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INTRODUCTION TO ORGANOPHOSPHORUS INSECTICIDES
Accurate three-dimensional structural information is a
necessity if one Is to better understand the mechanisms, steric
effects, ete., involved in the biochemistry of insecticides.
Structural investigations involving a variety of insecticides

have been performed(1-11)

to obtain such structural information
via X-ray diffraqtion techniques. However not all studies have
resulted in yielding actual atomic positions. Since organo-
phosphorus insecticides are becomming increasingly important,
crystal structure studies of this class of insecticides are
quite appropriate. The purpose of such a program is to better
understand the relationship between structure and mechanism(s)
relative to an insecticide's toxicity/activity.

Inactivation of the enzyme acetylcholinesterase (AChE) is
generally believed to be the toxic mode of the organophosphorus
{or) insecticides and is a result of the phosphorylation of an
enzyme site. O'Brien et aZ.lz have shown that this site is
likely not the same one that is utilized by acetylcholine (ACh).
The inhibition reaction may be represented most simply by:

(RO)ZPOX + EH » (RO)ZPOE + HX,
where EH = the uninhibited AChEis. Unlike acetylcholine, the OP
insecticides, or their metabolic OP derivatives/analogs,
""permanently" react with (Z.e. phosphorylate) the AChE13. Hence,

with a sufficiently high insecticide titer ( 107% to 10°° M),

the enzyme concentration is eventually unable to destroy, via

hydrolysis, the acetylcholine constantly being produced. Auto-



toxicosis via nervous system disruption is the result. In
mammals the nervous system disruption leads to respiratory
failure and asphyxiation; the ultimate cause of the insect's
expiration though is unknownl3. However, an increase in oxygen
consumption for some caterpillars has been notedlh and NAD
(nicotinamide adenine dinucleotide) ltevels are lowered in

15

chicken embryos after exposure to OP's,

The phosphorylation of AChE was originally thought to be
due, in part, to the similarities in charge distribution, size,
and shape of the many OP insecticides to acetylcholine (ACh) at
the corresponding chemically active portions of each molecule.
That is, the OP would mimic ACh. The phosphate ester would
correspond to the acetyl group; a portion of the "X'" group to
the quaternary nitrogen of AChle. Using the active site envi-
ronment of AChE proposed by Krupka17 as a model, one noted that
the hydroxyl group from a serine unit wouid be utilized in the
phosphorylation process; this unit corresponds to the esteratic
site of Wilson's and Bergmann's papersla-zo- Concurrently an X
group would interact with the anionic site on the AChE model.
In addition to the recent work of O‘Brien‘2 regarding the OP

active site it has also been observed that ''total' AChE is in

fact made up of several isozyme521, each reacting differently

with the 0P lnsecticldeslz. It is this total AChE which will

be referred to in any subsequent discussion.

Inhibition of AChE by substituted phenyl diethyl phos-

phates has already been shown to be a function of the Hammett ©



constantzz. However, as noted by Fukut016, Hansch and

3 24

Deutsch2 , O‘Brienl3, Fukuto and Metcalf22 and Canepa et al. ',
steric effects including van der Waals interactions of the OP
insecticide molecule's substituents should also be considered
as playing a significant role in the degree of irnibition
attained. Consequently, a three-dimensional visualization is

a key to understanding the overall process, which is as yet not
fully understood.

In the case of AChE inhibition one would ideally like to
know the three-dimensional structure of the OP active site(s),
or that of a small range of possible low energy conformations.
The complexity of this enzyme system virtually prohibits direct
elucidation of its structure(s). However, accurate structural
determinations of smaller molecules such as the OP's and/or
carbamate insecticides, which strongly interact with the "OP"

4+~ ¢
~

sctive sitels) of AChE, would allow not oniy inferences to be
made with regards to the topography of AChE (or any of the
isozymes) but also yield valuable molecular insight into the
insecticides themselves. Structural investigations of the
carbamates are also being performed25‘27. Such information
could lead to the construction of insecticides which would
better conform structurally as well as chemically to the most
favorable (Z.e. minimum energy) orientation of AChE.

In order to minimize the number of variables and hence to

arrive at more valid conclusions, all of the OP's investigated



contain a substituted six-membered ring (phenyl or pyridyl)

bonded to a phosphate or thiophosphate group.



THE CRYSTAL AND MOLECULAR

STRUCTURE OF RONNEL

Introduction

Ronnel (0,0-dimethyl 0-2,4,5-trichlorophenyl phosphoro-
thioate), (H3C0),P(S)0CgH2CL3, is a general purpose and animal

systemic insecticide and has a mammalian LDso of 1740 mg-kg'lzq

Experimental

Preparation.-- A sample of 99% pure ronnel was kindly
supplied by P. A. Dahm and J. G. Laveglia. The compound was
recrystallized from reagent grade carbon tetrachloride. This
solution had to be evaporated to dryness to obtain the solid
colorless species.

Crystal Data.-- A rectangular prismatic crystal with
approximate dimensions 0.4 mm x 0.2 mm x 0.1 mm was seiected
and housed in a 0.2 mm (i.d.) thin-walled Lindemann glass
capillary with the long axis of the crystal coincident with the
axis of the capillary. Preliminary oscillation photographs
indicated a single crystal with 2/m (monoclinic) symmetry. The
crystal was then mounted on a four-circle diffractometer and
three w-oscillation photographs were taken at various X and ¢
settings.

