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Abstract

1 1 'The crystals of A ’ -dicyclohexenyl ketone, are
trlclinic, space group PÎ. The 2152 data were taken at -110°C with 
cell dimensions a=9.388(3), b=8.693(5), c=9.385(3) Â, a=104.85(3), 
8=113.77(3), y=117.16(2)°. The structure was determined by direct methods 
and has refined to an R value of 5.1%. The structure is partially dis­
ordered at room temperature.

The crystals are colorless, but show a reversible photochromie 
change when subjected to near ultraviolet radiation. Although the 
crystals undergo the same color change at low temperature, the reaction 
is not reversible and the crystals remain colored indefinitely at -110°C. 
Therefore, in addition to the data collected on the crystal in its 
clear-form, a data set was collected on the compound in its pink-form 
at low temperature in an attempt to see a change in conformation or 
structure.
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INTRODUCTION

1 1 'Crystals of A ’ -dicyclohexenyl ketone (DCK) undergo a rever­
sible photochromie change when subjected to near ultraviolet radiation. 
The crystals visually change from clear to pink to a deep red depending 
oii the length and intensity of irradiation. The process is readily 
reversible at room temperature, the crystals losing their color in a 
matter of minutes when removed from the exciting light. The formation 
of colored product with irradiation proceeds readily at low temperature, 
indicating a photochemical reaction, however the loss of color is ap­
parently a thermal process, since the crystals when maintained at a 
low temperature (less than 0“C) after being irradiated, were seen to 
remain in the colored form indefinitely.

Several studies of photochromie reactions have been reported 
in the literature. Photochromism through partial torsion about an 
essential double bond in bianthrones was studied by Korenstein, Muskzat 
and Sharafy-Ozeri (1973). An irreversible photochromie reaction of 
p-nitrophenol was studied by X-ray crystallography by Coppens (1960).
An intermolecular reaction was determined to be the basis of the 
photochromie change in this case. The crystal structures of 2-(2’,4’- 
dinitrobenzyl)pyridine and 4-(2',4’-dinitrobenzyl)pyridine have been 
determined (Seff and Trueblood, 1968), (Otterson and Seff, 1974) to 
elucidate the reversible photochromie change observed in the former.
An intramolecular tautomeric reaction in which a methylene hydrogen 
is transferred to the oxygen of the ortho-nitro group and then to 
the pyridine nitrogen is postulated on the basis of these structural



determinations.
1 1'Lehr (1968) studied cycllzatlon reactions of A * -dicyclo­

hexenyl ketone, a cross conjugated dienone, in order to resolve the 
question of conrotatory versus dlsrotatory ring closure across C(2)-C(2’). 
Conrotatory closure was observed for the acid catalyzed reaction, whereas 
dlsrotatory closure was observed for the photochemical reaction In 
solution. The reaction products for the photolysis In benzene Indicated 
that hydrogen abstraction at C(6), (C(6')), by the carbonyl 0(8) may 
be Involved In the cycllzatlon reaction.

1 1'We have determined the structure of the clear-form of A ’ -
dicyclohexenyl ketone at room temperature and at -110 degrees C and In 
the plnk-form at -110 degrees C to see If a difference could be ob­
served In the structures. If no difference could be observed It was 
hoped that an accurate determination of the crystal structure would 
Indicate whether the photochromie change Is caused by an Inter- or 
Intramolecular reaction and perhaps Infer a mechanism.

EXPERIMENTAL

1 1*Crystals of A ’ -dicyclohexenyl ketone were grown originally 
by dissolving a sample of DCK In methanol, adding water until the 
solution became cloudy and allowing It to stand. Crystals grown In 
this manner visually appeared excellent, but a high percentage were 
found to be twinned. A crystal was selected which was not twinned 
and the space group determined to be PÏ on a G.E. XRD-5 diffractometer.
It was necessary to put the crystal In a capillary In order to take
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data as the crystals gradually sublimed at room temperature, losing all 
diffracted intensities in 1-2 days. Data were collected and the 
structure solved at room temperature in this manner, but as discussed 
in the next section refinement was not satisfactory due to disôrder.
It was suspected that this was a type of disorder associated with high 
thermal motion and therefore we decided to recollect the data at low 
temperature (-110*0). Since the basic manner of data collection and 
processing was the same at both room and low temperature a full des­
cription is given only for the low temperature data.

Large crystals of DCK had been grown by sublimation. In an 
attempt to overcome the problem of twinning, crystals of sublimed DCK 
were cut to appropriate dimensions and mounted on a glass fiber. Since 
at low temperature loss of intensity due to sublimation was not a problem 
no capillary was used. No twinning was seen in these crystals. Data 
was then recollected on a Nonius CAD-4 automatic diffractometer equipped 
with a low temperature unit. The least' squares cell dimensions were 
determined from averages of the +20 and -20 values of 40 reflections, 
distributed throughout reciprocal space, measured at -110*C. The 
crystallographic data are shown in Table 1. The 2152 data, including 
all unique reflections with 0 less than 75“, were taken with Ni-filtered 
CuK̂  radiation (A=l.54178 Â). The data were collected with 0-20 scans 
in which the 0 scan width was between 1.00 and 1.38 degrees. The Oil 
and 120 reflections were excluded from the data, due to the large 
intensities and high extinction effects. The maximum scan time was 
90 seconds with 2/3 of the time spent while scanning the peak and 1/6 
on each the left and right background. There were 19 reflections
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Table 1. Crystallographic Data

Formula - 
F.W. - 190.28 
F(000) - 208 
Space Group - PÏ 
Z - 2

- 1.120 (room temperature)
Dcaïc “ l'i38 (roOm temperature) Ĥ O and NaCl solution flotation 

l̂ow temperature 9*388(3) Â ®room temperature ° 9.4909(6) X
= 8.693(4) b  ̂= 8.8044(4)
» 9.385(3) ĉj. = 9.4801(4)
= 104.85(3)° =» 103.502(4)°
= 113.77(3) 6̂  ̂= 113.103(4)
= 117.16(2) = 117.658(4)
= 524.62 = 555.08



which had intensities we considered indistinguishable from the back-
1/2ground on the basis that the net count was less than 1.4 T (T*total

1/2count). These reflections were assigned intensities equal to 0.7 T
for purposes of least squares refinement. Lorentz and polarization
corrections were applied to the data. No absorption corrections were

2made. Each amplitude was assigned a weight given by ŵ l̂/sigmap , where
the standard deviation sigma_ (a_) of the amplitude was calcualted bytr e

+ ((0.02)P)̂ ]1/2
F 2' (Lp)P

in which
a » V
V = Scan speed
P = [PK-2(R+L)]V
PK = peak count
R = Right background count
L = Left background count
Lp = Lorentz-Polarization factor
Secondary extinction corrections were made on the observed 

intensities according to the equation ĉorrected̂ ô Gxp(-ĉ ^̂ *P). The
constant c  ̂was determined to be 0.000005 from the slope of a plot ext
of log F̂ /Fg versus P (net count) for 38 reflections having a F̂  
greater than 10.

Next an attempt to collect a data set on a crystal in its 
colored (red) form was made. A mounted crystal was exposed to bright 
sunlight on a cool day for a period of about 15 minutes, at which
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time the crystal appeared to be a deep red color. The crystal was 
quickly placed in the cold stream of the diffractometer system where 
it retained its color. Another data set was collected in this manner, 
however, several crystals were used since the irradiation apparently 
weakened the structure causing the crystals to fracture and break 
apart under the force of the cold stream, an effect not observed with 
crystals in the clear form. Data was collected and reduced in the 
same manner described for the clear-form data. Least squares cell 
dimensions were not significantly different from those of the clear- 
form. A total of 79 reflections were not distinguishable from the 
background and were treated as described earlier. The weighting scheme 
was identical to that used previously. Extinction was not apparent 
and these corrections were therefore not made for this data set.

STRUCTURE SOLUTION AND REFINEMENT

The structure was solved by the symbolic addition procedure 
(Karle and Karle, 1966) using the normalized structure factors derived 
from the amplitudes of the data set collected at room temperature.
The distribution and statistics of the | e | ' s  agree with the theoretical 
values for the centrosymmetric case. The 164 highest |E|'s (greater 
than 1.65) were used to generate triplets satisfying the relation. 
The origin was defined by assigning a positive sign to the 526 and 
241 reflections and a negative sign to the 157 reflection. The symbol 
A was assigned to 606 reflection, B to the 731 and C to the 615 re­
flection. The sign of B and C were determined to be negative, the
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sign of A was undetermined. Two Fourier synthesis maps based on the 
signed E's, one assuming a plus sign for A, and the other a minus sign 
for A were calculated. The map calculated from signs generated by the 
symbol A having a minus sign yielded a reasonable structure. The carbon 
and oxygen atom positions from the E-map were used with isotropic 
thermal parameters in a structure factor calculation and refined by 
block diagonal least-squares minimization of SWj((F̂ |-|f |̂)̂ . The 
hydrogen atoms were located from geometrical considerations with the 
aid of a difference Fourier synthesis map. The hydrogen atoms were 
included in the structure factor least-squares refinement with isotropic 
temperature factors. The temperature factors for the non-hydrogen 
atoms were made anisotropic. The refinement appeared to converge at 
an R=(Z||F̂ |-1f 1̂|/z|F̂ |) of 0.14. At this point the calculated bond 
distances between C(4') and C(5') and between C(4) and C(3) were 
1.446 A and 1.499 Â respectively. The major axes of the thermal 
ellipsoids had values as high as 16.8 and 13.0 for atoms C(5') 
and C(4') and of 9.3 and 10.2 for C(4) and C(5). These observa­
tions indicated that disorder or a high thermal vibration existed at 
C(4') and C(5*) and to a lesser extent at C(4) and C(5). It was not 
apparent from a difference map whether the atoms were truly disordered 
or had a large thermal vibration. Attenq>ts to resolve this problem 
by refinement of disordered half-atoms was unsatisfactory. Since it 
was clear that these positions in the cyclohexenyl rings were relatively 
free to vibrate thermally or exist in two stable half-chair conforma­
tions (one conformation having C(4') up and C(5*) down relative to 
the plane of the ring, the other conformation being the opposite) we
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decided to retake the data at low temperature in order to possibly 
isolate one favored conformation. The refined parameters from the 
room tençerature data were used in the refinement of the low temperature 
data. As mentioned previously data was also collected at low temperature 
on a crystal in the colored form. This data set was also refined in­
dependently using the same starting parameters. Refinement continued 
on both low temperature data sets until shifts in the parameters were 
less than 1/3 of their standard deviation. No disorder was seen in the 
cyclohexene rings at low temperature. The final R values were 0.051 
for the low-temperature clear-form data and 0.058 for the red-form
low-temperature data. The final difference Fouriers showed no signifi-

3 2cant residual peaks (greater than 0.3 e/A ). The average w^AF were
independent of F̂  and sin 6/X validating the weighting scheme used in
the refinement.

The atomic scattering factors for carbon and oxygen are
from the INTERNATIONAL TABLES FOR X-RAY CRYSTALLOGRAPHY (1962). The
scattering factors for the hydrogen atoms were from Stewart, Davidson

*and Simpson (1965). The final atomic parameters are in Tables 2 and 3.

*The final F̂  and F̂  tables have been deposited with the British 
Library Lending Division as Supplementary Publication No. SUP 00000 
(18 p.p., 1 microfiche). Copies may be obtained through the Executive 
Secretary lUC, 13, White Friars, Chester CH INZ, England.



Table 2. Atomic Fractional Coordinates and Thermal Parameters (all x 10 )
2 2 2The temperature factor is expressed in the form exp{-(h b^^+k 1̂ 22̂  ̂  ̂*

Standard deviations of the last digit are in parenthesis. There are two entries for each atom; 
the first of these are the parameters derived from data taken on a crystal in the clear form at
-110°C,
Atom

while the
X

second entry

y

is from data taken on 
z 1̂1

a crystal 
2̂2

in the pink form. 
3̂3 ^23 13 12

C(l) -1064(2) -3086(2) 3080(2) 71(2) 62(2) 44(2 55(3) 63(3) 75(4)
-1067(3) -3087(3) 3077(3) 88(4) 99(4) 68(3 99(6) 108(6) 115(7)

C(2) -1788(2) -2127(2) 2651(2) 73(2) 67(2) 58(2 74(4) 77(4) 82(4)
-1788(3) -2125(3) 2651(3) 83(4) 105(4) 76(3 110(7) 106(6) 112(7)

C(3) -3398(2) -2303(2) 2772(2) 82(2) 93(2) 69(2 91(4) 90(4) 120(4)
-3399(3) -2302(3) 2773(3) 88(4) 132(5) 86(4 115(7) 112(6) 142(7)

C(4) -3735(2) -3232(2) 3895(2) 81(2) 109(3) 72(2 99(4) 104(4) 109(4)
-3732(3) -3233(4) 3898(3) 90(4) 147(5) 93(4 135(7) 132(7) 147(8)

C(5) -3788(2) -5083(2) 3349(2) 100(3) 89(3) 87(2 116(4) 128(4) 96(4)
-3786(3) -5077(4) 3354(3) 103(4) 130(5) 107(4 156(8) 150(7) 125(8)

C(6) -1791(2) -4446(2) 3765(2) 110(3) 93(3) 79(2 124(4) 128(4) 137(4)
-1786(3) -4443(3) 3770(3) 112(4) 136(5) 98(4 165(7) 151(7) 166(8)

C(l') 989(2) -2223(2) 1788(2) 75(2) 63(2) 60(2 70(4) 86(4) 93(4)
985(3) -2227(3) 1786(3) 79(3) 95(4) 72(3 98(6) 101(6) 112(7)

0(2’) -556(2) -2936(2) 117(2) 75(2) 73(2) 61(2 74(4) 84(4) 95(4)
-553(3) -2939(3) 119(3) 88(4) 104(4) 76(3 106(7) 110(6) 117(7)0(3’) -351(2) -2584(2) -1298(2) 90(2) 95(3) 59(2 90(4) 88(4) 124(4)
-347(3) -2581(3) -1298(3) 99(4) 131(5) 77(3 123(7) 114(6) 145(8)

C(4’) 1833(2) -962(2) -491(2) 104(3) 93(3) 80(2 121(4) 125(4) 129(5)
1837(3) -966(3) -491(3) 101(4) 126(5) 87(4 135(7) 126(7) 135(8)

0(5’) 3180(2) -1286(2) 748(2) 89(2) 125(3) 85(2 137(4) 127(4) 145(5)
3172(3) -1288(4) 737(3) 103(4) 161(5) 114(4 188(8) 169(7) 182(8)

0(6’) 3108(2) -1079(2) 2377(2) 71(2) 105(3) 66(2 94(4) 80(4) 106(4)3107(3) -1076(3) 2376(3) 86(4) 145(5) 89(4 141(7) 119(7) 143(8)0(7) 675(2) -2689(2) 3108(2̂ 76(2) 56(2) 52(2 54(4) 67(4) 84(4)
676(3) -2685(3) 3109(3) 84(4) 88(4) 63(3 81(6) 87(6) 105(7)

0(8) 1865(1) -2743(1) 4254(1) 101(2) 122(2) 76(2 137(3) 105(3) 165(4)
1866(2) -2742(3) 4254(2) 103(3) 161(4) 92(3 167(6) 122(5) 182(6)
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Table 3. Hydrogen Atom Parameters (coordinates x 10 ) 
deviations of last digit In parenthesis.

