nilles, who, shke had learned, was still in New
Guinea. Several months later Dr. Shaw wrote that she had received a
letter from bFather Nilles, the pertinent section of which is quoted below.

The statemernt of Mr. Gilliard is rnot
entirely correct. The Chimbu pcopie are in
the strict sense those natives whao live in tha
Chimbu River valley, a river that has its
origin from three or four contributories at
the foof of the Bismark Range and flows south-
west into the Waghi River. Also the Chimbu
pecople arc a one linguistic group which lives
mainly in the Chimbu valley but stretches into
the Wahgi valley on both sides of the river, I
would say, with its dialects, about 20 miles
cast and west from the flow of the Chimbu
into the Wahgi.

That chastity among the Chimbus be not
prized as a virtue I would not agrce despite the
fact that not all girls conter marriage as virgins.
Besides it is a maitter of conjecture if that fungus
is used in order to prevent conception or cause
abortion. The natives seem not to know the dif-
ference. Some years ago I had a talk with the
late Miss Camilla Wecgwood, anthropologist, and
although she had oniy worked among the natives
of the coaslal area, she was convinced that the

natives of New Guinea as o whole do not know
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means of preventing conceptior. Thoughl
could not prove this statement, I would agree
to that today.

That fungus, besides a number of other
plants, roots and wild fruits, of which I have
sent a whole collection about 10 years ago to
Dr. Winterbotham ir charge of the Anthro-
pology Section of the Medical School in Brisbhane
(never heard anything after that) are used mainly
orally and not so much by the young girls but by
the young women who are supposed not to have
chiléren until 3-4 years after marriage, and
are believed when eaten, given by a magician
connected with magical spells, to prevent having
children. Whether or no: those means have the
chemical qualitics causing abortion I could not
state, that would have te e investigated by a
chemical laboratory. I wonder if that has beer
done at the Medical School in Brisbane with that
collection of mine.

So far I have not been able to make further
observations regarding the mushrooms. I shall
try to trace that woman who gave me the infor-
meation some vears ago and ask her to bring me
a full-sized specimen of that fungus which I

shall forward to you.

In her last letter, dated February, 1963, Ur. Shaw informed
the author that she had received from Father Nilles two fruiting bodies

of the fungus in guestion and that these had been identificd by an
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overscas spcecialist. Interestingly encugh, thce specimens were founc
to belong to a different genus from that tentatively identified by Pro-
fessor Heim:, onc which had rot beer previously recordec on the island
of New Guinea. Urfortunately, Dr. Shaw neglected to mention the cor-

recl genus name in her leller.

4. Conciusion.

The author has no more information about the alleged
anti-fertility mushroom than that presented above; however, this is
certainly sufficient tc propose that a thorough investigation of all aspects
of this problem be initiated. The true nature of the contraceptive or
abor:ive properiice of this fungus can probably be determined from
feeding tests with small laboratory animals. Such tests are usually
carriecd out by examining vaginal smears of the treatec animals in order
to observe any change in the normal cestrous cycle or by histological
examination of the reproductive organs and glands of the animals.
Should it be shown that this mushrocom contains one or more physio-
logically active principles, further ckemical investigation, aimed at
determining the molecular structures of these constituents, would be
in order.

It is possible, perhaps even probable, that the purported
contraceptive nroperties of this fungus will prove to be nothing more

than the superstition of a primitive people. However, the problem of
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finding suitahle agents for fertility control is urgert and no possibiiity

should be overlooked.
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