From these photographs eleven independent reflections were

selected and their coordinates were input into an automatic



indexing programzs. The reduced cell and reduced cell scalars

which resulted from this program indlicated monoclinic symmetry,
which was confirmed by inspectlion of w-oscillation photographs
taken about each of the three axes in turn. Only the b axis
showed a mirror plane. Observed layer line spacings agreed,
within experimental error, to those predicted for this cell.
The lattice constants were obtained from a least-squares
reftnement using the Nelson-Riley extrapolation functlon3°
based on the precise *26 (|29[>20°) measurements of eleven
strong independent reflections. At 30°C using Mo Ka radlation
(A = 0.70954 R) they are a = 12.162(9), b = 9.990(8), ¢ =
11.98(1) R and B = 113.61(4)°. The observed density of
1.62 # 0.02 g-cm™® determined by the flotation method is In
good agreement with the calculated value of 1.60 g-cm~3® for

four molecules with a molecular weight of 321.5 g-mol~! per

s
CATH
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Collection and Reduction of X-ray Intensity Data.-- The
data were collected at room temperature (24°C) with graphite
monochromated Mo Ka radiation on an automated four-circle
diffractometer designed and built in the Ames Laboratory and
previously described by Rohrbaugh and Jacobsonsl. All data
within a 26 sphere of 45° ((sin8)/A = 0.538 R-!) in the hk& and
hk? octants were measured, using the step-scan technique.

As a general check on electronic and crystal stability,

the intensities of three standard reflections were remeasured



every twenty-five reflections. These standard reflections were
not observed to vary significantly throughout the entire period
of data collection (v2% days). Hence, a decomposition correc-
tion was unnecessary. A total of 3641 reflections were record-
ed in this manner for the hk2 and hk% octants. Examination of
the data revealed the following systematic absences: h0% when

2 = 2n + 1 and 0kO0O when k = 2n + 1, These absences uniquely
determine the space group as PZ,/c.

The intensity data were corrected for Lorentz and polar-
ization effects and, since pu = 9.26 cm’l, absorption correc~
tions were made. The estimated error in each intensity was
calculated by

of = C; + 2C

where CT and CB represent the total and background counts, re-

2 2
g + (0.03 cT) + (0.03 cB) ,

spectively, and the factor 0.03 represents an estimate of non-
statistical errors. The estimated deviations in the structure

-

factors were calculated by the finite difference method of
Lawton and Jacobson32. Equivalent data were averaged and only
those reflections where |F°|>2.SG(F0) were retained for use in

subsequent calculations. This yielded 1905 reflections. These

data are on file with J. Agric. Food Chem. in the 1975 supple-

mentary material and may be obtained by observing the infor-

mation given on any current masthead page of that journal.



Solutlon and Refinement

The program MULTAN33 was employed to obtain the phases for

34

the 499 strongest reflections. The resultant E-map using the

beéz_flgure of merlt unambiguously showed all 16 non-hydrogen
positlions.
These atoms were subsequently refined by a full-matrix

35

least-squares procedure minimizing the function

Zm(IFOI - IFCI)Z, where v = Jloé, to a conventional discrepancy
factor of R = Z||F | - IFcil/IFol = 0.057. At this point all
16 non-hydrogens had anisotropic temperature factors. The

36

scattering factors used were those of Hanson et al. , mod-

ified for the real and imaginary parts of anomalous disper-
slon37.

An independent refinement of the ring hydrogen parameters
was followed by analysis of an electron density difference
map which revealed the methyl! hydrogen positions. These posi=
tions were then fitted, via a least-squares technique, to a
tetrahedral model using the corresponding precise oxygen and
carbon positions. The C-H distances were set equal to 1.0 R
with isotroplc hydrogen temperature factors set equal to 4.5-32.

Subsequent least-squares refinement without varying the
methyl hydrogen parameters converged to a final R = 0.051.
Since this procedure yielded slightly different methoxy carbon
and oxygen positions, the methyl hydrogen positions were re-

calculated. Further refinements did not significantly alter



any atom parameters; the R factor did not change.

The final positional and thermal parameters are listed in
Table I. Standard deviations were calculated from the inverse
matrix of the final least-squares cycle. Bond lengths and

38

angles are listed in Table Il and Table 11, respectively” .

Dihedral angles and least-square planes are listed in Table IV.

Description of Structure and Discussion

The phenoxy group in ronnel shown in Figures 1 and Zko

is, as expected, essentially planar (ef. Table IV). The thio-
phosphate group is tilted towards the H(1) side of the phenoxy
group while the sulfur atom is twisted away from the
c(1)-0(1)-P plane towards the C%(3) side of the ring (ef. Table
IV and Figure 2).

The molecules stack through the centers of inversion

l'P llc:
caus!

ng'" the phenoxy groups’ pianes to be parailel within the
limits given in Table IV. Crystalline stability in the y
direction can be seen to he partly a result of the hydrogen
bond from the acidic H(2) to the sulfur via the two-fold screw
operation (ef. Tables Il and Figure 2).

The unusually elongated methoxy oxygen ellipsoids (ef.
Figure 1) suggest some disordering of these atoms. Therefore
an attempt was made to account for such disorder via a refine-