Standard

X y z Iso
H(C2)1 -121(2) -119(2) 227(2) 1.7(3)

-125(4) -122(4) 226(4) 1.6(5)
H(C3)1 -463(2) -314(2) 155(2) 2.2(3)

-462(4) -315(5) 152(4) 2.2(5)
H(C3)2 -305(2) -93(2) 330(2) 2.1(3)

-310(5) -90(5) 326(4) 2.8(6)
H(C4)1 -499(3) -362(3) 375(3) 3.1(4)

-494(4) -357(4) 379(4) 2.3(6)
H(C4)2 -259(2) -216(2) 519(2) 1.8(3)

-259(4) -211(4) 525(4) 1.7(5)
H(C5)1 -485(2) -611(2) 202(2) 2.5(3)

-488(5) -609(5) 199(4) 2.5(6)
H(C5)2 -410(3) -577(3) 399(2) 2.8(4)

-409(5) -573(5) 399(4) 2.5(6)
H(C6)1 -192(2) -565(2) 317(2) 2.0(3)

-189(5) -572(5) 321(5) 3.4(7)
H(C6)2 -78(2) -370(2) 510(2) 1.8(3)

-75(4) -366(4) 515(4) 2.1(5)
H(C2’)1 -191(2) -381(2) -24(2) 2.0(3)

-193(4) -382(4) -25(4) 1.7(5)
H(C3')1 -117(2) -224(2) -187(2) 2.1(3)

-123(5) -221(5) -190(5) 3.5(7)
H(C3')2 -94(3) -392(2) -236(2) 2.1(3)

-101(5) -397(5) -238(4) 2.3(6)
H(C4’)1 193(2) -102(2) -153(2) 2.1(3)

193(5) -101(5) -156(5) 3.2(7)
H(C4’)2 226(3) 44(3) 28(2) 2.4(3)

229(5) 46(5) 28(5) 3.1(7)
H(C5’)1 268(3) -272(3) 1(3) 2.4(3)

267(5) -277(5) -2(4) 2.6(6)
H(C5’)2 459(3) -23(3) 126(3) 2.4(3)

461(5) -27(5) 125(5) 3.0(6)
H(C6’)1 367(3) -163(2) 298(2) 2.4(3)

367(5) -161(5) 298(4) 2.6(6)
H(C6’)2 392(2) 35(2) 330(2) 2.1(3)

393(5) 40(5) 333(5) 2.8(6)
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RESULTS

A stereoview of the molecule is given In Figure 1. The bond 
distances and angles obtained from refinement of the data collected at 
low temperature on a crystal In the clear-form are shown In Figures 2 
and 3. A half-normal probability plot (Abrahams and Keve, 1971) was 
constructed from the positional parameters, to compare the results 
obtained from refinement of the data set collected on the clear-form 
and the red-form of DCK at low temperatures. This plot which Includes 
only the non-hydrogen positional parameters Is shown In Figure 4. The 
parameter having the largest observed difference In the two forms and 
also showing the largest deviation from the expected straight line of 
Figure 4 Is the e coordinate of 0(5') which lies about 5 standard 
deviations from the best straight line through all points. This Is 
an atom which Is disordered at room temperature. The remainder of the 
positional parameters appear to have a linear relation In the half­
normal probability plot, giving a slope of 1.01 (standard deviation 
of 0.04) validating the weighting scheme employed, and an Intercept 
of -.005. The anisotropic temperature factor parameters appear to 
be increased by an average of about 20% for all carbons and oxygen atoms. 
In general the same results are seen for the hydrogen atom parameters. 
Since It Is doubtful If a significant difference Is observed between 
the clear and colored forms, all calculated results (distances and 
angles) shown are from the refined coordinates of the clear-form data.
No data Is Included here for the room temperature data set.

The bond lengths and angles are In good agreement with



Figure 1 - Stereoview of the DCK molecule using the ORTEP program 
(Johnson, 1965).
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Figure 2 - Numbering scheme and bond distances In Angstroms. Standard 
deviation for all distances Is 0.002 A.
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Figure 3 - Bond angles in degrees. Standard deviations of angles are 
0.1°.
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Figure 4 - Half-normal probability plot (Abrahams and Keve» 1971)« 
comparing the final positional parameters of the non-hydrogen atoms 
as obtained from refinement of the clear and red crystal forms.
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accepted values. The distances and angles in the cyclohexene rings 
compare well with values found in 4-diethylcarbamoyl-l-cyclohexene- 
5-carboxylic acid (Pedone, Benedetti, Immirizi, and Allegra, 1969).
The distances and angles in cyclohexene ring C(l)-C(6) are consistent 
with the values found in ring C(l')-C(6 *). The carbon-hydrogen bond 
distances vary between 0.96 and 1.01 Â.

Perhaps the most interesting results are seen in the conforma­
tional angles (Figure 5). Rotations around the C(l)-C(7) and C(l*)-C(7) 
bonds of 34 and 28 degrees respectively cause the cyclohexene rings to 
be tilted with respect to the plane of the carbonyl group (C(l)-C(7)- 
0(8)-C(l')) in opposite directions as can be seen by a view down the 
C(7)-0(8) bond (Figure 6). This non-planarity results from steric 
hinderance between H(C2) and H(C2'). The analogous effects have been 
observed for benzophenone and its derivatives (Rekker and Nauta, 1954). 
Pattabhi and Venkatesan (1972) determined the rotation for each of 
the benzene rings away from planarity to be 28 degrees in 3,3'-dibromo- 
benzophenone. In addition to the experimental values reported in this 
article, Pattabhi and Venkatesan have calculated theoretical values 
for these twists by semi-empirical energy minimization methods to be 
42-45 degrees for the isolated benzophenone molecules and 30 degrees 
for the molecule 3,3*-dibromobenzophenone in the crystal form. The 
contact between H(C2) and H(C2') is shown in Figure 7 to be 2.41 A, 
which is near the sum of the van der Waals radii of two hydrogen atoms 
of 2.4 Â (Pauling, 1960). The crowding between H(C2) and H(C2') causes 
the cyclohexene rings to be tilted in such a manner that disrotatory 
closure across C(2)-C(2') would be difficult without the system first



6261

Figure 5 - Conformational angles In DCK. Cis conformation is taken 
as 0°. Rotation in the right handed sense is given in degrees.



N»O

Figure 6 - Stereoview of DCK as viewed down 0(8)-*C(7) bond, showing 
twist of rings.
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becoming more planar. The rings are In a favorable relation, however, 
for conrotatory closure.

Bucourt (1964) has calculated the Internal dihedral angles 
for cyclohexene by energy minimization techniques. These theoretical 
values and the experimental values of Pedone, Benedetti, Imlrlzl and 
Allegra (1969) are virtually Identical to the torsion angles found In 
the cyclohexene rings of DCK and Illustrated In Figure 5. The tilting 
of ring C(l)-C(6) from the plane of the carbonyl group Is approximately 
related to the tilt of ring C(l’)-C(6 ') by a 2 fold axis through 
0(7)-0(8). This can be seen In the Identical signs of the torsion 
angles around C(7)-C(l) and C(7)-C(l'). The potential two-fold symmetry 
of the DCK molecule Is destroyed, however, by the Internal conformation 
of the cyclohexene rings, as shown by the opposite signs of the angles 
In each ring which Indicates that the Internal conformations of the 
rings are related by a mirror plane through C(7)-0(8) perpendicular 
to the rings.

The result of this difference In conformation of the cyclohexene 
rings relative to the oxygen Is that the torsion around the bond C(l')- 
C(6 ’) causes H(C6')1 to be moved closer to 0(8) and H(C6')2 farther 
away. If the Internal conformation of the cyclohexene rings had been 
related by a two-fold axis the hydrogens on C(6 ') would have been 
equidistant from 0(8) as are H(C6)1 and H(C6)2. At room temperature 
the ring C(l')-C(6 ') (and to a lesser extent ring C(l)-C(6)) Is dis­
ordered at C(4) and C(5), Indicating that both mirror related conforma­
tions are present. As Is shown In Figure 7, at low temperature H(C6')1 
has a contact of 2.44 Â with 0(8) and makes a C-H-0 bond angle of 103



ro

Figure 7 - Drawing of the molecule Including the hydrogen atoms.
Atoms having a close intramolecular contact are connected by a  dotted 
line. Distance in Angstroms is given.
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degrees. Therefore, H(C6')1 is in an excellent position for hydrogen 
abstraction by 0 (8 ) and being in an allylic position is acidic in 
character. The transfer of H(C6')1 to 0(8) would result in a delocalized 
zwitterion or diradical which would cyclize in solution, as previously 
stated, but could not in the crystal lattice due to crystal forces.

Another interesting contact, in this case intermolecular, exists 
between C(3*) and H(C3')2 with 0(8) of a molecule translated + 1 unit 
in the b-direction and inverted by a center of symmetry. The hydrogen- 
oxygen distance is 2.48 A and the C-H-0 bond angle is virtually linear. 
The H(C3')2 is also allylic and therefore acidic in character and it 
is therefore just as well possible that an intemolecular transfer of 
hydrogen occurs yielding a different diradical. There is however no 
indication from the present results that the 0=0 distance is increased 
in the pink-form (clear-form: 1.229(2) Â, pink-form; 1.231(3) A).
This is in agreement with the lack of difference observed in the half- 
normal probability plot. We therefore have to conclude that the color 
change is partial and probably only occurring at the surface and that 
the increase in thermal motion is due to the shock of heating the crystal 
during irradiation and returning it to the cold stream.
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ABSTRACT
The structure determination is reported for 3-benzyl-7-chloro-2,4-dioxa- 

3-phosphabicyclo[3.3.l]nonane, 3-oxide via X-ray diffraction analysis. Con­
formational properties predicted previously far the molecule on the basis of 
IR, PMR, and dipole moment data are substantiated for the crystal structure 
with but minor exceptions. Interpretation of the mechanism of formation of the 
oxide is given. Ĉ gĤ ^ClÔ P crystals are monoclinic, space group , Z = 2, 
with a = 11.672, b = 9.777, c = 5.833 1, and p = 98.30°. Diffractometer in­
tensity data were collected for all unique refractions with sin Q / \  less than 
0.66 A  using Zr-filtered molybdenum radiation. The final R value is 7.9% 
for all 1681 data.

INTRODUCTION
Published single crystal analysis via X-ray diffraction of organophosphorus 

compounds is relatively scarce in the literature in spite of the well recognized 
importance of cyclic phosphorus esters, especially in biological systems. We
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now wish to report the 3-dimensional crystal analysis of 3-benzy1-7-chloro- 
2 , 4-dioxa-3-phosphab icyclo (3.3. l)nonane, 3-oxide, a bicyclic phosphonate.

Carbon-phosphorous bond formation can often be accomplished readily by 
way of the Michaelis-Arbuzov reaction.̂  It was previously shown that 1-phospha-
2 ,8 ,9-trioxaadamantane undergoes ring opening when treated with benzyl chloride

2 2 at 110°C for 24 hr. Infrared, NMR, and dipole moment data favored the confor­
mation ̂  rather than le, or It was recognized that single crystal

r  LP— 0 CeHgCHzP̂ p

IdICIb
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X-ray analysis would be required before the absolute configuration of solid 
compound could be established in view of the complexity of PMR data and devi­
ation of calculated dipole moments from the measured values for several con- 

formers.

RESULTS AND DISCUSSION
The results indicate that a modified structure is required. The bond 

lengths of la' are shown in Fig. 1. These distances compare favorably with 
those reported in other structures containing a 1,3,2-dioxaphosphorinane 
ring system. A convenient summary of bond distances is found in the crystal 
and molecular structure of 5,5-dimethyl-2-chloro-2-oxo-l,3,2-dioxaphosphorinane. 
Some reported data and the bond lengths found for the ring system of ̂  are 
(in Â):

4

Average reported Ranges reported la/

P=0 1.46 1.393 - 1.48 1.460
p-0 1.55 1.510 - 1.582 1.573, 1.575
C-0 1.47 1.43 - 1.523 1.473, 1.492

c-c 1.53 1.49 - 1.588 1.505, 1.507

These averages are obtained from the X-ray structure determination of
2-oxo-2-phenoxy-l,3,2-dioxaphosphorinanê , 2-bromo-5-bromoethyl-5-methyl-2-oxo-

6 71,3,2-dioxaphosphorinane , 5,5-dimethy1-2-oxo-2 hydroxy-1,3,2-dioxaphosphorinane ,
g

propane-1,3-diol cyclic phosphate , 5-^-butyl-2-methyl-2-oxo-l,3,2-dioxa-
8 9phosphorinane , 5,5-dimethyl-2-oxo-2-phenyl-1 ,3,2-dioxaphosphorinane , and

45,5-dimethyl-2-chloro-2-oxo-l,3,2-dioxaphosphorinane .

The P-0 distances for la' are significantly shorter than those reported 
for the anion of cyclic uridine-3'5'-phosphatê  ̂(1.61 A average). The P-C(7)
bond length is comparable to that reported in the structure of 2 -oxo-2 -phenyl-

o 94,4--dimethyl-l,3,2-dioxaphosphorinane (1.̂ 2 A). The Cl is attached to the
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cyclohexyl ring in the equatorial position. Its bond distance (1.800 X) seems

o 11somewhat greater than the generally accepted value of near 1.76 A.
Bond angles are given in Table I. A tetrahedral arrangement around the 

phosphorous atom is indicated with the exception of the 0(l)-P-0(2) angle 
which is 107.0° ± 0.2°. This O-P-0 angle in the 1,3,2-dioxaphosphorinane ring 
is in agreement with the value of 106.6 reported by Geisê  and of 107.5° re­
ported by Verkade^̂  in separate systems. The P-O-C angles of 125.5° and 124.4° 
are quite large, but reasonable in light of the P-O-C angles of 122.6°-125.3°
in triphenyl phosphate. The average bond distance in the phenyl ring of

o 2 ois 1.376 A with an average angle between sp bonds of 120.0 .
The cyclohexyl ring is in the chair conformation, while the 1,3,2-dioxa­

phosphorinane ring forms neither a perfect chair nor a perfect boat, but is 
intermediate between the two conformations a feature also observed in the structure 
of cis-4,6-dimethyl-2-Oxo-2-triphenylmethyl-l,3i2-dioxaphosphorinaneî̂  The
calculated 0(3)...H(l) distance [H(l) is bonded to C(l)] in the perfect boat-

o 0 3chair is 4.04 A, and, in the perfect chair-chair, this distance is 0.90 A.
. oIn ̂  the 0(3)...H(l) distance is 2.86 A, however. Dihedral angles for both

rings and around other bonds of interest are listed in Table II. It can be
seen in Figure 2, which shows a 3-D view of the molecule, that the atoms C(3),
0(1), P, 0(2) and C(5) are nearly planar (Table III). Other intramolecular
distances of interest are P-C(l): 3.336 A; P-C(4): 2.976 A; P-C(3); 2.726 A;
and P-C(5): 2.696 A.