ment substituting two half-oxygens for each methoxy oxygen

approximately displaced by 0.9 R along the major axis of the



Table |. Final atomic posltlonala and thermalb parameters for ronnel

Fractional Coordinates Atomic Teﬁperature Factors
Atom x y 2 £11 822 833 B12 B13 Ba3
c11 -1075(1)° 3787(1) 5349(1) 119(1) 164(2) 145(2) 2(1) 63(1) -51(2)
cl2 -2530(1) 1779(2) 3210(1) 73{(1) 188(2) 131(2) =12(1) 32(1) ~-33(1)
c13 1618(1) ~-290(2) 3372(1) 120(2) 166(2) 147(2) 42(1) 52(1) -20(2)
S 2978(1) 3828(2) 3867(1) 107(1) 186(2) 122(2) Ly(2) 43(1) 70(2)
P 3625(1) 2748(1) 5294(1) 63(1) 136(2) 97(1) 8(1) 22(1) 32(1)
01 2780(3) 1610(3) 5441(3) 75(3) 124(5) 137(4) 4(3) 18(3) 31(4)
02 4o12(6) 3442(5) 6530(4) 463(13) 172(7) 110(5) -140(8) 12(6) 1(5)
C3 4729(4) 1873(6) 5478(5) 134(5) 407(11) 345(9) -150(7) 152(6) 266(9)
Ccl 1525(4) 1678(5) 4912(4) 73(5) 104(6) 92(5) o(4) 20(4) 22(5)
c2 916(5) 2564(5) 5353(5) 91(6) 114(7) 87(5) -15(5) 27(5) -12(5)
c3 -331(4) 2600(5) ug83o0(h) 89(5) 110(6) 89(5) -16(5) Lo(s) -15(5)
(] -973(4) 1747(5) 3889(4) 75(4) 112(6) 80(5) ~8(4) 35(4) -1(5)
c5 -361(5) 833(5) 3467(H) 95(6) 116(7) 75(5) -13(5) 26(4) -8(5)
cé 880(4) 824(5) 3966(4) 83(5) 105(6) 93(5) 11(4) 39(5) 11(5)
c7 4180(6) 4741(8) 6864(7) 164 (8) 266(13) 166(9) 45(9) 55(7) -31(9)
c8 5518(6) 1971(7) 4925(7) 1348(7) 221(11) 181(9) 69(7) 59(7) 25(8)
H1 136(5) 303(5) 607(5) 220(73)°
H2 -78(4) 29(4) 283(k) 121(63)
C7H1 342 524 62 450
CTH2 uho 480 776 450
CTH3 48l 511 666 450
Cc8H1 610 271 532 430
c8u2 596 111 502 430
CBH3 5507 217 4ol 430

ot

8The positional and thermal parameters for all non-hydrogen atoms are presented in fractional unit
cell coordinates (x 10“); A1l hydrogen positional parameters are (x 103); thermal, {(x 102).

b . - 2 2 e

The §,, are defined by: T exp{-(h“8,, + k“By, + B3y + 2hkB,, + 2hif, 5 + 2k1By5) ).

All methyl hydrogen isotropic B's have been set equal to 4.5. If only the all column is listed,
this corresponds to an isotropic (B) value.

CIn this and succeeding tables estimated standard deviaticns are glven in parentheses for the least significant
figures and include the error in the lattice constants. Since the methyl hydrogens were not refined, no standard

deviations are given.



Table I1.

11

Selected interatomic distances (R) for ronnel

Bonding Distances

Cl-Cc2
C2-C3
c3~Cc4
C4-C5
€5-C6
c6-Cl

Cl-01
C2-Hl
C3-C2 1
ci-ce

N

C5-H2
c6-C 3

1.388(T)
1.389(7)
1.382(6)
1.393(7)
1.379(7)
1.384(T)

1.400(6)
0.95(5)
1.750(5)
1.736(5)
0.93(5)
1.745(5)

1.592(4)

1.903(2)

1.347(8)
1.369(7)

Non-Bonding Distances

S+.+H2

pmS.« +H2

CL 1---H2
C5-H2---C2 1
ce 2---C8KEL
C8-C8H1.++C1 2

02---C8H3
03--+CTH2
C7H2- - -C8H2
C7H2-+.CBH3
C7-H3---H3-CS
C2 2---C8H2
cR 2...53-c8
S+« <CTH1
S...CTH3
S---C8H3
02...0752
02...C7H3
03---C8H1
03-++CBH2
G3---CBH3

Via

3

n
c=-glide
c-glide
c=-glice
c-glide
c-glide
c-glide

c-glide
c-glide
c-glide

(1 cell in x)
(1 cell in x)

Intramolecular
Intramolecular
Intramolecular
Intramolecular
Intramolecular
Intramolecular
Intramolecular

lrramolecular

Observed
Distance

o H N W W

o

2
i
2
3.
3
3
2
3

.98(5)
.66(5)
.99(4)
495(6)
.217(3)
.886(8)
.822(5)
.543(T)

.76
.45
LT7(1)

-430(1)
.722(7)

.221(2)
L4a2(2)
.978(2)
.927(3)
.928(5)
.945(5)
.946(5)

ZBUE(S)

Total van der
Waals Distagges
(Pauling3¥)

3.
4.

w W w
. .

n ~n (3]

05
952

.912

¢

.88
.6

3.82

N n n n n w w w
. . . .

A O O OV Oh

.05
.05

2 Includes distance(s) from this table and assumes linear addition of radii.
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Table 111. Bond angles (degrees) for ronnel
S —————————————————————————
Angle Degrees
c1-C2-C3 119.9(5)
C2-C3-C4 120.0(4)
C3-Cl-C5 120.0(4)
Cl-C5-C6 119.9(5)
C5-C6-C1 120.3(4)
C6-C1-C2 119.9(4)
C% 3-C6-Cl’ 120.8(4)
C% 3-C6-C5 118.9(4)
H2-C5-C6 118(3)
H2-C5-Cl 122(3)
Ce 2-C4-C5 118.9(4)
Ce 2-Clu-C3 121.1(4)
Cy 1-C3-C4 120.7(4)
C2 1-C3=C2 119.2(4)
H1-C2-C3 119(3)
Hl-C2-C1 120(3)
C6-C1-01 119.6(4)
Cc2-C1-01 120.5(4)
C1-01-P 123.5(3)
S-P-01 117.0(2)
S-P-02 117.4(2)
S-P-03 118.0(2)
02-P-03 . 103.0(4)
02-pP-01 100.2(3)
01-P-03 98.0(3)
P-02-CT7 132.7(5)
P-03-C8 139.1(4)




Table 1V. Dihedral angles (degrees) and least-squares planes
Planes Defined by: Dihedral Angle of Planes® Planeb defined by Carbons 1-6:
(0,31008)X + (0.68053)Y - (0.66388)Z - (-2.59893) = 0

€1-C3-C5; C€1-01-P 69.4(4) (Towards H1) Atom Distance from Plane (R)
€2-C4-C6; C1~01~P 70.3(3) a1 0.0013
Cl-01-P; 01l-P-S 26.6(4) (Towards C% 3) o2 -0.0094
Cl1-C3-C5; 01-02-03 23.5(2) c3 0.0059

ch 0.0056

c5 -0.0137

c6 0.0102
Planeb defined by all 12 phenoxy group members: Planeb defined by C1,01,P and S:
(0.32061)X + ©0.68689)Y + (0.65222)2 - (-2.55113) = 0 (0.40141)X + (0.68891)Y + (0.60355)Z ~ (4.53683) = 0
Atom Distance from Plane (R) Atom Distance from Plane (R) Atom Distance from Plane (f)
cl 0.0217 cL 1l 0.0803 cl 0.0713
c2 0.0123 ce 2 ~0.0085 01 -0.1355
c3 0.0078 cL 3 0.0507 P 0.1120
ch -0.0134 Hl «~0.0994 S -0.0478
c5 -0.0340 H2 ~0.0330
cé 0.0096 01 0.0059

aAngles correspond to proper orientation shown in Pigures 1 and 2, so that the phosphorus is tilted towards the Hl side of

the ring and the sulfur is directed away from Hl.

This was also verified on the basis of intramolecular distances.

bPlanes are defined as clx + 02Y +c¢,Z -d =0, wvhere X, Y, and Z are Cartesian coordinates which are related to the triclinic
cell coordinates (x, y, z) by the transformations:
X = xa siny + zc((cosB - cosacosy)/siny) = xa + zc coss,
Y = xa cosy + yb + z¢ cosa = yb, and
Z = zc((l-coszo -~ couzﬁ - c08“y + 2cosacosp cosy)*/siny} = zc¢ sinB.

€1



Figure 1.

G7HI

The ronnel molecule showing 50% probability ellipsoids.

1l
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Figure 2. Stereographic view of two adjacent unit cells of

ronnel illustrating intermolecular interactions.
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ellipsoid. No splitting of methyl carbons was attempted though
due to the much smaller elongation of these ellipsoids. This
refinement reduced R by only 0.01 and did not produce a phys-
lcally meaningful result. More importantly, distances and
angles in the remaining and chemically significant part of the
molecule remained essentially unchanged throughout either re-
finement. Therefore only the time-averaged model will be re-
ported here.

Dilation of the P-0(2)-C(7) and P-0(3)-C(8) angles (ef.
Table IIl) can easily be explained as a result of intramolecu-
lar van der Waals repulsions of the sulfur and methyl hydrogens.
In fact, many of the hydrogens are less than the calculated
van der Waals distance from the sulfur (ef. Table 11).

The $-P-0 set of angles ranges from 117° to 1180; the
0-P-0 set, from 98° to 103° (ef. Table II1). Thus the phos-
ophate group of ronneil dispiavs a distorted tetranedral geometry
similar to that reported by Furbergl’1 for HgPO, and Coroxonhz.
The distorted geometry effectively corresponds to a tetrahedron
which has been elongated along the three-fold axis, forming a
trigonal pyramid.

In the present example there is rotational hindrance of
the ester about the C(1)-0(1) bond arising from S---H(1) and
S---CL(3) interactions (ef. Figure 1). Each methyl group's
rotation about a P-0(2 or 3) bond is restricted due to methyl
hydrogen-sulfur interactions vs. lone pair-lone pair repulsions.

In addition, the relatively long packing distances imply no
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appreciable change in the solid state vs. in vivo structures.

The nitrogen to carboxyl carbon distance In the bromide

RZA. Since this Is a direct

salt of acetylcholine (s 4,10
measurement, as opposed to a deduced measurement, it provides a
starting value for comparative analysis, as it is frequently
possible to make solid state and significant ¢n vZvo compari-
sons. However, the value of L4.10 R may not represent the true
OP site~separation distance, as it is presently unknownlz.

On the other hand, using Krupka's17 model of AChE and the
distance of ~4.10 R as starting guidelines, the following dis-
tances become quite interesting: P to H(2), 5.51; P to H(1),
2.83; S to H(1), 3.95; S to H(2), 5.49 R. These distances
initially seem to rule out the utilization of the acid ring
hydrogens as an electrophilic '"anchor' to any anionic site of
AChE. However, the distance from the phosphorus to the center
of the 6(+) ring is 4.05 R. If only a weak bond is required
for the anchoring of the non-esteratic portion of the molecule,
the ring-anionic site interaction may be quite plausible.

This would imply that the plane of the ring would almost have
to arrive parallel to the enzyme surface.

The phosphorus ester displays a '"scorpion-like' configu-
ration (ef. Figure 1) with the C(1)-0(1)-P plane being only 20°
away from the normal to the plane of the phenoxy group while
the 0(1)-P-S plane is only 27° from the €(1)-0(1)-P plane (cf.

Table tV). This nearly perpendicular alignment of planes, then,
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would facilitate phosphorylation, as would the exposed phos~-
phorus. The exposed, scorpion-like configuration has also been
observed In'(:oroxonl’2 and some others to be presented, regard-
less of whether the insecticide, or its toxlc metabolic deri-
vative, Is a phosphate or a thiophosphate ester. In frequent
instances the study of only the parent Insecticide may be all
that is necessary to correlate structure with toxicity. But in
other cases concurrent structural studies of the metabolic der-
ivative(s) would also be desirable.

24 43

Work on acetylcholine bromide™ ', choline chloride and
muscarine Iodldehh show, as pointed out by Canepaza, that the
structurally similar portions of the three molecules have very
nearly identical three-dimensional structures. Their pharmaco-
logical effects are quite different even though the molecules
are presumably unchanged Zn vivo ve. the solid stateZk. This
and structurally in common are causing the observed variations
in the inhibition of AChE. Similarly, there is a strong case
for steric involvement in the mechanism of many, if not all, OP
insecticides. Consequently, the precise distances afforded by
X-ray crystallographic techniques will prove indispensable in

the overall study of these processes.
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THE CRYSTAL AND MOLECULAR

STRUCTURE OF RONNEL OXON

Introduction

Ronnel oxon (0,0-dimethyl 0-2,4,5- trichlorophenyl phos-
phate), (H3C0)2P(0)CeH2CL3, is the oxon form of ronnel. That
is, P=S is replaced by P=0. This structure is quite important
to know since in vivo many thiophosphates are converted to

phosphates with one or both substances being toxic.