The tricyclic system conceptually has a mirror plane of symmetry and such 
is, at least approximately, the observation. The least-squares plane through 
Cl, C(l), C(4), 0(3), P and C(7) is given in Table III. The benzyl group de­
stroys the mirror symmetry of the molecule. The C(7)-C(8) bond is almost trans 
to the P-0(2) bond rather than trans to the 0(3)-P bond (Table II). The phenyl 
ring shows a small twist around the C(7)-C(8) bond from the preferred conforma-
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TABLE I
Bond angles. Standard deviations for the last digit are given in parentheses

C(2)C(1)C(6) 113.1(4) 0(1)P0(3) 113.2(2)

C(2)C(1)CI 109.6(4) 0(2)P0(3) 112.7(2)

C(6)C(1)C1 108.9(4) 0(1)PC(7) 105.6(2)

C(1)C(2)C(3) 109.3(4) 0(2)PC(7) 104.4(2)

C(1)C(6)C(5) 112.3(4) 0(3)PC(7) 113.3(3)
C(2)C(3)C(4) 112.7(4) PG(7)C(8) 112.5(4)
C(6)C(5)C(4) 112.0(5) C(7)C(8)C(9) 120.9(5)
C(2)C(3)0(1) 108.4(4) C(7(C(8)C(13) 121.2(5)
C(6)C(5)0(2) 110.0(4) C(8)C(9)C(10) 1 2 1.0 (6 )
C(4)C(3)0(1) 109.5(4) C(9)C(10)C(11) 120.4(7)
C(4)C(5)0(2) 108.7(4) C(10)C(11)C(12) 119.5(7)
C(3)0(1)P 125.5(4) C(11)C(12)C(13) 120.5(6)
C(5)0(2)P 124.4(3) C(12)C(13)C(8) 1 2 0.6 (6)
C(3)C(4)C(5) 109.3(4) C(13)C(8)C(9) 118.0(6)
0(1)P0(2) 107.0(2)
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TABLE II

Conformational angles in ring systems. The cis conformation La' is taken as
ftO in the table indicate the righthanded rotation

the conformations observed in the structure.

1,3,2-Dioxaphosphorinane Ring
P0(2)-C(5)C(4) +36.9°
P0(1)-C(3)C(4) -26.2°
0(2)C(5)-C(4)C(3) -66.3°
0(1)C(3)-C (4)C(5) +60.8°
C(3)0(l)-P0(2) - 2.3°
0(1)P-0(2)C(5) - 3.5°

Cyclohexyl Ring
C(1)C(2)-C(3)C(4) +57.8°
C(2)C(3)-C(4)C(5) -59.9°
C(3)C(4)-C(5)C(6) +55.5°
C(4)C(5)-C(6)C(1) -51.8°
C(5)C(6)-C(1)C(2) +50.3°
C(6)C(1)-C(2)C(3) -52.4°

Conformational angles around the benzyl group 
C(8)C(7)-P0(1) +75.2°
C(8)C(7)-PO(2) +187.8°
C(13)C(8)-C(7)P +77.4°
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TABLE III

Least-squares planes. The expression for the planes is Ax + By + Cz = D, 
where x, y and z are fractional coordinates and D is in A.

Plane 1 
Plane 2

A B 0 D
0 .470 9.248 1.824 4.309
4.196 2.868 4.810 2.630

A(l) A(l) A(2)
0 (1) 0.030 A 0 (2 ) 1.265 A 0(3) 0.030 A

0(4) -0.042 C(6) -1.264 0 (1) -0.028
0(7) 0.056 0(3) 1 . 2 0 0 P -0.003
0(3) -0.051 0(5) -1.256 0 (2 ) 0.033
P -0.006 0 (1) 1.244 0(5) -0.032
Cl 0.013 0 (2 ) -1.284 0(4) 0.734

0 (8 ) 1.118

tions included in plane (1): 0 (1), 0(4), 0(7), 0(3), P and Cl.
Positions included in plane (2): C(3), 0(1), P, 0(2) and C(5).
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tion of a presumed 90° for the P-C(7)-C(8)-C(13) angle. There is not generally
large anisotropic thermal motion in the molecule, although a greater anisotropy
is seen in the phenyl ring than elsewhere in the system.

The most interesting comparison for the tricyclic system of the present
structure can be made with 3-a-oxo-3-B-hydrio-7-B-hydroxy-2,4-dioxa-3-

12phosphabicyclo-[3.3.1]nonane (H) . Both in n, where the 1,3,2-
dioxaphosphorinane system is in the boat conformation and in the cyclic

0 

OH

II III
phosphate of propane-1,3-diol ( n j ) t h e  chair conformer, the POC angles are
considerably smaller than those in the present structure: 1 2 1.8° and 1 2 1,6° (11),
and 120.8° and 116.9° (III) respectively. The 6-membered phosphonate ring
system in la/and II has a small but definite conformational freedom, as can be
seen from the fact that in lâ  the smallest intramolecular distance is between

o
H(l)[Cl] and P: 2.86 A. This value is to bo compared with a van der Waals contact 
distance of 3.1 while equatorial H(2)[C(4)] and P arc at a distance of 3.05 A.
In II the smallest intramolecular distance is, instead, between H[C(4)] and P:

0 o2.75 A, while P to hydroxyl oxygen is 3.38 A, slightly larger than a van dor Waals
contact. These numbers indicate, for that matter, that the van dor Waals radius

ofor phosphorous is smaller, in these structures, than 1,9 A, which is the
generally accepted value. Thus, we conclude that there is neither contact interaction
between H(2)[C(4)] and P nor between H(2)fC(4)] and H on P in II. The differences
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correspond with the fact that the cyclic phosphate ring in is in the boat 
conformation. In contrast, in la'this ring is in a half chair conformation 
with atoms C(3), 0(1), P, 0(2) and 0(5) nearly coplanar, and with the differ­
ences observed for the POC angles in the two structures. Consequently, the half 
chair conformation of the 1,3,2-dioxphosphorinane ring system does not result 
from steric effects imposed by H(2)[C(4)] and H[at C(7)] interactions. The reason 
for the intuitively less likely conformation in la'might well be that it results 
in a nearly perfect alignment in our molecule of the dipoles formed by the CPO3 
atoms and the C-Cl bond. The angle between the C(7)-P and C(1)-C1 bonds is 
only 2.3° (Figure 2). In the crystal packing, which can be seen in Figure 3, 
the bond moments of the column of molecules related by the 2-fold screw axis, 
which is parallel to the b-cell edge, are situated on top of one another. This 
gives maximum of interaction which also explains the high melting point (199‘ - 
200.5°C) of the compound.

No intermolecular interactions are noted from the distances between
oneighboring molecules. The smallest intermolecular distance of 3.29 A is

between C(5) and 0(3) of a molecule related by the two-fold screw axis. All
o

other such distances are larger than 3.5 A .
The conclusion possible now is that in the l-phospha-2,8,9-trioxaadamantane 

(IV)-benzyl chloride reaction a nucleophilic displacement occurs by Cl~ on 
carbon. The resulting heterocyclic ring in the bicyclic system^ must undergo 
a slight inversion around oxygen to yield la/

CH....
IV
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EXPERh'DîKTAL
The crystals were clear plàtes with the plate face being the (100) plane.

The space group was determined on a G.E. XRD-5 diffraction unit. The least-
squares cell dimensions were obtained from the averages of the +2 0 - and -2 0-
values of 25 pairs of reflections, measured at 25°C, using CuKa radiation
(X = 1.5418 Â). The calculated standard deviations for the cell dimensions
were multiplied by a factor 2.5 to account for possible variations in the room
temperature during the measurements. The 1681 intensity data, comprising all!
unique reflections with 20 less than 56°, were taken with Zr-filtered MoKa
radiation (X = 0.71069 A) on a Nonius CAD-4 automatic diffractometer. These
data were collected with 0 - 2 0  scans in which the 0 scan width was between
0.70° and 0.75° [scan width = (0.7) + (0.1) (tan 0)]. The maximum scan time
was 150 sec with 2/3 of the time spent while scanning the peak and 1/6 on each
the left and the right background. A total of 344 reflections were assigned as
unobserved based on the fact that the net count was less than (1.4) /T (T =
total count). The unobserved data were given intensities equal to /T. Lorentz,
polarization and absorption corrections (p, = 4.097 cm )̂ were applied to the

16data. The program of Coppens, Leiserowitz and Rabinovich was used for the
absorption correction, using 216 sampling points. The program utilizes the
Gaussian method of numerical integration. The weight assigned to each structure

2amplitude (Ŵ ) is given by Ŵ, => » where is the standard deviation of
F, and is calculated as r

Op = 1/2,
(o)̂  + ((0.05)2)2

(Lp)P



%

19Figure 2. A stereoview of the molecule la'.



w

19Figure 3. A stereoview of the crystal packing looking down the
b-axis onto the a-c plane.
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in which a = (A)v
V = scan speed 
P = [T - 2(R + L)]v 
T = total count 
R = right background count 
L = left background count 

L p  =  Lorentz-polarization factor.
Additional crystal data is given in Table IV.

Structure Solution and Refinement
The chlorine-chlorine and phosphorous-phosphorous vectors were apparent 

in the Harker section of the Patterson synthesis, although it was not possible 
to distinguish between the two. Therefore, the highest peak was assigned an‘ 
arbitrary y-coordinate of 0.5 (fractional coordinates) which served to fix the 
position of the origin. The position of the other atom was determined from 
phosphorous-chlorine vectors which agreed with the information of the Harker 
section. These two atomic positions were used in a structure factor calcula­
tion for the purpose of initial phasing (both were inserted as phosphorous, the 
ambiguity to be solved at a later stage). A difference Fourier was calculated 
based on these initial phases. This showed the location of the three oxygen 
atoms, pieces of the two rings and differentiated between the chlorine and phos­
phorous atoms. Inserting the located atoms in another structure factor calcu­
lation and recycling through the structure factor-difference Fourier process 
twice more led to a complete trial structure. The temperature parameters of 
the phosphorous and chlorine atoms were made anisotropic and the R index 
ĵ= ZjlkF̂  |-| Fçlj/SfkF̂  I "j after one cycle dropped to 0.18. All atoms were made 
anisotropic and refinement continued by block-diagonal least-squares until the 
parameters were seen to converge. At this point the hydrogen atom positions
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TABLE IV

Crystallographic Data:

Formula:
F.W. 286.70 
Systematic Absences 
OkO; k = 2n + I

Space group:

11.672 ±  0.001 A  
9.777 ± 0.001 Â 
5.833 ± 0.001 A

g = 98.30° ± 0.01°

2 =  2

p = 1.445 g/cm̂

F(000) = 300

Volume of data crystal: 2.04 x 10 mm
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were determined from comparison of the difference Fourier with the coordinates 
calculated by geometrical considerations. The hydrogens were given isotropic 
thermal parameters, which were 0.5 larger than those of the atoms to which 
they are attached.

The refinement was continued until the shifts were less than 1/3 of the 
calculated standard deviations. The final R index based on the final parameters 
is 0.079 for all data and 0.061 for the 1337 data which were tagged as observed. 
The calculated standard deviations are based on all the data. The quantity 
minimized in the least-squares refinement was 2V̂ (]kF̂  ] - | j)̂. The average
values of W ÂF̂  were independent of | F̂  | or sin 0/\, validating the weighting 
scheme used in the refinement. Only one of the 344 reflections, which were 
tagged as unobserved, has a calculated F̂  larger than 2 k F̂ . A final differ-

0-3ence Fourier showed no peaks greater than 0.25 e • A The atomic scattering
factors for Cl, P, C and 0 were taken from the International Tables for X-ray

17Crystallography (1962), while those for H were those of Stewart, Davidson and 
18Simpson. The final parameters are given in Tables V and VI. A list of the 

observed and calculated structure factors is available from the authors.
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TABLE V

Parameters of all non hydrogen atoms. The x, y and z are expressed in fractions of the cell edges a, b and c,
2 2 2Anisotropic thermal parameters are in the form: exp[-(b̂ ĥ + bggk + b̂ l̂ + bggkl + b̂ ĥl + b̂ ghk)].

Standard deviations for the last digit are given in parentheses.

X X 10* Ly X 10 z X 1 0* b X 10* X 10* b X 10̂ b„„ X 1 0^ b,- X 10̂ b._ X
Cl -1807(4) 4501(6) - 175(8)

11
59(4)

zz
104(6)

J O  " -
23(2)

Z - 
-2 (2 )

13
2 (1)

12

-1(1
C2 -1739(5) 3590(6) 1962(9) 81(5) 82(6) 29(2) 1 (2 ) 9(2) 0(1

03 - 747(4) 4065(6) 3758(8) 76(4) 89(6) 24(2) 8 (2 ) 5(1) 2(1

04 - 866(5) 5538(6) 4446(8) 86(5) 106(7) 2 0 (2 ) -4(2) 0 (1) 0(1

05 - 892(5) 6434(6) 2342(8) 90(5) 81(6) 24(2) -2 (2 ) 2 (2 ) 1(1

06 -1854(5) 6007(6) 383(9) 88(5) 78(6) 27(2) -1 (2 ) 3(2) 1(1

07 2282(5) 5424(6) 3596(10) 84(5) 104(8) 34(2) -6 (2 ) -4(2) -1(1
08 3204(4) 4333(6) 3649(9) 65(4) 112(7) 29(2) -2 (2 ) 0 (1) -5(1
09 3357(5) 3363(7) 5401(10) 89(6) 139(9) 33(2) 6 (2 ) 2 (2 ) 0(1

0 1 0 4174(6) 2347(8) 5420(12) 105(7) 128(9) 52(3) 7(3) -2 (2 ) 1(1

Oil 4841(6) 2261(10) 3681(12) 73(6) 215(13) 60(3) -2(3) -14(2) 5(1
0 1 2 4700(5) 3194(10) 1942(11) 69(5) 276(14) 40(2) -5(3) 9(2) 2(2

013 3889(5) 4245(8) 1931(10) 84(5) 161(10) 37(2) 8(3) 4(2) -5(1

10'



TABLE V

(continued)

X X 10̂ y X 10^ z X 10  ̂ b,, X 1 0  ̂ X 10  ̂ b„„ X 1 0  ̂b̂ „ X 10  ̂b._ X 1 0  ̂ b._ X 10^------- —11------ —Il------  —33--------/3--------13------ —12------

01 357(3) 3882(4) 2784(6) 81(3) 70(4) 35(1) 6 (1) 5(1) 3(1)

02 244(3) 6362(4) 1530(6) 82(4) 83(4) 36(1) 7(1) 5(1) 0 (1)

03 1259(3) 4639(4) - 705(6) 83(3) 116(5) 31(1) -2 (1) 3(1) 1 (1)

Cl -3068(1) 4057(2) -2192(2) 81(1) 134(2) 29(1) -4(1) -2 (1) -2 (1)

P 1006(1) 5030(2) 1585(2) 67(1) 73(1) 26(1) 0 (1) 2 (1) 0 (1)
f'ro
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TABLE VI

Hydrogen atom parameters

X X 10^ V X 10̂ z X 10^ B

H(C1)1 -118 423 -90 3.9
H(C2)1 -243 370 259 4.2
H(C2)2 -153 250 155 4.2
H(C3)1 - 85 345 510 4.1
H(C4)1 -158 568 515 4.4
H(C4)2 - 25 588 560 4.4
H(C5)1 - 95 740 260 4.3
H(C6)1 -255 608 115 4.3
H(C6)2 -170 655 -95 4.3
H(C7)1 278 628 295 5.3
H(C7)2 210 548 526 5.3
H(C9)1 308 328 695 5.5
H(C10)1 423 150 655 6.3
H(C11)1 540 168 385 7.3
H(C12)1 515 325 75 6.8

H(C13)1 393 488 85 5.7
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Single crystal X-ray analysis was obtained on the title compound which be­

longed to the space group P2^. The phosphorInane ring in the molecule is a
o

distorted half chair with phosphorus 0.6 A out of the plane. The (-)-enantiomer 

exhibits respiration related cytotoxicity in ̂  subtills but not in Pj. fluorescens 

and sarcoma 180. However, the (-)-isomer did not inhibit growth in either 

organism.

46
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Biological activity of organophosphorus compounds is primarily associated
2with phosphates and phosphonates. Very little biological data has been re­

corded on any carbon-phosphorus (C-P) heterocycle (only C and P in the ring).^

We recently developed a general synthesis of phosphorino[4,3-djpyrlmldlnes,* 

and we report herein an X-ray analysis of one member of the family. I.e. 1, 

m.p. 250-251°, [a]^^-77° (e .0120, CH^OH). There Is some structural relationship 

to 2^ whose X-ray analysis and biological utility will be reported shortly.