Experimental

Crystal Data.-- From a 99+% pure sample of the title com-
pound, supplied by D. W. Osborne, a rectangular prismatic crys-
tal with approximate dimensions 0.22 x 0.16 x 0.18 mm was se-
lected and mounted on the end of a glass fiber using Elmer's
Glue-All, Other glues with an organic solvent base tend t
dissolve the OP insecticides. The crystal was then mounted on
a four-circle diffractometer and three w-osciliation photo-
graphs were taken at various X and ¢ settings, and verified
that the crystal was indeed single.

From these photographs fifteen independent reflections
were selected and their coordinates were input intc an auto-
matic indexing programzs. The reduced cell scalars which re-
sulted indicated monoclinic symmetry, which was confirmed by

inspection of w-oscillation photographs taken about each of the

three axes in turn. Only the b axis showed a mirror plane.
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Observed layer-line spacings agreed, within éxperimental error,
with those predicted for this cell by the indexing program.

The lattice constants were obtained from a least-squares
refinement based on the precise 28 (45° > 28] > 20°) meas-
urements of fourteen strong independent reflections. At 27°¢
using Mo Ka (A = 0.70954 R) they are a = 9.659(5),

b =11.388(2), ¢ = 14.465(9) R and B = 130.09(4)°. The ob-
served density of 1.63(3) g-cm~? determined by the flotation
method is in good agreement with the calculated value of
1.668 g-cm~% for four molecules having a molecular weight of
305.5 g-mol1~! in a unit cell having a volume of 1217.25 B3,

Colleetion and Reduction of X-ray Intensity Data.-- The
data were collected at 27°C with graphite monochromated Mo Ka
radiation on an automated four-circle diffractometer designed
and built in the Ames Laboratory and previously described by
Rohrbaugh and Jacobson31. All data within a 20 sphere of 50°
((sin6)/A = 0.596 R-!) in the hk% and hk% octants were meas-
ured using an w-stepscan technique.

As a general check on electronic and crystal stability,
the intensities of three standard reflections were remeasured
every seventy-five reflections. These standard refiections
were not observed to vary significantly throughout the entire
period of data collection (v 2 days). Hence a decomposition
correction was unnecessary. A total of 2420 reflections were
recorded in this manner. Examination of the data revealed the

following systematic absences: hO% when £ = 2n + 1 and 0kO when
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k = 2n + 1. These absences uniquely determine the space group
as le/c.

The intensity data were corrected for Lorentz and polar-
ization effects and, since u = 9.21 cm~!, absorption correc-
tions were not made; maximum and minimum transmission factors
were 0.863 and 0.817, respectively. The estimated variance in
each intensity was calculated by:

c? =C

+ 2c; + (0.03c.)% + (0.03cg)?%,

T B
where CT and CB represent the total and background counts,
respectively, and the factor 0.03 represents an estimate of
non-statistical errors. The estimated deviations in the
structure factors were calculated by the finite difference
method32. Equivalent data were averaged and 1848 reflections
with |[F | > 2.50(F ) were retained for use in subsequent cal-

culations. During later work it was discovered that six large

reflections showed appreciable secondary extinction effects.

corr
=

The data were corrected via the approximation Io

l°(1+29|c)a
where an average value for g = 4.68 x 10~° was determined using
the fifteen largest lo's. The data will be found in the 1978

supplementary material section of J. Agric. Food Chem. See any

current masthead page for ordering the information.

Solution and Refinement

The program MULTAN33 was employed to obtain the phases for
the 499 strongest reflections. The resultant E-map3k using the

best figure of merit unambiguously showed the positions of
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thirteen of the sixteen total non-hydrogen atoms. All remain-

35

ing atoms were found by successive structure factor and

electron density map calculations3h. These atomic positions
were subsequently refined by a full-matrix least-squares pro-
35

cedure’” minimizing the function Zw(|F°| - |Fc|)2, where

w = 1/0;. This refinement yielded a conventional discrepancy
factor of R-=Z||F°|-|Fc||/Z|F°| = 0.153. At this stage of the
refinement all non-hydrogen atoms had been refined using iso-
tropic thermal parameters. The scattering factors used were

36

those of Hanson, et al.” , modified for the real and imaginary

37

parts of anomalous dispersion®’. The scattering factors for

hydrogen were those of Stewart, et aZ.hS.

Analysis of an electron density difference map did not
reveal either the ring or the methyl hydrogens. Consequently,
the ring hydrogen atom positions were fixed at 0.95 R from the
corresponding carbons (C{3) and C{6)). Methvi hvdrogens were
approximated by two sets of half-hydrogens inserted at tetra-
hedral positions using the precise positions of the corres-
ponding methyl carbon and the methoxy oxygen and rotated by 60°
relative to one another. This created a '"doughnut of hydro-
gens'. The methyl C~-H distances were set equal to 1.0 R; all
isotropic hydrogen temperature factors were set equal to 4.5 Rz,

Subsequent anisotropic least-squares refinement without
varying the hydrogen parameters converged to R = 0.060. Since
this prccedure yielded slightly different non-hydrogen atom

positions, all of the hydrogen positions were recalculated.



23

The final positional and thermal parameters are listed in
Table V. Standard deviations were calculated from the inverse
matrix of the final least-squares cycle. Bond lengths and
angles are listed in Table VI and Table Vili, respectively38.

Dihedral angles and least-square planesare listed in Table VIII.

Description of Structure and Discussion

The phenoxy group in ronnel oxon, shown in Figures 3 and

40

4”7, is essentially planar (ef. Table VItl, Plane II1l). For

the most part, packing in the ronnel oxon crystal can be re-
garded as either weakly coulombic or van der Waals in nature.
The former is a manifestation of the charge density distri-
bution wfthin each individual molecule and hence corroborates
one's "chemical intuition'" of atoms with §(+) and 8(-) charges.
The H(1)---0(2) interaction related via the c-glide operation

rves as such an exampie (ef. Figure 4 and Tables Vi and Vi)

"
®

while on the other hand, the 0(2)--+C(7)Hs and C(8)Hz---C2(3)
interactions appear to be van der Waals in character (ef.
Table VI).

The €(1)-0(1) bond in ronnel oxon is significantly (>100)
shorter than the two methoxy C-0 bonds (ef. Table VI), while
the P-0(1) bond is the longest of the three P-0 bonds, being
at least 100 longer than the other two. These observations,
which are in agreement with CNDO Il molecular orbital calcula-
tions of the Pople and Beveridge47 type, are consistent with a

bonding formulation in which there is a weak m overlap of the



Table V. Final atomlic posltlonala and thermalb parameters for ronnel oxon
Fractional Coordinates Atomic Temperature Factors

Atom x y z Bll 822 633 612 813 823
ce(1) O.CTSU(I)C 3.7603(1) 0.5886(1) 21.6(2) 9.5(1) 11.0(1) -0.4(1, 10.7(1) 1.4(1)
ce(2) -0.1213(2) 0.9231(1) 0.1870(1) 25.0(3) 12.6(1) 6.6(1) 2.2(1) 7.3(1) -0.5(1)
ce(3) 0.2408(2) 1.0730(1) 0.3475(1) 29.7(3) 12.6(1) 11.0(1) -1.0(1) 13.7(2) 1.4(1)
P 0.5180(1) 0.8459(1) 0.8083(1) 15.2(2) 7.7(1) 7.0(1) 1.0(1) 5.6(1) 0.6(1)
0(1) 0.3394(3) 0.9222(2) 0.7150(2) 17.3(5) 9.0(2) 6.8(2) 2.3(3) 6.4(3) 0.7(2)
0(2) 0.5843(4) 0.7909(3) 6.7530(3) 23.2(7) 14.4(u) 10.7(3) 6.0(4) 9.u(h) 1.0(3)
0(3) 0.6u439(4) 0.9343(3) 0.9129(3) 22.4(6) 11.4(3) 8.1(3) -2.6(3) 6.7(3) 0.2(2)
o(u) 0.4716(k) 0.7570(3) 0.8646(3) 25.6(7) 10.0(3) 11.7(3) 0.9(4) 10,1(4) 2.6(2)
c(1) 6.2384(5) 0.9169(3) 0.5912(3) 14.0(6) 7.0(3) 6.7(3) 2.0(3) 5.6(4) 0.5(2)
c(2) 0.0840(5) 0.8476(3, 0.5209(3) 15.7(7) 7.2(3) 8.2(3) 1.3(4) 7.4(h) 0.95(3)
c(3) -0.0265(5) 0.8496(3) 0.3963(3) 16.2(7) 8.2(3) 8.1(3) 0.5(4) 6.8(4) -0.4(3;
c(u) 0.0198(5) 0.9196(3) 0.3418(3) 15.8(7) 8.u4(3) 6.6(3) 2.4(W) 5.7(4) 0.1(3,
c(5) 0.1774(5) 0.9669(3) 0.4126(3) 18.6(8) 8.0(3) 8.6(4) 1.4(4) 8.9(5) 0.5(3)
C(€) 0.2853(5) 0.9861(3) 0.5375(3) 17.2(7) 7.5(3) €.0(3) =0.3(4) 7.8(4) ~0.1(2;
c(7) 0.7147(8) 1.0349(5) 0.8955(5) 36(1) 12.9(5) 11.6(5) =7.9(7) 12.9(8) =1.5(«;
c(8) 0.4023(7) 0.7G10(5) 0.9248(5) 29(1) 14.0(5) 13.2(5) 0.1(6) 14.5(7) 3.0(%)
H(1) -0,133 0.803 0.349 4.5

H(Z2) 0,361 1,033 0.586 4.5

Ahe positicnal parameters for ali atoms are reapresented in fracticnal unit cell coordinates.

“Ihe 8,y are defined by: T = exp(~(n%8) + K%3,, + 2By + 2nkB, + 2n2By 5 + 2K2By)). If
only the 811 column is listed, this corresponds to an isotropic temperature factor. All
hydrogen isotropic temperature factors have been set equal to 4.5 . Non-hydrogen thermal
parameters are (X 107).

cIn this and succeeding tables estimated standard deviations are given in parentheses for the
least significant figures; later tables include the error in the lattice constants. Since the

hydrogen parameters were not refined, no standard deviations are given. Positions for the

methyl hydrcgens are nct given as they were approximated.

vz



Table VI .

Selected interatomic distances (ﬂ) for ronnel oxon

Bonding Distances

Cc(1)-c(2) 1.388(5)
c(2)-c(3) 1.382(5)
C(3)-C(4) 1.382(5)
c(4)-c(5) 1.395(6)
c(5)-C(6) 1.387(5)
c(6)-Cc(1) 1.373(5)
c(1)-0(1) 1.383(4)
c(2)-ca(1) 1.726(4)
C(3)=-H(1) 0.950(4)
c(4)-ce(2) 1.716(4)
C(5)-C2(3) 1.723(4)
C(6)-H(2) 0.950(4)
P-0(1) 1.599(3)
P=0(2) 1.450(3)
P-0(3) 1.552(3)
P-0(4) 1.536(3)
0(3)-C(7) 1.442(5)
o(4)-c(8) 1.451(6)

Interaction

P...H(1)

P.. H(2)
PeeeCR(1)

Pee O(7)H,
P'--QB)H3
c£(1)+++0(1)
0(7)H3---0(1)
C(8)Hy:--Ce(1)
C{8)Hy+++0(3)

ce(2)..:0(3)

Cl(l)"-C(7)H3

0(2)**+C(7)H,
o(l)*+H(2)
o(l4)«++C(6)
c2(3)+--C(8)H
0(2)++c(3)
0(2)+++H(1)