SCHg
*p »Br ^

A  I
The activity of the general family of 5,6,7,8,-tetrahydroquinazolines, of which 

1 could be classified as a member (P has been substituted for carbon), is well 

known in medicinal chemistry.*'^

Experimental Section

X-Ray Analysis. A pure sample of the resolved enantiomer 1 ([a]^^« -77° m.p.

250-1°) was prepared as previously reported.* A suitable crystal for X-ray analysis

was obtained by slow evaporation of an ethanol-hexane solution. The crystal

was then cut to the appropriate size with a razor blade. The space group was

determined on a G.E. XRD-5 diffractometer. Weissenberg photographs showed the

crystal to be usable for an accurate structure determination. The least squares

cell dimensions were obtained from the averages of the +29 and -26 values of

40 reflections measured at 25°C. The crystallographic data are shown in Table

I. The 2323 data, comprising all unique reflections with 26 less than 75°
o

were taken with Nl-filtered CuKo radiation (X * 1.54178 A) on a Nonius CAD-4
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Table I. Crystallographic Data

FORMULA-
F.W.- 445.41

F(OOO)- 456

SPACE GROUP- P2^

Z«2

SYSTEMATIC ABSENCES oko k - 2n + 1

D “ 1.4074 (Flotation at 30 degrees C in bromobutane/CCl.)eAp 4
D - 1.395C
]i = 45.38 cm ^ 

a = 11.087(6) 

b » 8.7629(9) 

c - 12.181(5)

8 » 116.38(3)

VOLUME OF CRYSTAL « 2.11 x 10“^mm^
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automatic diffractometer. These data were collected with G-26 scans in which

the 6 scan width was between 0.80 and 1.10 degrees. The maximum scan time was

180 seconds with 2/3 of the time spent while scanning the peak and 1/6 on each

the left and right background. There were 22 reflections assigned as unobserved
1/2based on the fact that the net count was less than (1.4) T (T " Total count).
1/2The unobserved data were given intensities equal to 0.7 T . Lorentz, polariza­

tion and absorption corrections were applied to the data. The absorption co­

efficients varied between 0.310 and 0.516 as calculated by the Gaussian method 

of numerical integration. Each structure amplitude is assigned a weight given 

by Wp « l/sigmsp , where the standard deviation sigmsp (Op), of the amplitude 

is given by
11/2

», - 1 / 2 r(o)̂ -K(0.05)P)̂ |-I JP

in which a = T^^^V PK « Peak count

V = scan speed R = Right background count

P = [PK-2(R+L)]V L = Left background count

L » Lorentz-Polarization factorP
Biological Analysis (Methods and Materials). Bacillus subtilis W23 

(prototrophic strain) and Pseudomonas fluorescens NMD were maintained on 0.5%
g

glucose salts minimal medium. Mouse sarcoma ISO; ascites, tumor was maintained 

by intraperitoneal transplantation of 1 x 10^ cells each week in female GDI 

mice (Charles Rivers Laboratories, North Wilmington, Mass.).

B. subtilis and P. fluorescens which had been incubated in glucose minimal 

medium for 12-14 hrs at 37°C were harvested and suspended in phosphate buffer 

(0.1 M; pH 7.0) containing 0.5% w/v glucose. The absorbance (540nm) of the 

suspension was adjusted to 0.50 using a Coleman Junior II Spectrophotometer
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(18 nun light path) and 0.5 ml of this suspension used as an Inoculum in the 

respiration test. The sarcoma 180 cells were removed from the peritoneal cavity 
of mice after 7 days incubation and suspended in phosphate buffered glucose 

to a cell density of 5 x 10^ cells/ml. From this suspension 0.5 ml was used 

as an inoculum in the respiration test.
The respiration test was conducted using the procedure of Buskirk and co-

Qworkers. The end point in the test was determined using a series of control 

tubes containing serial dilutions of the respective test organism. The results, 

as indicated by the decolorization of methylene blue, and shown in Table II, 

were scored as follows: (-), clear; (+1), near clear; (+2), near blue; and

(+3), blue.
Structure Solution and Refi^ment. The bromlne-bromine vector was easily 

distinguishable in the Barker section of the Patterson synthesis. An arbitrary 

y-coordinate of 0.25 was assigned to this vector peak thereby fixing the position 

of the origin. Bromine-sulfur and bromine-phosphorous vectors were then located 

and used to determine the positions of the sulfur and phosphorus. At this 

point it was impossible to distinguish between sulfur and phosphorous, therefore 

both positions were put into a structure factor calculation as sulfur along 

with the bromine ion position. Phases of the structure factors calculated from 

these heavy atom positions were used to generate;a difference Fourier synthesis. 

Eight additional atoms were located from this map and it was possible t̂o dis­

tinguish between the sulfur and phosphorous atoms. The positions were included 

in another structure factor calculation and a subsequent difference Fourier 

showed the location of the remainder of the non-hydrogen atoms. Refinement 

continued by block diagonal least squares using anisotropic thermal parameters 
until convergence at an R » (Z||Fg|-|]^||/z|Fg)) of 0.047. The quantity mini­

mized was 2Wp(|F^j-(F^()^. Anomalous dispersion corrections were made for
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Table II. Respiration Studies with 1.

J, Test Organism
Compound Test Cone. B. subtilis P. fluorescens SA-180

1(+) 275 ug/ml +2

l(-) 275 yg/ml +3

^Concentration is expressed as pg/ml of compound in suspension.
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bromine, sulfur, and phosphorus with the anomalous scattering factor curve for

sulfur also being used for phosphorous due to computational limitations. The

absolute configuration was determined by comparing observed values of and
2 2I--J with calculated values of and A total of twenty five pairs of

reflections were used and all were in agreement with the opposite absolute con­

figuration. The configuration of the molecule was therefore changed by changing 

the sign of all y coordinates. After three more cycles of least squares refine­

ment a difference Fourier was calculated for the purpose of locating the hydrogen 

atoms. The positions of 19 hydrogen atoms were located from geometrical con­

siderations and verified with the difference Fourier. The methyl hydrogens were 

not located. These 19 hydrogens were Included in the structure factor cal­

culations but their positions were not refined. Three strong reflections were 

seen to be affected by secondary extinction and were therefore excluded from the 

refinement. Refinement was continued until the shifts in the parameters were

less than 1/3 of their standard deviation. The final R value for all 2323 data
03was 0.038. A final difference Fourier showed peaks between 0.85 e./A and -0.71

03 ,03e/A around the bromine ion, but no other peaks greater than 0.36 e./A . Only

a disperse positive region was seen in the area where the methyl hydrogens would

be expected. The average w^AF were independent of F^ and sin 6/X, validating

the weighting scheme used in the refinement. The final parameters are given in

Tables H I  and IV (structure factor table appears in the microfilm edition of

this journal).

The atomic scattering factors for Br , S, P, C, N and the anomalous

scattering factors for Br , and S were taken from the INTERNATIONAL TABLES FOR
10X-RAY CRYSTALLOGRAPHY (1962). The scattering factors for the hydrogen atoms 

were from Stewart, Davidson, and Simpson (1965).^^



Table III. Atomic fractional coordinates and thermal parameters (all x 10 ).

The temperature factor is expressed in the form exp{- O^b^^+k^bgg+l^b^^+hkb^^+hlb^^+klbgg)}. Standard 
deviations for the last digit are in parentheses.
Atom X y z ^ 1 ^22 ^33 **23 **13 **12
Br(l) 1547.6(4) -2539.9(8) 1921.7(4) 161.2(5) 93.5(4) 96.2(3) 2.7(7) 51.2(6) 4.3(9)
S(l) -2746(1) 1673(1) 991(1) 128(1) 102(1) 125(1) -35(2) 156(2) -22(2)
N(l) -3731(4) -3309(6) 1196(4) 173(5) 149(6) 145(5) 20(10) 155(8) -33(10)C(2) -4099(5) -2119(7) 1701(5) 166(6) 163(8) 128(5) 22(9) 170(9) -46(11)
N(3) -3834(4) -609(5) 1683(4) 144(4) 140(6) 118(4) 3(8) 159(7) -14(8)
C(4) -3147(3) -251(5) 1071(3) 91(3) 104(5) 84(3) 11(6) 64(5) 4(7)
C(5) -1910(4) -822(4) -200(3) 110(4) 81(4) 75(3) -5(6) 69(5) -9(6)
P(6) -2019.7(8) -2123(1) -1353.2(8) 81.1(7) 87(1) 73.4(6) -19(1) 55(1) 9(1)
C(7) -1727(4) -3919(5) -582(4) 122(4) 98(5) 107(4) -10(7) 83(7) 30(7)
C(8) -2741(5) -4178.(5) -61(5) 175(6) 95(5) 137(5) 7(8) 154(9) -17(9)
C(9) -3046(4) -2843(5) 561(3) 112(4) 119(6) 88(3) 26(7) 66(5) -15(7)
C(10) -2722(3) -1334(4) 458(3) 85(3) 109(5) 69(3) 1(6) 45(5) 1(6)
C(ll) -3222(8) 2561(10) 2076(7) 341(12) 149(8) 262(9) -117(16) 492(19) -76(18)
C(12) -709(3) -1674(5) -1804(3) 88(3) 119(5) 87(3) -37(7) 70(5) -7(6)
C(13) -927(3) -2249(5) -3031(3) 80(3) 138(7) 89(3) -34(7) 71(5) -12(7)
C(14) -756(5) -3765(6) -3207(4) 128(4) 151(7) 115(4) -86(9) 110(7) -25(9)C(15) -956(6) -4272(9) -4377(6) 161(6) 274(13) 154(6) -234(16) 148(10) -92(15)C(16) -1305(6) -3194(12) -5331(5) 183(7) 458(24) 120(5) -162(19) 150(11) -144(23)C(17) -1499(8) -1685(12) -5143(5) 253(10) 358(19) 108(5) 26(16) 150(12) -80(24)
C(18) -1288(5) -1221(7) -3970(5) 152(5) 195(9) 117(4) 34(11) 128(8) -29(12)CC19) -3643(3) -2088(5) -2627(3) 84(3) 161(6) 76(3) -12(7) 71(5) 1(7)C(20) -4194(4) -3436(8) -3255(5) 108(4) 260(11) 132(5) -197(13) 89(7) -32(12)
C(21) -5460(5) -3351(11) -4302(5) 109(4) 450(20) 120(5) -254(18) 67(8) -81(16)C<22) -6123(4) -1972(11) -4652(4) 88(4) 503(22) 76(3) -5(14) 43(5) -22(15)C(23) -5587(4) -686(10) -4001(5) 99(4) 348(15) 124(5) 173(16) 44(8) 27(14)
0(24) -4329(4) -701(7) -2992(5) 104(4) 184(8) 120(4) 95(10) 66(7) 9(9)

Lnw
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3.Tabic IV. Hydrogen atom parameters (coordinates x 10 )

X y z Biso.
HCC2) -464 -237 213 6.19 A
H(C3)1 -97 -72 46 4.09
H(C5)2 -227 20 -54 4.09
H(C7)1 -IBS -480 -114 5.04
H(C7)2 -82 -398 13 5.04
H(C8)1 -360 -452 -73 5.84
H(C8)2 -236 -501 58 5.84
H(C12)1 -60 -55 -187 4.37
H(CI2)2 18 -213 -124 4.37
H(C14) -51 -451 -252 5.47
H(C15) -83 -534 -455 8.13
H(C16) -143 -352 -616 9.22
H(C17) -175 -93 -583 9.17
H(C18) -144 -13 -383 6.37
H(C20) -371 -442 -300 6.85
H(C21) -588 -427 -480 8.64
H(C22) -701 -191 -539 8.31
H(C23) -612 27 -429 7.74
H(C24) -392 26 -253 5.88

2
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Structural Results. The absolute configuration around the assymetric 
phosphorous in (-)-(S)-6-benzyl-5,6,7,8-tetrahydro-4-(methylthio)-6-phenyl- 
phosphorinio(4,3-d)-pyrimidinium bromide (1) as determined by the anomalous 
scattering technique is shown in Figure 1. The name assigned to J, is that 
provided by Chemical Abstracts, Nomenclature Division.

The bond lengths and angles are shown in Figures 2 and 3. The methylthio
group attached to the pyrimidine ring shows a short sulfur-carbon distance of

o 21.757 A between the sulfur and C(4). A C(sp )~S single bond distance is known
to be 1.79 A. In several thiopurine and thlopyrimldlne structures sulfur has
been observed in the thion rather than the mercapto form, having an average

o 12bond length of 1.673 A. Although in a methylthio derivative complete double 
bond formation of the sulfur to the pyrimidine ring is not possible, some addi­
tional overlap is indicated by the shortening of the C(4)-S bond. An almost

13identical distance has been observed in a methylthio derivative of adenine.
No corresponding lengthening of the sulfur-methyl bond is seen, its length of

o 31.804 A being in agreement with the accepted C(sp )-S value of 1.812. The
length of this bond is somewhat uncertain however due to high thermal motion of
the methyl carbon. The methylthio group lies approximately in the plane of the
pyrimidine ring. The torsion angle around the C(4)-S bond is 9 degrees. The

o osulfur lies 0.028 A and the methyl carbon 0.32 A out of the least squares plane
through the pyrimidine ring. A very similar situation is seen in the methylthio
adenine derivative in which the methylthio group is even more (although not
completely) coplanar with the pyrimidine ring system. The C(4)-S-C(ll) angle of
102.1 degrees is identical with that found previously. The distances and
angles in the pyrimidine ring are not significantly different from those

14found in pyrimidine itself. Although within 3 standard deviations of the
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Figure 1 - Stcreoview of molecule showing 50% probability thermal ellipsoids
and correct absolute configuration using the ORTEP program.25
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values found In pyrimidine, the N(3)-C(4) distance appears short by 0.03 A and the
oN(l)-C(2) distance long, by 0.03 A, but no correction has been made for thermal

motion which may be significant. The thermal ellipsoids of these atoms appear
reasonable, however. Singh's rulê  ̂is seen to be obeyed in that the internal
bond angle at a nitrogen in the pyrimidine ring is significantly less than 1 2 0
degrees when no third attachment is present and greater than 1 2 0 degrees when
an extra-annular hydrogen is attached. A least squares plane calculated through

othe pyrimidine ring shows the ring is planar to within 0.012 A, Distances from 
this plane are shown in Table V.