Non-Bonding Distances

via

Intramolecular
Intramolecular

Intramolecular
Intramolecular
Intramolecular
Intramolecular
Intramolecular
Intramolecular
Intramolecular

-lcell in x and z

21 +1lcell in
21 +1cell in
21 +1cell in
21 +1lcell in
21 +1cell in

c-glide +licell in y -1in x and
c-glide +1lcell in y -1in x and

X

X
X
X
X

and
and
and
and
and

N N N NN

~1in y
~-1in y
-1in y
-1in y
-1in y

Observed
Distance

5.487(5)
3.367(2)
3.770(3)
2.597(5)
2.627(5)
2.,966(3)
3.195(6)
3.772(6)
2.934(6)

3.048(h)
3.493(5)
3.669(7)
2.749(3)
3.572(5)
3.778(6)
3.309(5)
2.379(3)

Total van der Waals

Distance (from Pauling3

(3.1)
3.1
3.7
3.9
3.92

%

8 pssumes linear addition of a “spherical" methyl goup van der Waals radius,

b Bondiu6

ST
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Table VIl. Bond angles (degrees) for ronnel oxon

Angle Degrees
c{1)-c(2)-C(3) 120.6(3)
c(2)-C(3)-C(4) 119.4(3)
c(3)-C(¥)-C(5) 120.0(3)
c(u)-c(5)-c(6) 120.1(3)
c(5)-C(6)-C(1) 119.8(3)
€(6)-C(1)-C(2) 120.1(3)
0(1)-c(1)=-Cc(2) 120.2(3)
0(1)-C(1)-C(6) 119.6(3)
C&(1)-C(2)-C(1) 120.1(3)
€2(1)-C(2)-C(3) 119.3(3)
H(1)-C(3)-C(2) 120.4(4)
H(1)-C(3)=-C(4) 120.3(4%)
CL(2)=-C(u)-Cc(3) 118.7(3)
ce(2)-C(4)-C(5) 121.3(3)
CL(3)-C(5)-C(¥) 121.0(3)
C2(3)-C(5)=C(6) 118.8(3)
H(2)=-C(6)=-C(5) 120.1(4)
H{2)-C{§)-C{1} 120.104)
C(1)-0(1)-P 123.2(2)
0(1)-P-0(2) 112.9(2)
0{1)-P-0(3) 102.1(2)
0(1)-P-0(4) 106.3(2)
0(2)-B-0(3) 118.4(2)
0(2)-P-0(%) 113.0(2)
0(3)-P-0(4) 102.7(2)
P-0(3)-C(7) 120.3(3)
P-0(4)-C(8) 123.2(3)
P-0(2)..-E(1)? 128.6(2)
P-0(4)...H(2)P 119.7(2)

2 Through 2, + lcell in x and z - 1lin y.

® Through c-glide +1cell iny ~11in x and z.



Table VIII. Torsional angles (degrees) and least-squares planes

Torsional Angle

P-0(1)-C(1)-C(2) 97.98 Plane(1II1)2 Defined by all twelve phenoxy group members:
0(2)-P-0(1)-C(1) 12.51 (-0.65204) X + (0.75669) Y - (0.04737) 2 -~ (9.69391) = 0
0(1)-P-0(3)-C(7) -68.70 Atom Distance from Plane f
0(1)-P-0(4)-C(8) -55.38
0(2)-P-0(3)=C(7) 55.92 (1) -0.013
0(2)-P-0(4)-C(8) -179.80 c() -0.028

c(3) -0.006

c(l) 0.003

Plane(I)?@ Defined by C(1), 0(1), P and 0O(2):

(0.56915) X + (0.81552) Y + (0.10483) £ - (7.41029) = 0 €5 ~0.017
Atom Distance from Plane (f) c(6) -0.010
c1) -0.033 0(1) 0.083
0(1) 0.059 ce(1) -0.036
P -0.054 H(1) 0.000
0(2) 0.028 ce(2) 0.062
c(u) ~0.177 ce(3) -0.036
c2(2) -0.279 H(2) -0.003

Plane(I1)2 Defined by C(8), O(4), P and 0(2):
(C.49175) X + (0.06157) Y + (0.86855) ¢ - (7.1191C) = 0

Atom Distance from Plane (R)
c(8) -0.001
o(4a) 0.C01
P 0.001
0(2) -0.00]

Opianes are defined by elX + c2Y + 032 ~-d = 0, where X, Y and 2
are Cartesian coordinates which are related to the triclinic cell
coordinates (x, y, z) by the transcformations:

X = xa siny + ze{{cosf - cosacosy)/siny)i= xa + zccosp

Y = xacosy + yb + zccosa = yb ,
Z2 = ze{l - coszu - cos2B - cosz + 2cosacosBeosy) “/sinyl= zcsing.

L?
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Figure 3. The ronnel oxon molecule showing 50% probability ellipsoids; 30% for
hydrogens. The numbers in parentheses refer to partial charge densi-

ties from a CNDO Il calculation.
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30

P, orbltal on the oxygen with the ring system which simultane-
ously weakens the 0-P bond. The latter effect should enhance
phosphorylationhs. Such variations in bond lengths have been
noted earlier as the bdnd lengths corresponding to P-0(1) and
€C(1)-0(1) in ronnel oxon, ronnel and Coroxon42 are all within
30 of being identical. The angles of the type $=P-0 or 0=P-0
in these compounds are all greater than the tetrahedral angle
of 109.470. in ronnel oxon the angle between the normal to the
ring and the P=0 vector is 34 .4° which is nearly identical to
the angie of 34.8° between the normals to the 0(1)-0(3)~0(%)
plane and the ring. Comparable angles of 23.7, 38.5, 23.9

and 23.5° have been observed in ronnel, Coroxon, azinphos-
methyll’9 and amidithionso, respectively., The latter case is

the most surprising as amidithion has many more rotational

degrees of freedom and consequently is not as rigid as the

As a result of C2(2) and C2(3) being less than the sum of
their van der Waals radii apart, the following angles are
significantly (>30) dissimilar: C2(2)-C(4)-Cc(5)>c2(2)-c(4)-C(3)
and C2(3)-C(5)-c(4)>c2(3)-c(5)-C(6) (ef. Figure 3 and Tables
VI and VIil). The C(1)-0(1)-P angle is considerably greater
than the tetrahedral angle (ef. Table VIl) yet is identical
with the corresponding angle in ronnel. Therefore the differ-
ence in van der Waals radli of the respective doubly bonded
atoms (oxygen vs. sulfur) does not seem to be the major source

of thls discrepancy. The '"p,-ring' bonding noted earlier
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likely serves to modify the hybridization on 0(2), though van
der Waals interactions with the ring are not completely neg-
ligible.