Phosphorous-carbon distances have been found to vary greatly depending on 
the valency, ionization, and hybridization.̂  ̂ For example, the covalent bonds 
around a phosphonium ion should be more polar in character due to Increased 
difference in electronegativity between carbon and phosphorous and therefore 
shorter than a phosphorous-carbon bond in a non-ionic system. The most appro­
priate comparison is therefore with another tetravalent phosphonium ion. A
recently determined and accurate structure of benzyl triphenyIphosphonlum ion̂ ^

oshows an average phosphorous-phenyl distance of 1.790 A and a P-C (jbenzyl) dis- 
otance of 1.811 A. These are in good agreement with the values of 1.780 and

+ o1.811 found in this structure. An average P -C (phenyl) distance of 1.785 A
18 °was found in 2,4,4'6-tetraphenyl-4-phosphonia-pyran perchlorate and 1.796 A

19 oin a tetraphenylphosphonium ion. The value of 1.818 A for a P-C (benzyl)
20distance in benzylmetlçiphenylpropylphosphonium bromide is also in agreement

3 2with our result. Since a P(sp )-C(sp ) distance can be expected to be shorter 
3 3than a P(sp )-C(sp ) distance, it is not surprising to find a longer distance

3to the benzyl than phenyl carbon. Covalent radii of C(sp ) hybrids are known
o 3to be 0.03-0.04 A greater than the covalent radii of C(sp ) hybrids. The P(6)~

C(5) and P(6)-C(7) bonds in the phosphorinane ring are shorter than would be expected
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Table 5. Least-square planes

Plane® Atoms A B C D

1 N(1),C(2),N(3) 6.062 -0.917 6.106 -1.241
C(4),C(9),C(10)

2 C(13),C(14),C(15) 10.557 1.499 -2.392 -0.595
C(16),C(17),C(18)

3 C(19),C(20),C(21) 8.775 1.538 -10.672 -0.721
C(22),C(23),C(24)

4(1) 4(2) 4(3)
N(l) 0.012 A® C(13) 0.004 A® C(19) 0.007 A'
C(2) -0 . 0 1 2 C(14) 0 C(20) -0.014
N(3) 0 C(15) -0.008 C(21) 0.006
C(4) 0 . 0 1 0 C(16) 0.014 C(22) 0 . 0 1 0
C(9) -0.003 C(17) -0 . 0 1 0 C(23) -0.017
C(10) -0.007 C(18) 0 . 0 0 2 C(24) 0.008
S(l) 0.028 P(6) 0.067
C(ll) 0.320
C(5) 0.036
P(6) -0.615
C(7) 0.198
C(8 ) -0.075
Br 3.580

®The equations of the planes are expressed in the form Ax + By + Cz *» D, 
where x, y and z are fractional coordinates and 0 is the distance from the
origin in A®.



61

2 3and in fact closer to P-C(sp ) than P-C(sp ) lengths. Although difficult to 
explain, this shortening may be due to hybridization of the phosphorous orbitals 
to fit into the ring system or simply from the geometrical strain of the ring 
trying to accommodate these long bonds. Primarily, however, the geometrical 
strain on the 6-membered phosphorous containing ring system is relieved in 
the conformational angles and bond angles. Conjugation in the ring can limit 
relief of strain by twist around bonds. In this case strain is relieved by expan­
sion of the endocyclic angle at C(8) and contraction of the C(5)-P(6)-C(7) bond
angle. The angle at C(8 )is expanded to 117.5 degrees froA the expected tetrahedral

21value and from that of 111.6 degrees found in a cyclohexene ring. The bond angle 
C(5)-P(6)-C(7) is seen to be contracted to 102 degrees from its expected tetra­
hedral value. The other method of strain relief is in the conformation of the 
ring or twist around the bonds. A comparison of the conformational angles
found in an analogous cyclohexene ring (which are predicted by strain minimiza-

22tion calculations) with those found in PPB is shown in Figure 4. It is seen

that the greater twist angle around C(4)-C(5) takes P(6) farther out of the plane
of the ring system than C(7). This can also be seen in the deviation of these
atoms from the plane through the pyrimidine ring. The phosphorinane ring

oexists in a distorted half chair conformation with the phosphorous 0.6 A out
of the plane through the fused rings and C (7) out of the plane in the opposite 

odirection by .0.2 A as is shown in Table V.
oThe average bond distance in the phenyl ring is 1.389 A with an average

bond angle of 120 degrees. In the benzyl ring the average values are 1.390 
oA and 120 degrees. The accepted length of a carbon-carbon aromatic bond is 

o1.394 A, The rings are essentially planar as is shown in Table V. The phosphorus
olies out of the plane of the phenyl ring by 0.07 A. The positions of the hydros 

gens were not refined and therefore the carbon-hydrogen distances vary only
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Figure A - Torsion angles found in PPB compared with those predicted for
cyclohexene ring by strain minimization calculations.22
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o
from 0.98-1.01 A. Thermal ellipsoids show large In plane rocking vibrations 
In the benzyl and phenyl rings as can be seen In Figure 1. The methylthio 
methyl Is seen to have a large vibration perpendicular to the pyrimidine ring.
This high thermal motion Is to be associated with large standard deviations at 
these positions.

o oThe Br lies 4.20 A from the phosphorous Ion and 4.15 A from the phosphorus
Ion related by a two fold screw operation and a translation of -1 In y. The Br
has a 3.75 A contact with C(7) and a 3.61 A contact with a screw related C(7). Atoms

oe(5) and C(12) are 3.69 and 3.73 A respectively from the bromine generated by
oa screw operation. There are no other bromine-carbon contacts less than 3.8 A.

Closest contacts and Ionic bonds are shown In the packing drawing of Figure 5.
oNo Intermolecular contacts of less than 3.45 A are observed between non-hydrogen 

atoms.
Blologlc^^R^ The results of the respiration test (Table II) Indicate

that both optical Isomers of compound 1 exhibit respiration related cytotoxicity 
In ̂  subtilis but not In fluorescens or sarcoma 180. The "negative" Isomer 
appears to be the more active as Indicated by Its blue (+3) end-point as com­
pared to the near blue (+2) end-point of the "plus" Isomer. Thus, the compound 

Inhibits oxidative respiration In subtilis when methylene blue Is readily 
available as an electron acceptor.

23Bacterial growth studies were carried out as described earlier. The 
experiments involved the growth of Bacillus subtilis W23 and Pseudomonas 
fluorescens NND In liquid culture on glucose minimal medium. The first com­
pound was prepared In aqueous solution and added to the growth medium just 
prior to cell Inoculation. Growth was measured by the change In absorbance 
at 540 nm.
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Figure 5 - Stereodiagram of the crystal packing viewed down the a* axis 
(perpendicular to the be plane) using the ORTEP program.̂ ^
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The compounds Influence on mammalian cell growth was evaluated using the 
human tumor cell line, KB. The method̂ * involves a determination of the 
relative plating efficiency of control KB cells compared to cultures supplemented 
with up to 250 yg/ml of the test compound.

Discussion. The ability of 1 to inhibit respiration of JB. subtilis is the 
first example we could find recorded for a C-P heterocycle phosphonium salt with 
bacterial systems. The respiration test* was negative for P. fluorescens and 
sarcoma 180. Unfortunately, 1 at concentrations as high as 91 yg/ml did not 
inhibit growth of B. subtilis or P. fluorescens. At concentrations up to 250 
yg/ml no inhibition of growth of KB cells was observed. Consequently, the 
respiration test using methylene blue as an artificial electron acceptor may 
serve as a diagnostic probe of very selective biological activity.

The X-ray data is the first we could find recorded on a fused bicyclic 
C-P heterocycle with nitrogen in the ring which does not contain phosphorous.
It is apparent the structural differences between 1 and 2 result in a dramatic 
effect on the biological activity of 1 in the systems tested. In both systems, 
the phosphorous-containing ring exists in a half-chair conformation. Obviously, 
the strueture-activity relationship in C-P heterocycles is just as subtle as 
in other families of heterocycles and must await wide range screening before 
definitive predictions are feasible.
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Analysis via X-ray diffraction of a single crystal of the title com­
pound has revealed the space group as P2̂ /c. The ring containing phosphorus 
is a near perfect half-chair conformation. Marked growth inhibition of 
Bacillus subtilis and KB cells by the phosphonium salt was observed, the data 
on the KB cells being the first recorded for tissue culture cells with a 
bicyclic carbon-phosphorus heterocycle.
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Carbon-phosphorus (C-P), bicyclic heterocycles containing only carbon and
phosphorus in the heterocyclic ring have not been investigated very extensively
for biological activity since synthetic methods for these compounds are facile

2only for small, single-ring systems. Although the phosphorino[4,3-d]
3pyrimidine 1 in the previous work displayed little activity

Br
2

p- ,Br

in bacteria or KB cell lines, l-ethyl-l,2,3,4-tetrahydro-l-phenylbenzo[h]- 
phosphinolinium bromide(2) (NSC 145185) has confirmed activity against P-388 
lymphocytic leukemia as discovered in the testing program of the National 
Cancer Institute. We now wish to report the X-ray analysis of this salt and 
additional screening data in microbial systems and with the KB cell line. 
Experimental Section

X^ay Analysis. A crystal suitable for X-ray analysis was obtained by 
an equilibrium diffusion of water into a dimethylsulfoxide solution. The 
crystal was seen to by monoclinic and of good quality from oscillation and 
Weissenberg photographs. The space group was determined to be P2̂ /c on a G.E. 
XRD-5 diffractometer. Data were originally collected with MoKa radiation to 
minimize absorption effects. The structure was solved using this data, but 
refinement was unsatisfactory due to the large number of weak and unobserved 
reflections. To increase the number of observed intensities a second data 
set was collected with Cu radiation. A total of 3873 data were collected on
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a Nonius CAD-4 automatic diffractometer using Ni-filtered CuKa radiation

o o(X *» 1.5418 A). These were all unique reflections with 20 less than 75 .
These data were collected with 6-26 scans in which the 8 scan was between 0.80
and 1.10 degrees. The maximum scan time was 120 seconds with 2/3 of the time
spent while scanning the peak and 1/6 on the left and right background. The
least squares cell dimensions were determined from averages of the +28 and
-28 values of 40 reflections measured at 25°C. The crystallographic data are
shown in Table I. There were 361 reflections assigned as unobserved based on

1/2the fact that the net count was less than (2.0)T (T ® total count). The un-
1/2observed data were given intensities equal to 1.55 T . Lorentz, polarization

and absorption corrections were applied to the data. The absorption coefficients
varied between 0.308 and 0.600 as calculated by the Gaussian method of numerical

2integration. Each structure amplitude was assigned a weight given by Wg = l/ô  , 
where the standard deviation o_ of the amplitude is given by

+ ((0.05)P)2 ,1/2
F (Lp)P

in which

V = scan speed 
P = (PK-2(R+L))V 
PR = peak count 
R = right background count 
L = left background count
L = Lorentz-Polarization factor P

Biological Analysis (Methods and Materials). Bacterial growth studies
3 4were carried out as described earlier ’ in which Bacillus subtilis W23 and 

Pseudomonas fluorescens NND were grown in liquid culture on glucose minimal
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Table I. Crystallographic Data

FORMULA - 
F.W. - 385.30
F(OOO) - 792
SPACE GROUP - P2̂ /c 
Z = 4
SYSTEMATIC ABSENCES hOl: 1 = 2n

OkO; k » 2n
3** 1-3544 g/cm (Flotation, at 20 degrees C in hexane/CCl̂ ) 

= 1.357 g/cm̂  
y = 40.38 cm ̂  (CuKa radiation) 
a = 8.2623(2) A“ 
b = 16.5378(8) A° 
c = 15.1167(9) A“
3 = 114.116°(3)
VOLUME OF CELL = 1885.3 A°̂



74
medium. An aqueous solution of the test compound containing 0 . 9 %  dimethyl 
sulfoxide (final concentration) was prepared and added to the growth medium 
just prior to cell inoculation. Growth was measured by the change in absorbance 
at 540 nm.

Cell culture studies were carried out as described previouslŷ  and in­
volved a determination of the relative plating efficiency of the human tumor 
cell line, KB, growing in medium containing the test compound. The cells were 
cultured for 10 days in 60 x 15 mm plastic tissue culture dishes containing 
5 ml of medium plus the designated test compound. The cells were then stained 
and growth was determined by microscopic colony counts.

Structure Solution and Refinement. As mentioned previously the structure 
of 1-ethyl-l,2,3,4-tetrahydro-l-phenylbenzo(h)phosphinolinlum bromide (2) was 
solved using data collected with MoKa radiation. The position of the bromine 
ion was determined from the bromine-bromine vector peak in the Marker section and 
Barker line of the Patterson synthesis. Phases of the structure factors cal­
culated from the bromine position were used to generate a difference Fourier 
which showed the location of the phosphorus ion. Phases calculated from these 
positions were refined by one cycle of block diagonal least squares minimization 
of Zw (̂If |̂-|f^ | and then used to calculate another difference Fourier map 
which showed all but three carbons. These were included in a similar procedure 
and the remaining non-hydrogen atom positions were determined. The atom positions 
were refined by least-squares until the calculated shifts in the positions con­
verged. The non-methyl hydrogen atom positions were located from geometrical 
considerations and the aid of a difference Fourier. At this point it was decided 
to retake the data with CuKa radiation to increase the number of observed in­
tensities. The final parameters from refinement of the Mo data were used as
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starting parameters for refinement of the data collected with Cu radiation.
All non-hydrogen atoms were refined with anisotropic thermal parameters and 
all hydrogens with isotropic temperature factors. At this point the anomalous 
contributions of Br and P were included in the calculations. Refinement con­
verged at an R = (2|iF̂ l-jF̂ l|/Z|F̂ |) of 3.9%. A difference Fourier was cal­
culated which showed the location of the 3 methyl hydrogens. Their positions 
were included in subsequent least-squares refinement and they were given isotropic 
temperature factors. The refinement converged at a final R of 0.0364 for all
data at which point the shifts were less than standard deviations and the
Zwe ( IF |"|F I ) showed negligible change. A final difference Fourier showed

O 3peaks between -0.64 and +0.55 e/A around the bromine ion. The next largest 
o 3peak is -0.28 e/A near the phosphorus ion position.

2The average ŵ AF were independent of F̂  and sin 6/X, validating the 
weighting scheme used in the refinement. The final parameters are given in 
Tables XI and III (structure factor tables appear in the microfilm edition of 
this journal).

The atomic scattering factors for Br, P and C and the anomalous scattering 
factors for Br and P were taken from the International Tables For X-Ray Crystal­
lography.̂  The scattering factors for the hydrogen atoms were from the 
literature also.̂

Results_and^^^cus_^on. A stereoview of the molecule showing the thermal 
ellipsoids is illustrated in Figure 1. The bond lengths and angles are shown 
in Figures 2 and 3. The parameters shown are those obtained from refinement 
of the data collected with Cu radiation. These distances and angles, however, 
were not significantly different from those obtained in refinement of the data 
gathered with Mo radiation when compared with the standard deviations of the



Tabl& IL. Atomic fractional coordinates and thermal parameters (all x 10) 
the^orm_^^{- (h b^^+k bĝ "̂  ̂bĝ +hkb̂ g+h&b̂ g+klbgg) }.

Tĥ  temperyure_factor is ^pressed in 
Standard deviations for last digit are in parenthesis.

Atom X y z hi 22 33 23 13 " 1 2Br(l) 8414.3(3) 6088.2(2) 6043.4(2) 171.4(4) 49.9(1) 60.0(1) 1 1 .0 (2) 80.7(4) —1 .6 (
P(l) 6063.3(7) 5109.2(3) 3091.1(4) 135.8(8) 34.2(2) 44.2(2) 1.8(3) 64.8(7) -3.KC(2) 8166(3) 5604(2) 3494(2) 155(4) 47(1) 63(1) -2 (2) 80(4) -22(3)C(3) 8396(4) 5976(2) 2633(2) 214(5) 56(1) 83(2) 13(2) 135(5) -51(4)C(4) 8503(3) 5320(2) 1958(2) 203(5) 72(1) 6 8(2) 29(2) 142(5) 4(4)C(5) 6781(4) 4289(2) 743(2) 306(7) 60(1) 60(1) 19(2) 158(5) 68(5)C(6) 5463(5) 3749(2) 332(2) 382(8) 54(1) 52(1) 3(2) 134(6) 75(5)C(7) 2843(5) 3017(2) 309(2) 367(8) 43(1) 57(1) -13(2) 16(5) 25(5)C(8) 1680(4) 2861(2) 707(2) 302(7) 41(1) 72(2) -6 (2) -32(5) -34(4)C(9) 1762(4) 3298(2) 1534(2) 241(6) 52(1) 76(2) -1 (2) 40(5) -62(4)C(10) 3078(4) 3862(2) 1949(2) 201(5) 48(1) 61(1) -1 1(2) 61(4) -35(3)C(ll) 4351(3) 4013(1) 1574(2) 207(5) 37(1) 46(1) 2 (1) 54(4) 20(3)C(12) 4214(4) 3590(2) 727(2) 293(6) 40(1) 48(1) -2 (2) 51(4) 44(4)C(13) 5793(3) 4576(1) 2 0 0 2(1) 184(4) 39(1) 44(1) 5(1) 76(3) 15(3)C(14) 6994(3) 4723(2) 1591(2) 214(5) 50(1) 50(1) 25(2) 105(4) 54(3)C(15) 6073(3) 4493(1) 4077(2) 165(4) 42(1) 48(1) 6 (2) 82(3) -2(3)C(16) 7018(4) 3681(2) 4171(2) 275(6) 49(1) 8 6(2) 45(2) 157(6) 57(4)C(17) 4370(3) 5868(1) 2790(2) 147(3) 35(1) 53(1) 7(1) 69(3) -5(3)C(18) 4240(3) 6343(2) 3516(2) 182(4) 44(1) 71(2) -15(2) 73(4) 12(3)C(19) 2999(4) 6961(2) 3267(3) 220(5) 42(1) 108(2) -15(2) 148(6) 8(4)C(20) 1903(4) 7109(2) 2305(2) 210(5) 42(1) 1 2 0(2) 47(3) 162(6) 37(4)C(21) 2020(4) 6630(2) 1599(2) 243(6) 6 8(2 ) 85(2) 63(3) 107(5) 87(5)C(22) 3240(4) 6011(2) 1830(2) 234(6) 57(1) 58(1) 32(2) 88(5) 48(4)

ov
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Table III. Hydrogen Atom Parameters (Coordinates x 10 )

Atom X y z B(A°2)
H(C2)1 829(4) 602(2) 401(2) 6.2(7)
H(C2)2 901(4) 523(2) 377(2) 5.9(6)
H(C3)1 730(4) 639(2) 227(3) 8.2(9)
H(C3)2 947(4) 625(2) 284(2). 6.6(7)
H(C4)1 856(4) 560(2) 135(2) 6.6(7)
H(C4)2 962(4) 500(2) 229(2) 6.9(7)
H(C5) 750(4) 443(2) 40(3) 8.3(9)
H(C6) 523(5) 344(2) -29(3) 9.5(10)
H(C7) 271(4) 272(2) -29(2) 7.2(8)
H(C8) 75(5) 248(2) 44(3) 8.9(9)
H(C9) 89(4) 321(2) 182(2) 6.8(7)
H(CIO) 314(4) 413(2) 252(2) 5.7(6)
H(C15)1 664(3) 485(2) 468(2) 5.1(6)
H(C15)2 476(3) 440(2) 398(2) 6 .0 (6)
H(C16)1 624(5) 339(2) 358(3) 9.0(9)
H(C16)2 700(5) 340(2) 475(3) 9.9(10)
H(C16)3 814(5) 379(2) 422(3) 9.7(11)
H(C18) 495(4) 624(2) 416(2) 5.5(6)
H(C19) 276(4) 721(2) 366(2) 7.2(8)
H(C20) 105(4) 755(2) 2 1 0(2) 6.5(7)
H(C21) 132(4) 673(2) 95(2) 6.8(7)
H(C22) 318(4) 564(2) 130(2) 6.2(7)

Standard deviation of the last digit is in parentheses.



C3

Figure 1 - Stereoview of molecule showing 50% probability thermal ellipsoids
22using the ORTEP program.
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1.364(5)
/20
1.385(5)

22
1.387(4) 1.389(4)

1.389(4)
,1.794(2) 1.519(4)1.788(3)

1.530(4)
1.803(2) 1.517(4)1.799(2)

1.391(4)
1.507(4)1.441(3)1.375(4)

1.417(4)1.421(5) 1.423(4)

1.350(5) 1.413(5) 1.347(5)1.412(4)

Figure 2 - Bond distances in Angstroms. Standard deviations are in parentheses. 
Numbering scheme is shown.
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120.6 Cj— p— — 107.6 
Ci3-p-Ci7= 108.6

119.6120.4
120.0

1 0 8.4 /^0 9 ^ 7

110.2 110.5106.0J13.5 115.9

118.6119.9 116.7
121.3 121.5123.5

119.3 118.5 118.0

120.6 122.1119.0119.1
121.8121.0 121.4

Figure 3 - Bond angles in degrees. Standard deviations are 0.1 around the
o ...phosphorous ion and range from 0 .2-0 .3 in the rest of the molecule.
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distances and angles obtained in that refinement. The fused ring system of 
this structure may be considered a relative of the naphthalene and phenanthrene 
systems.

The bond lengths in the aromatic nucleus C(5) up to C(14) are in agreement
Owith those found in naphthalene, with the exception of C(ll)-C(13) and C(13)-

C(14). These distances are more than three standard deviations longer than
o othe values of 1.425 A and 1.361 A in naphthalene. These bond lengths are inter-

o omediate between the naphthalene values and those of 1.464 A and 1.416 A in
Qphenanthrene. The lengthening of these bonds when compared to naphthalene

may be explained as due to the withdrawl of electrons from the aromatic bonds
by the positively charged phosphorus. No significant shortening is seen in the

2 3C(4)-C(14) distance when compared to a normal C(sp )-C(sp ) distance.
This is the second structure of a phosphonium ion contained in a fused 

carbon ring system and a comparison may therefore be made with (-)-(S)-6-benzyl- 
5,6,7,8-tetrahydro-4-(methylthio)-phenylphosphorino[4,3-̂ d]pyrimidinium bromide

3(1) formerly determined. The major difference in the environment of the
phosphorus ion in the two structures is that in 1 the phosphorus is one carbon

2removed in its ring position from the sp hybridized carbons of the aromatic
nucleus, whereas in the present structure 2 the phosphonium ion is directly attached
to the aromatic ring. In the discussion of the structure of 1 it was noted that

+ 2 ® a P -C(sp ) distance to a phenyl ring was 1.780 A which was consistent with pre-
^ 3 ovious structures and shorter than a P -C(sp ) distance of 1.818 A. by about

o 130.03 A, again consistent with other data and the known difference in radii
2 3 + 3between sp and sp carbons. It was also seen in 1 that the P -C(sp ) endocyclic

o o + 2vbonds WQre shortened to 1.771 A and 1.787 A, values approaching P -C(sp ) dis-
tances. In 2 a somewhat different situation is seen in that the four P -
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+ 3carbon bonds show less variation in their lengths. Again the exocyclic P -C(15)(sp )

+ 2bond length is greater than the P -C(17)(sp ) length, although the difference
o +is only 0.009 A in this case. The P -C(2) distance agrees with short endocyclic

+ + 3bonds found in 1, but P -C(13) is significantly longer than P -C(sp ) endocyclic
bonds found previously when it would be expected to be shorter on the basis 

+ 2that it is a P -C(sp ) bond. Clearly, more data from different structures is 
necessary before a generalization about phosphonium ion-carbon bond lengths is 
justified.

oThe C(2)-P -0(13) endocyclic bond angle is observed to be 106 ; a fairly 
large increase over the value of 102.5° found in 1. This approach toward a 
tetrahedral condition may reflect a less strained phosphorinane ring conformation 
in 2. The angle C(13)-P̂ -C(15) is expanded to 115.9° presumably due to the
crowding between H(CIO) and H(C15). These two hydrogens have a separation of

o o 14only 2.10 A compared to a value of 2.4 A for the sum of their van der Waals radii.
The P*-C(13)-C(14) angle is similar than that found in 1 and observed in a 

15cyclohexene ring, and this may also be an effect of the crowding between 0 (1 0) 
and 0(15). A significant expansion is seen in the bond angles C(3)-C(4)-C(14) 
and C(4)-0(14)-0(13) to accommodate the long phosphorus --carbon bonds into the 
6-membered ring.

The conformation of the phosphorinane ring can be seen in deviations of 
the atoms of the ring from the best plane through the "naphthalene-like" rings 
of 0(5) up to 0(14). The equation of this plane and deviations are shown in 
Table IV. Figure 4 shows the conformations of 1 and 2 reviewed down the least 
squares plane. It can be seen that 2 is in a much more perfect half-chair con­
formation, while 1 is significantly more twisted. The conformation of the 
phosphorinane ring can also be seen in Figure 5. A comparison of the dihedral
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Table IV. Least-Squares Planes

Plane A B
1 C(5), C(6), C(7), C(8), 3.222 -11.918

C(9), C(10), C(ll), C(12),
C(13), C(14)

2 C(17), C(18), C(19), C(20), 6.385 10.419
C(21), C(22)

6 (1) 6 (2)

C(5) -0.007 Â C(17) 0.008 A
C(6) -0.014 C(18) -0.003
C(7) 0.002 C(19) -0.005
C(8) 0.032 C(20) 0.009
C(9) -0.007 C(21) -0.004
C(10) -0.028 C(22) -0.004
C(ll) -0.004 1C(12) -0.009 Br 0.924
C(13) 0.025
C(14) 0.011 P(l) 0.124
P(l) 0.076
C(2) 0.385
C(3) -0.457
C(4) -0.012
B̂r ” 1.291
V 0.537
B̂r" 1.152
B̂r- -8.046

C D
5.499 '-2.512

-5.828 7.270

C(15) 1.356
C(16) 2.680
H(C15)1 1.445
H(C15)2 0.990
H(C16)1 2.451
H(C16)2 3.327
H(C16)3 2.938

The equations of the planes are expressed in the form Ax + By -f Cz = D, where 
X, y and z are fractional coordinates and D is the distance from the origin 
in A. See Table V for Br designations.
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Figure 4 - View of the conformation of the phosphorinane rings of 1 (right) 
and 2 (left)showing deviations from the least squares plane 
through the aromatic ring systems.
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Figure 5 - Torsion angles found by strain minimization calculations for cyclo- 
23hexene (left), in phosphorinane ring of 1 Renter), and in phosphorinane 

ring of 2 (right).
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angles In cyclohexene,̂  ̂1 and 2 Is made. The smaller 10° twist around the 
4*P -C(13) bond in 2 utilizes the longer phosphorus - carbon bonds which result in 
an approximately equal removal of C(2) from the plane of the ring as C(3) by the 
larger 19° twist around the C(14)-C(4) bond.

The ethyl group attached to the phosphonium ion is rotated somewhat over 
the plane of the partially saturated ring of the fused ring system so that C(16) 
lies approximately trans to the phenyl ring attached to phosphorus. The con­
formational angle around C(17)-P-C(15)-C(16) is 161°. The distances of C(15) 
and C(16), and the hydrogens attached to these carbons from the plane of the 
fused ring system is given in Table IV.

A least square plane through the phenyl ring (Table IV) shows no signifi-
ocant deviation from planarity. The phosphonium ion, however, lies 0.12 A out 

of this plane.
oThe bromine ion position listed in Table II lies 4.384 A from the phosphorus 

ion. A number of close Br-C contacts are observed between various symmetry 
related bromine ions and the heterocyclic cation which bring the hydrogens
on the carbons to a distance from the bromine ions which is less than the sum of

o o othe ionic and covalent radii (rĝ _= 1.95 A, r̂  = 1.2 A) of 3.15 A. These
contacts are shown in Table V. The bromine ions generated by various symmetry
operations are denoted with superscripts. B̂r lies near C(2), C(15) and C(18),

o 2 -having a contact of 2.85 A with H(C15)1. Br approaches C(10), C(9), and C(15)
o 2 -again. This time H(C15)2 is only 2.73 A from the bromine ion ( Br ). (The

close contact of the hydrogens of C(15) with C(10) and two bromine ions should 
be noted.) B̂r comes nearest C(7) and C(8) and B̂r nearest C(20). The posi­
tions of these bromine ions relative to the plane through the ring system is
shown in Table IV. There are no carbon-carbon intermolecular contacts of less 

othan 3.45 A.
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Table V. Intermolecular Contacts Involving Br

Bromine designation

^r“
V
B̂t*
«Br-

Équivalent Position 
(generated by symmetry and , 
translation)

x.y.i
l-x, 1-y, 1-z
1-x, -1/2 + y, 1/2 - z
-1 + X ,  1 1/2 - y, -1/2 + z

Contact
P(l)-̂ Br"
C(2)-̂ Br"
C(15)-̂ Br"
C(18)-Sr"
H(C15)l-̂ Br"
H(C2)l-̂ Br"
H(C18)-̂ Br"
C(10)-̂ Br"
C(9)-̂ Br“
C(15)-̂ Br”
H(C15)2-̂ Br”'
H(C10)-̂ Br“
C(7)-̂ Br"
C(8)-̂ Br“
H(C7)-̂ Br"
C(20)-̂ Br“
H(C20)-Sr“

Distance
4.384 A 
3.86
3.85 
3.99
2.85
3.04 
3.11
3.71
3.86 
3.76 
2.73 
2.96
3.70
3.93
2.92
4.04 
3.09
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A large libratlonal motion can be seen in the thermal ellipsoids of
carbons 5,6,7, and 8 with the maximum magnitude of the major axis ranging up 

o 2to 11.7 A . An in-plane rocking motion of the phenyl ring can be seen as can
a vibration of the terminal ethyl carbon perpendicular to the P̂ -C(15) bond.

oThe final carbon-hydrogen bond distances varied between 0.81 and 1.09 A.
It is worthy of note that the pmr spectra at 60 and 100 MHz of 2 (in 

DCClg)^^ showed two triplets for the methyl group of the ethyl function attached 
to phosphorus. Signals at <5 1.00 and 1.32 (relative to TMS) revealed =
20.5 Hz and = 7.5 Hz while the aromatic protons all occurred as a
multiplet at 6 7.35-8.45. Assuming a near anti arrangement of C(17)-P and 
C(15)-C(16) bonds constitute a heavily preferred conformation in solution 
(as is true in the crystal-see previous discussion and Figure 1), a reason 
for the large coupling is still not intuitively obvious unless perhaps a
Karplus-type description is applicable for the P-C-C-H arrangement in this 
conformation. Inspection of molecular models implies that a near anti arrange­
ment of C(15)-C(16) and P-C (13) bonds could be tolerable also which would 
place C(17)-P and C(15)-C(16) bonds in a near syn arrangement. In either of 
these conformations, unless C-H rotation in the methyl group is heavily re­
stricted, an anti or syn arrangement for P-C-C-H (CHg) is conceivable and
quite possible in solution. The magnitude of this type of coupling has been

•f* X8observed in other phosphonium salts such as CĤ P (t-Ĉ Hg)g[Jpggp = 15 Hz],

HP+(CaHg)(C2Hg)2 [Jp2gp = 21.5 Hz],̂  ̂and HP"̂ (C2H3)(i-C3H2)2 tJpccH “ 0̂.6 Hz].̂ ® 
In all of these systems, as probably in 2, restricted rotation of C-CĤ  
bonds may impose a preferred conformation around the phosphorus atom on the 
spectrum in solution.
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The growth of subtllls, a gram-positive organism, was inhibited for 
approximately 6 hours in the presence of compound 2 (91 yg/ml) while at the 
same time the control culture (containing only 0.9% DMSO) had reached maximum 
stationary phase (Figure 6). Growth in the presence of 2 was inititated by 
7 hours of incubation and proceeded at approximately the control rate. The 
action of the compound appears to be bacteriostatic since growth is initiated 
(during continued incubation). Growth of cells in the presence of compound 2 
following 7 hours of incubation may occur as a resiilt of decomposition. Stability 
tests utilizing compounds with similar structures have shown that under the 
aerobic bacterial growth conditions used in these studies, a compounds half- 
life may be as short as 1 hour. The growth of £. fluorescens, a gram-negative 
organism, was not affected by the presence of the test compound 2 .

Table VI shows the effects on KB human tumor cells using compound 2 in 
which a concentration of 1.5 yg/ml inhibited cell growth by 70% while a con­
centration as low as 3 yg/ml caused approximately a 90% inhibition of cell 
growth. These data indicate that the compound is a good inhibitor of B. subtilis 
growth and an extremely potent inhibitor of KB cell growth. Pharmacological 
and ̂  vivo tumor studies are under way which will describe the full potential 
of this active compound.

It is apparent that the marked biological activity of phosphonium salt 
2 compared to that of 1 is significant since it is reproducible in several 
systems. Conceivably, the bonding and steric factors around phosphorus are 
crucial parameters for activity. In 2, the crowding of the ethyl group causes 
distortion of the tetrahedral arrangement around phosphorus. Similarly, the 
C-P bond distances do not follow a pattern similar to that in 1.
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Figure 6 - Effect of growth of compound 2 on B. subtilis. W23; A-control, 
•-compound 2 at 91 yg/ml.
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Table VI. Effect of Compound 2 on KB Cell Growth
Percent Inhibition
concentration yg/ml

Treatment 0  1.5__3.0_____ 6.0
None 0 - - —
Compound 2 - 71 94 100



92

From a search of the literature, a C-P heterocycle with confirmed biological 
activity has not been subjected to X-ray analysis. Although not a C-P heterocycle 
by our definition, the two phosphorus - containing, tricyclic heterocycles 3 and 
4 contain sulfur and oxygen, respectively. In the ring system and show biological 
activity.

20Fungicidal activity has been recorded for 3 and a broad spectrum of action
21Including antl-Parklnson activity, has been noted for 4. No structural 

analysis was found for either of these compounds.
From a preliminary observation, such factors as C-P bond length, ring size, 

and angular strain at phosphorus In phosphonium salts may be Important for 
activity. These and other parameters are being investigated.
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ABSTRACT

The crystal structure of trans-potassium N,N’-ethylenebis(a'cetylacetoniminato)- 
dlglycinatocobaltate (III) hexahydrate K[Co(Ĉ gH2 0̂ gN̂ )'6H2 0] has been determined 
by heavy atom methods and refined by three dimensional least squares techniques. 
The crystals are orthorhombic, space group P2̂ 2̂ 2̂ , Z=4, with a=14.385(5), 
b=18.056(8), and c=10.037(6) Â. Intensity data for all unique reflections less 
than 56 degrees in 29 were collected on an automatic diffractometer using MoKa 
radiation. The final R value for all 3525 data was 5.0%. The glycine residues 
are coordinated to the cobalt as unidentate ligands through the terminal amino 
groups. The cobalt-N(amino)-C* bond angles are both near 120 degrees. The 
cobalt lies in the plane of the baen chelate ring. The waters of hydration 
serve principally to form intermolecular bonds between the carboxyl oxygens.
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INTRODUCTION

Metal complexes of tetradentate Schlff bases such as bis (acetylacetonlmlnato)- 
ethylenedlamlne (baen) bave been widely studied as model molecules having pro­
perties similar to the cobalamines» such as vitamin and cobalt corrinoids 
in general. A review of the structural determinations of metal complexes with 
Schiff bases has been published (Calligaris, Nardin, and Randaccio, 1971).

The cobalamines are labile for apical ligand substitution, which may be 
important in their functions as coenzymes for transmethylation reactions. Also 
metal complexes with Schiff bases are known to reversibly bind molecular oxygen 
as an apical ligand. In order to study the lability of the apical ligands of 
Co(III) - baen complexes Fuji (1972) synthesized a series of complexes of 
Co(III)-baen with two unidentate amino acids as apical ligands. Intermolecular 
exchange reactions of the anionic amino acid apical ligands were studied by 
NMR. Amino acids with unidentate coordination to metal ions are rare in the 
literature. Although some of these complexes have been reported, (Fujita,
Yasui, and Shimura, 1965), (Yasui, Hidaka, and Shimura, 1966), (Alexander, 
and Busch, 1966) to our knowledge this is the first X-ray structural determina­
tion of a complex containing an amino acid as an unidentate ligand. We have 
therefore determined the structure of K[Co(baen)gly2 l•6H2O to expand on 
the study of the unusual behavior of cobalt chelated with unsaturated cyclic 
ligands, to investigate the coordination of the labile apical ligands and to 
see the effect, if any, of unidentate coordination on the simplest amino acid, 
glycine.
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EXPERIMENTAL

Synthesis of KfCoCbaenJglygl'ZHgO has been reported by Fuji (1972).
Recrystallization was from a water-acetone solution. It was necessary to
mount the crystal in a glass capillary to prevent decomposition of the crystals.
The decomposition probably reflected a loss or gain of water of hydration.
The space group was determined to be P2̂ 2̂ 2̂  on a G.E. XRD-5 diffractometer.
A total of 3525 data were collected with MoKa radiation (X = 0.71069 Â) on a
Nonius CAD-4 automatic diffractometer. These were all unqiue reflections with
20 scans less than 56 degrees. These data were collected with 0-20 scans in
which the 0-scan was between 0.80 and 0.92 degrees. The maximum scan time was
180 seconds with 2/3 of the time spent while scanning the peak and 1/6 on
each the left and right background. The least squares cell dimensions were
determined from averages of +20 and -20 values of 40 reflections measured at
25 degrees Centigrade. The crystallographic data are shown in Table 1. There
were 306 reflections which could not be distinguished from the background on the

1/2basis that the net count was less than (1.4)T (T = total count). These
1/2reflections were assigned intensities equal to (0.7)T for the purpose of

least-squares refinement. Lorentz, polarization and absorption corrections
were applied to the data. The program of Coppens, Leiserowitz and Rabinovich

-1(1965) was used to make the absorption correction, (y=8.83 cm ) using 216 
sampling points. The absorption coefficients varied between 0.768 and 0.864
as calculated by the Gaussian method of numerical integration. Each structure

2amplitude was assigned a weight given by w =l/a_ where the standard deviation
a of the amplitude is given by F
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Table 1. CRYSTALLOGRAPHIC DATA

Formula : K [Ce ] • 6Ĥ 0)
F.W. 576.54
Systematic Absences: hOO, h=2n+l

OkO, k=2n+l 
001, l=2n+l

Space Group: P2̂ 2̂ 2̂
a» 14.385(5) Â 
b» 18.056(8) Â 
c» 10.037(6) Â 
V» 2606.97 
Z -  4
D̂ = 1.469 g/cm̂

1.472 g/cm̂
(measured by flotation in CCl̂ /benzene at 23 degrees C) 
F(000)= 1216



101

In which:
0 = V
V = scan speed 
P = [Pk-2(R+L)]V 
Pk = peak count 
. R = right background count 
L = left background count 
Lp = Lorentz-Polarization factor

STRUCTURE DETERMINATION AND REFINEMENT

The position of the cobalt ion was located by examination of the three 
Marker sections of a sharpened Patterson map. A superposition map calculated 
from an unsharpened Patterson showed the location of the potassium ion. The 
cobalt and potassium positions were used in a structure factor calculation 
and refined by block diagonal least-squares with isotropic temperature factors 
for 5 cycles to anR=([2[ |/E|f^|) of 0.36. The quantity minimized by 
least-squares was EWj-(1f |̂-|f |̂)̂ . At this point a difference Fourier synthesis 
showed all atoms of the chelate ring and the cobalt coordination. These atoms 
were included in structure factor least-squares calculations which refined to 
an R of 0.28. Another difference Fourier was calculated which yielded the 
remainder of the non-hydrogen atom positions including the oxygen atoms of six 
water molecules. All non-hydrogen atoms were given anisotropic temperature 
factors and included in several more cycles of least-squares refinement. The 
non-methyl hydrogens of the cobalt complex were located from geometric considera­
tions and a difference Fourier. Their positions and isotropic temperature 
factors were included in subsequent refinement. After convergence of the least-
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squares at R of 0.062, the methyl hydrogens and the hydrogens of the water
molecules were located. Again these hydrogens were given isotropic temperature
factors and their parameters included in refinement. The molecule, although
containing no assymetric center did appear to have an absolute conformation in
the crystal form. In order to determine the absolute conformation, several
hundred data were recollected using CuKa radiation to maximize the anomalous
dispersion effects. The I(hkl) and I(khï) obtained in this manner were compared
to corresponding pairs of F (hkl) and F (hkï) calculated by including thec c
anomalous scattering factors of Co and K for CuKa radiation in a structure 
factor calculation using the refined parameters. It was determined that the 
structure had been refined in the correct absolute conformation. The anomalous 
dispersion corrections to the scattering factors of K and Co for MoKa radiation 
were now included in the structure factor refinement. Refinement continued 
until the shifts in all non-hydrogen parameters were less than 2/3 a .  The 
final R value for all 3525 data was 0.050. A final difference Fourier synthesis 
showed peaks ranging from 0.89 e./Â  to -0.66e./Â  located near the Co ion 
position. No other peaks greater than 0.35e./Â  occurred in the map. The 
average values of w ÂF were independent of F̂  and sin0/X validating the weighting 
scheme employed in the refinement.

+3 +The atomic scattering factors for Co , K , 0, C, N and the anomalous 
scattering factors for Co and K were taken from the INTERNATIONAL TABLES 
FOR X-RAY CRYSTALLOGRAPHY (1962). The scattering factors for the hydrogen 
atoms were from Stewart, Davidson, and Simpson (1965). The final atomic para­
meters are given in Tables 2 and 3.*
*The final F̂ F̂  tables have been deposited with the British Library Lending 
Division as Supplementary Publication No. SUP 00000 (l^p.p., 1 microfiche). 
Copies may be obtained through the Executive Secretary lUC, 13 White Frairs, 
Chester CH INZ, England.



Table 2, Atomic fractional coordinates and thermal parameters, (all x 10 )
2 2 2The temperature factor Is expressed in the form exp {-(h bgg+& b^g+hkb̂ g+hAb̂ +̂kib̂ g)}

Standard deviations for the last digit are in parenthesis.
Atom X Y Z "ll 2̂2 3̂3 2̂3 "13 "l2
K(l) -264.4(9) 2585.5(6) -2211.3(11) 57.7(6) 30.7(3) 97.7(11) 33.5(10) -36.5(16) -25.9Co(l) 270.6(3) 1051.2(2) 383.6(4) 22.4(2) 12.0(1) 42.6(3) -4.2(4) 2.3(6) -0.50(1) -783(2) 1530(1) -390(3) 23(1) 18(1) 64(3) 2(3) 1(3) 2(1C(2) -1641(3) 1401(2) -61(4) 25(2) 19(1) 83(5) -25(4) -4(4) 2(2C(3) -1926(3) 938(2) 949(5) 26(2) 27(1) 102(5) -9(4) 23(5) —6(3C(4) -1333(3) 533(2) 1797(4) 44(2) 17(1) 88(5) -12(4) 40(6) -17(3N(5) -433(2) 521(2) 1663(3) 39(2) 13(1) 55(3) -4(3) 15(4) -2(2C(6) 158(4) 144(2) 2644(5) 57(3) 24(1) 80(4) 31(4) 21(6) 3(3C(7) 1071(4) -31(3) 2040(5) 61(3) 28(2) 87(5) 32(5) 1(7) 22(4N(8) 1326(2) 557(2) 1087(3) 30(2) 18(1) 65(3) -11(3) -21(4) 13(2C(9) 2182(3) 622(2) 663(4) 30(2) 22(1) 88(5) -32(4) -29(5) 13(2C(10) 2428(2) 1128(2) -366(5) 22(2) 28(1) 111(5) -20(5) 23(5) -4(3C(ll) 1841(3) 1560(2) -1085(4) 28(2) 18(1) 73(4) -18(4) 23(5) -8(20(12) 948(2) 1606(1) -905(3) 28(1) 20(1) 55(2) 2(2) 9(3) -3(2C(13) -2342(3) 1821(3) -884(5) 32(2) 34(2) 112(6) -2(5) -30(6) 10(3C(14) -1796(4) 118(4) 2925(7) 71(4) 45(2) 161(8) 66(8) 107(10) 4(5C(15) 2944(3) 140(3) 1222(6) 39(2) 37(2) 147(7) -19(6) -56(7) 38(4C(16) 2192(3) 2041(3) -2205(5) 42(2) 30(2) 116(6) 4(5) 55(6) -16(3N(17) 460(2) 1894(2) 1614(3) 30(2) 16(1) 58(3) -12(3) -3(4) -2(2C(18) -294(3) 2135(2) 2499(4) 31(2) 22(1) 84(4) -28(4) 14(6) -6(3C(19) -112(3) 2875(2) 3210(4) 41(2) 20(1) 62(4) -11(4) 1(5) 7(30(20) 486(2) 3302(2) 2743(3) 56(2) 19(1) 73(3) -2(3) 9(4) -20(20(21) -583(2) 2986(2) 4226(4) 61(2) 29(1) 116(4) -55(3) 66(5) -14(2N(22) 171(2) 284(2) -999(3) 31(2) 16(1) 56(3) -10(3) -4(4) -4(2C(23) -550(3) -286(2) -949(5) 40(2) 22(1) 87(5) -31(4) 11(5) -12(3C(24) -642(3) -723(2) -2242(4) 30(2) 19(1) 78(4) -14(4) -9(5) 6(2
0(25) -991(2) -1359(2) -2136(3) 47(2) 21(1) 96(3) -27(3) -2(4) -12(20(26) -384(3) -437(2) -3312(3) 67(2) 25(1) 76(3) -18(3) 3(5) -10(30(27) -1433(3) 3873(2) -3912(4) 65(2) 43(1) 169(5) -94(5) 68(6) -28(30(28) 1616(2) 1617(2) 4214(3) 55(2) 34(1) 108(4) -13(4) -9(5) 4(30(29) 1781(2) 3180(2) 4797(4) 44(2) 41(1) 107(4) -6(4) -10(5) 18(20(30) -1333(2) 1914(2) -4278(4) 47(2) 42(1) 122(5) 16(4) 2(5) 3(3
0(31) -36(3) 3429(2) 38(3) 112(3) 31(1) 87(4) 17(3) -17(5) -40(3
0(32) 168(2) 1000(2) -4089(4) 60(2) 29(1) 134(4) 23(4) -9(5) 0(3

9)
3)

MOW
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Table 3. Hydrogen Atom Parameters (coordinates x 10 )

Atom X y z B(Â)

H(C3) -262(3) 83(2) 101(4) 4(1
H(C6)1 16(3) 55(2) 341(5) 5(1
H(C6)2 -17(3) -31(3) 299(5) 5(1
H(C7)1 159(3) -15(3) 268(5) 5(1
H(C7)2 99(3) -54(3) 141(5) 5(1
H(CIO) 308(3) 116(2) -54(4) 4(1
H(C13)1 -227(3) 175(2) -181(4) 3(1
H(C13)2 -301(4) 169(3) -52(7) 8(2
H(C13)3 -220(3) 236(2) -75(4) 3(1
H(C14)1 -167(4) 23(4) 385(8) 10(2
H(C14)2 -247(5) 23(4) 290(7) 9(2
H(C14)3 -167(4) -36(4) 283(7) 9(2
H(C15)1 356(4) 29(3) 79(6) 6(1
H(C15)2 294(3) 11(3) 228(6) 6(1
H(C15)3 274(5) -45(4) 107(8) 10(2
H(C16)1 185(4) 184(4) -295(7) 10(2
H(C16)2 277(4) 190(3) -244(6) 7(2
H(C16)3 207(3) 257(3) -200(5) 4(1
H(N17)1 95(3) 179(2) 206(4) 3(1
H(N17)2 60(3) 224(2) 84(5) 4(1
H(C18)1 -83(3) 218(3) 204(5) 5(1
H(C18)2 -29(4) 168(3) 328(6) 9(2
H(N22)1 17(3) 58(2) -162(4) 3(1
H(N22)2 83(3) 5(2) -101(4) 3(1
H(C23)1 -45(3) -65(2) -22(4) 4(1
H(C23)2 -112(3) -7(3) -86(5) 5(1
H(027)l -125(3) 368(3) -453(5) 5(1
H(027)2 -195(4) 367(4) -393(7) 9(2
H (028)1 122(3) 146(3) 465(5) 4(1
H(028)2 173(3) 201(2) 448(4) 3(1
H (029)1 146(4) 344(3) 414(6) 9(2
H(029)2 153(3) 333(3) 560(5) 6(1
H (030)1 -129(5) 237(4) -484(8) 10(2
H(O30)2 -184(3) 179(3) -454(6) 5(1
H(031)1 16(3) 354(2) 70(5) 4(1
H(031)2 14(3) 381(3) -23(5) 5(1
H (032)1 0(3) 59(2) -392(5) 5(1
H(032)2 -28(4) 124(3) -438(6) 8(2
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RESULTS

A stereovlew of the structure of the anion and location of the cation of 
trans-potasslum N,N'-ethylenebls (acetylacetonlmlnato)dlglyclnatocobaltate 
(III) hexahydrate Is shown In Figure 1. The six waters of hydration are 
excluded here for clarity. The bond lengths and numbering scheme are shown 
In Figure 2.

As expected, the glycines are seen to coordinate to the cobalt Ion as un­
identate, trans apical ligands. Coordination occurs through the amine nitrogen 
with the carboxyl group carrying a negative charge. The cobalt Ion lies approx­
imately In the plane of Its tetradentate (baen) ligand as shown by various 
least-squares planes calculated through the chelated ring system. (Table 4).
The 0(14) and 0(15) methyl groups lie out of the planes through the respective 
chelate rings while both groups are displaced approximately the same amount 
out of the planes and In opposite directions. The bond lengths In the 
(baen) chelate ring are within three standard deviations of the average values 
reported In the review of Oalllgarls, Nardin, and Randaccio (1971), with the
exception of 0(6)-0(7) distance (1.481 A) which Is slightly shorter than the

9 3 3average of 1.503 A and much shorter than a normal 0(sp )-C(sp ) distance of
1.54 A. In the structure of [0H2=0H0o(baen)Ĥ O] (Bruckner, Oalllgarls, Nardin 
and Randaccio, 1968) the cobalt-oxygen distances In the chelate ring are 
1.913 A and 1.930 A (standard deviation 0.007 Â), and the cobalt-nltrogen dis­
tances are 1.888 Â and 1.892 A (standard deviation 0.008 Â). These values are 
In good agreement with the cobalt-llgand distances In the baen chelate ring 
reported here.

The conformation of the baen chelate ring Is shown by the conformational 
angles of Table 5 or the deviations from the least-squares planes shown In Table



H*O
O'

Figure 1 - Stereovlew of the cation and anion (waters of hydration not shown) 
with 50% probability ellipsoids using the Ortep program (Johnson, 1965)
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Figure 2 - Numbering scheme and bond distances in Angstroms with the standard 
deviation of the last digit given in parentheses.
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Table 4. Least Squares Planes

The equations of the planes are in the form Ax + By + Cz = D, where x, y, and z 
are fractional coordinates and D is the distance from the origin in A.
Plane 1 0(1), C(2). C(3), C(4), N(5), C(6), C(7), N(8), C(9), C(10), C(ll),

0(12), Co(l)
A B C D

1.569 13.606 6.507 1.681
2  Co(l), 0(1), C(2), C(3), C(4), N(5)

A B C D
0.947 13.766 6.462 1.746

3 Co(l), N(8), C(9), 0(10), 0(11), 0(12)
A B O D

1.931 13.265 6.675 1.707
4 Oo(l), 0(1), 0(12), N(5), N(8)

A B O D
1.625 13.490 6.575 1.705

A Oo(l) -0.004 Â Oo(l) 0.009 ACo(l) 0.041 I Co(l) -0.025
0(1) 0.024 0(1) 0.034
C(2) -0.071 C(2) -0.011
C(3) -0.090 C(3) -0.024
C(4) 0.004 C(4) 0.022
N(5) 0.042 N(5) 0.004
C(6) 0.260 C(13) -0.033
C(7) -0.228 C(14) 0.137
N(8) -0.008
C(9) -0.061
C(10) -0.003
C(ll) 0.025
0(12) 0.064
K(l) 0.357
C(13) -0.146
C(14) 0.101
C(15) -0.233
C(16) 0.005

Co(l) -0.004 Â Co(l) 0.009
N(8) 0.013 0(1) -0.025
0(9) -0.018 0(12) 0.020
C(10) 0.014 N(5) 0.020
C(ll) -0.006 N(8) -0.024
0(12) 0.002 C(6) 0.253
C(15) -0.137 0(7) -0.232
0(16) -0.049



Table 5. Conformational Angles

Co-0(l)-C(2)-C(3) 4°
0(1)-C(2)-C(3)-C(4) 1
C(2)-C(3)-C(4)-N(5) -4
C(3)-C(4)-N(5)-Co 2
C(4)-N(5)-Co-0(l) 2
N(5)-Co-0(l)-C(2) -5
Co-N(5)-C(6)-C(7) -28
N(5)-C(6)-C(7)-N(8) 34
C(6)-C(7)-N(8)-Co -26
C(7)-N(8)-Co-N(5) 9
N(8)-Co-N(5)-C(6) 11
Co-N(8)-C(9)-C(10) 4
N(8)-C(9)-C(10)-C(ll) -4
C(9)-C(10)-C(ll)-0(12) 3
C(10)-C(ll)-0(12)-Co -2
C(ll)-0(12)-Co-N(8) 1
0(12)-Co-N(8)-C(9) -2

109

Co-N(17)-C(18)-C(19)
N (17) -C (18) -C (19) -0 (20) 
Co-N(22)-C(23)-C(24)
N(22)-C(23)-C(24)-0(26)
C(18)-N(17)-Co-N(5)
C(23)-N(22)-Co-N(5)

190“
20
168
-24
-39
19
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4. The six membered acetylacetoniminato rings are planar while the ethylene 
carbon atoms C(6) and C(7) are symmetrically displaced above and below the 
coordination plane in a 'half-chair' conformation of the five membered ring, 
putting the hydrogens on these carbons in a gauche relationship. The baen 
ligand can also exist in a planar conformation in which both ethylene carbons 
lie on the same side and above or below the coordination plane (Calligaris, 
Nardin, and Randaccio, 1972).

Several factors should be noted with respect to the apical glycine ligands. 
The cobalt-nitrogen bond lengths, Co-N(17) and Co-N(22) are between values 
reported for cobalt glycine and glycylglycine metal-amino distances ranging 
from 1.949 Â to 2.00 Â (Buckingham, Cresswell, Dellaca, Dwyer, Gainsford, 
Marzilli, Maxwell, Robinson, Sargeson, and Turbull, 1973), (Gillard, McKenzie, 
Mason and Robertson, 1966), (Hsu, 1971) and compare favorably with the cobalt- 
axial nitrogen distance in wet cyanocobalamin of 1.97 Â (Brink-Shoemaker, 
Cruickshank, Hodgkin, Kamper and Pilling, 1964). The N-Ĉ  distances of 1.462 A 
and 1.467 Â in this structure, however, are over four standard deviations 
shorter than the average value for amino acids of 1.487 A as tabulated by 
Marsh and Donohue (1967) and the same average value is found for coordinated 
a-amino acids (Freeman, 1967).

Freeman (1973) states that the only geometrical requirement for coordination 
of amino acids through the terminal amino group is that the metal-N(amino)-C*̂  
angle should be near the tetrahedral value of 109.5 degrees (standard deviation 
1“ for amino acids). Both glycinato groups in this structure show expansion 
of this bond angle to near 120®. Some close intramolecular contacts between 
the hydrogens on C(18) and C(23) with the baen chelate ring may necessitate this 
expansion of bond angles. H(C18)1 is 2.71 A from 0(1) and H(C18)2 is 2.65 A
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from N(5). In a similar manner the distance from H(C23)1 to N(5) Is 2.84 Â 
and H(C23)2 has contacts of 2.88 Â, 2.82 Â and 2.90 A with C(2), C(3), and 
C(4) respectively. Clearly a tetrahedral value for the Co-N(amino)-Ĉ  bond 
would cause these atoms to be unacceptably close (shortening these distances 
by approximately 0.3 Â). A smaller expansion of the bond angles N(17)-C(18)-C(19) 
and N(22)-C(23)-C(24) from the average value of 110.5° (Freeman, 1967) Is 
also seen. All other parameters of the glycinato ligand are consistent with 
accepted values. Bond angles are shown In Figure 3. Standard deviations are 
between 0.1 and 0.4°.

The conformational angles are given In Table 5. The dihedral angles for 
the Ĉ -C(carboxyl) bonds are 20 and 24 degrees which Is In the range of values 
from 0-27 degrees found for the various glycine modifications and peptides 
with terminal glycine residues whose structures are known (Marsh and Donohue, 
1967).

The cobalt coordination Is a distorted octahedron. The smallest angle 
of 83.8° is observed between 0(1) and 0(12). The greatest expansion Is to 
95.2° between N(8) and 0(12). The angle between the apical ligands Is not 
linear, but 173°. All the angles are listed In Table 6.

The potassium Ion is at a distance of 3.879 Â from the cobalt Ion and 
Is surrounded by five oxygen atoms. Two water molecules 0(30) and 0(31), the 
negatively charged 0(1) and 0(12) and the carboxyl oxygen 0(25) make up the 
potassium sphere of closest contact shown In Figure 4.

The six waters of hydration serve the function of forming Intermolecular 
hydrogen bonding networks between the cobalt chelate anions and potassium 
cations. All hydrogens of the water molecules are Involved In hydrogen bonds.
The carboxyl oxygens are involved In this network as acceptors of water hydrogens, 
with 0(25) being in close contact with the potassium ion. The carboxyl oxygens
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Table 6. Bond angles In cobalt coordination sphere 
Standard deviation for the last digit is given in parentheses.
N(5)-Co-N(8) 86.4(1) N(8)-Co-0(12) 95.2(1)
N(5)-Co-N(17) 92.3(1) N(17)-Co-N(22) 173.0(1)
N(5)-Co-N(22) 94.8(1) N(17)-Co-0(l) 98.8(1)
N(5)-Co-0(l) 94.6(1) N(17)-Co-O(12) 87.1(1)
N(5)-Co-0(12) 178.3(1) N(22)-Co-0(1) 88.5(1)
N(8)-Co)N(17) 91.1(1) N(22)-Co-0(12) 85.9(1)
N(8)-Co-N(22) 89.4(1) 0(l)-Co-0(12) 83.8(1)
N(8)-Co-0(l) 177.8(1)



0  31

G 30

2.742
2 .7 0 6

2.853 2 .809

O 25

O 12
Figure 4 - Sphere of coordination of the potassium cation. Distances are given 

In Angstroms.
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are connected Intermolecularly by spirals of hydrogen bonds around screw axes 
in primarily the x and y directions. The water molecules 0(29) and 0(31) 
directly bridge carboxyl oxygens 0(20) and 0(25) (-x, -1/2+y, 1/2-z) and 0(26)
( - X ,  1/2+y, -l/2-z). The hydrogen bonding and packing viewed down the a-axis 
is shown in Figure 5. The H-bond distances are shown in Table 7.

The thermal parameters for all non-hydrogen atoms appear reasonable and 
low enough that little effect should be seen in the bond distances. The 
hydrogen atom distances vary between 0.75 Â and 1.12 A.

DISCUSSION

Several interesting factors are observed in relation to the rapid inter- 
molecular exchange of apical amino acid ligands observed in solution by Fuji 
for this type of molecule. The cobalt-apical nitrogen distances do not show 
significant lengthening when compared to other structures containing Co-N ligands. 
A sufficient number of accurate structures of similar compounds does not exist 
to make any statement concerning small changes in these bond lengths. It appears 
however, that the weakness of this apical coordination bond, reflected in its 
lability in solution may be observed in the Co-N (amino)-C** bond angles observed

3to be near 120 degrees. If normal tetrahedral sp hybridization is assumed (and 
as previously stated all other metal-terminal amino-c” bond angles have been 
found to be near 109.5®), the effect would be less efficient overlap of the 
nitrogen and cobalt orbitals. The reason for this bond angle expansion may 
be due to either or both; steric crowding of the C** carbons and the trans-effect 
of the opposite apical nitrogen (Costa and Mestroni, 1968), (Firth, Hill, Pratt, 
Thorp and Williams, 1969). Five coordinate complexes of baen chelates are 
easily isolated and have been characterized (Brückner, Calligaris, Nardin and 
Randaccio, 1968). Therefore due to the low energy of a five coordinate inter-



ON

Figure 5 - Packing drawing showing hydrogen bonding scheme. View is down the 

a-axis.
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Table 7. Hydrogen Bonding

Donor (X) Acceptor (Y) Hydrogen (H) X—H—— Y H— —Y X---Y
0(27) 0(21)* H(027)l 163.5* 2.009 Â 2.749 Â
0(27) 0(28)° H(027)2 165.9 2.149 2.959
0(28) 0(32)° H(028)l 180.0 2.142 2.912
0(28) 0(29) H(028)2 164.5 2.130 2.892
0(29) 0(20), H(029)1 141.1 1.994 2.787
0(29) 0(25)* H(029)2 180.0 1.810 2.738
0(30) 0(21)* H(030)1 148.3 1.771 2.676
0(30) 0(29)* H(030)2 158.6 1.995 2.767
0(31) 0(20) H(031)1 151.3 2.145 2.826
0(31) 0(26)° H(031)2 153.1 2.025 2.749
0(32) 0(26) H(032)l 173.2 2.032 2.822
0(32) 0(30) H(032)2 156.2 1.947 2.725

a. X, y, z - 1
b. -1/2 + X, 1/2 - y, -z
c. X, y, z + 1
d. -X, 1 1/2 + y, 1/2 - z
e. -X, 1/2 + y, -1/2 - z
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mediate, the rate of replacement reactions is fast. Since the trans-effect 
and probable stability of the five coordinate intermediate is increased by 
increasing the electron donating ability of the apical ligand one would expect 
nitrogen to have an even larger effect than the alkyl ligands previously 
studied (Hill, Morallee and Pellizer, 1969).

The shortening of the N-C^ bond when compared to previous structures although 
small is an unexpected effect of the coordination of the amino acid and may be 
related to the lability of the apical ligands.

Due to the v-electron delocalization through the tetradentate chelate and 
the cobalt ion there is a tendency for the chelate to be planar as is observed 
in tetracoordinate Schiff base complexes. Additions of fifth and sixth coordinate 
apical ligands result in steric interactions causing deviations from planarity 
in the chelate system (Calligaris, Nardin, and Randaccio, 1972). Such non­
planarity is observed in this structure at C(6) and C(7) leading one to suspect 
steric crowding may indeed be significant.

The baen-cobalt chelate itself can potentially contain a plane of symmetry.
The lack of symmetry in this structure may be attributed to the glycine ligands 
which must destroy such symmetry for steric reasons.

We thank the University of Oklahoma for providing computing facilities.
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