In contrast to ronnel the 0-Me vectors in ronﬁel oxon are
approximately pointed in the opposite direction as the P-0(2)
vector. The actual direction may be a function of crystal
packing as intermolecular interactions involving methyl groups
exist in both compounds. Yet the sets of methyl groups in both
compounds basically tend to align in a pairwise, unidirectional
fashion, probably due to the lone pair repulsions of the meth-
oxy oxygens and the doubly-bonded moiety.

As with ronnel, the phosphorus in ronnel oxon is opposite
the C2(1) side of a plane which is perpendicular to the ring
and contains the €C(1)-0(1) bond. The position of the phosphor-
us appears to be dictated by the van der Waals interactions of
the phosphorus with H(2) and/or C&4{1) (ef. Tabie Vi), thus
restricting rotation about the C(1)-0(1) bond to quite a small
range of angles. Furthermore, the phosphorus is nearly symmet-
rically placed with respect to the ring, being 3.52 and 3.41 R
away from C(2) and C(6), respectively, and having a C(2)-C(1)-
0(1)-P torsional angle of ~ 98° (cf. Table VIll).

On the basis of a restricted phosphorus position, compari-
son of some intramolecular distances with literature site-sep-
aration distances for AChE should give some insight into the
toxicity/activity of ronnel oxon. This should be a reasonable

approximation to the true OP site-separation distance even
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though the OP's and ACh do not utilize the same site on AChE12Z,
But, since the OP's presently being investigated are comparable
in size to ACh, comparisons of the distanceé fn the OP's could
be utilized to help deduce the OP active site. In addition to
being '"distance compatible'!, the two atoms involved must also
be '"'charge compatible'" to at least be in agreement with the
AChE model of Krupkal7. Only two atoms are being considered
here in accordance with the presence of two residues in Krupka's
active site of AChE. Analysis of the steric interactions of
the remaining parts of both molecules, without knowing more
about the structure(s) of the isozymes of AChE, would be futile.
Using a CNDO Il calculation (after Pople and Beveridgeh7)
approximate values for the charge density distribution in
ronnel oxon can be computed; results are shown in parentheses
in Figure 3. Examination of this figure shows than Pes-<H(1)
{(5.455 R), P.--c(3) (4.78 R), °---c(h) (5.25 R) and P---C(5)
(4.68 R) are interesting pairs in this regard. These distances
fall outside of or just border the mammalian AChE site-separa-
tion range or L.3-4.7 351’52, and yet are close to or within

the range for insect AChE given by Hollingworth et aZ.S1 of

(%4
N

5.0-5.5 R and 0'Brien of 4.5-5.9 R. 1t is even conceivable

that "C(5)-C(4)-C(3)~-H(1)" might correspond to a region of &§(+)
charge having P--:8(+) distances of from 4.68 to 5.49 R. Con-
sidering charge, distance, steric factors and overall reactivi-

ty, P---H(1) may be slightly favored as a reactive species to-

wards insect AChE in ronnel oxon. The P---C(5) pair, due to
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its shorter distance, may play a more important role in mam-
malian toxicity, unless significant conformational alterations
in AChE or ronnel oxon accompany any im vivo free energy
changes.

it should be noted that even rotations about the C(1)-0(1)
bond of tho°, which may possibly be achieved Zn vivo, would
correspond to a maximum change in the P---H(1) distance, for
example, of only *0.03 R which is not likely to be critical
with respect to the distances in AChE and to the lso of the
insecticide as pertains to the conformation which AChE or
ronnel oxon might have to distort to in order to achieve a
distance "match'". However, such a rotation would cause the
phosphorus to be in a slightly different position relative to
the other ring substituents. This may be partially responsible,
then, for changes in Ilsgo and/or LDsg values as a result ot sub-
tie infiuences of the insecticide with ACKE. In this regard it
would be quite interesting to compare the toxicities of the
pure d and £ forms of ronnel oxon; a 1:1 racemic mixture is
present in a centrosymmetric space group. But, in order to
make better comparisons and predictions, many heretofore unre-
ported insect and mammalian lsg and LDsg values will need to be
investigated and tabulated, especially for the different iso-
zymes of AChE. 1In addition, CNDO calculations will need to be
performed to obtain a better idea of the charge distribution

and potential energy barriers which may be necessary to over-

come in adduct formatlion.



34

THE CRYSTAL AND MOLECULAR

STRUCTURE OF BROMOPHOS

lntroduction

The crystal and molecular structure of bromophos (0-(4-
bromo-2,5-dichlorophenyl) 0,0-dimethyl phosphorothioate),
(H3CO0)2P(S)0CgH2CR2Br, was undertaken to explore any differ-
ences and/or similarities with the previous structures result-
ing from the replacement of a para chlorine atom in ronnel with
a bromine. This replacement could explain, in part, the high

LDsq of 3750-6100 mg-kg~! which bromophos has for ratsza.

Experimental

Crystal Data.-- A sample of 99+% pure bromophos was

supplied by the Quality Assurance Section, Pesticides and Toxic

Substances Labcratery, U. S. Environmental Protection Agency.
From this, a rectangular prismatic crystal with approximate
dimensions 0.15 x 0.12 x 0.07 mm was selected and mounted on
the end of a glass fiber using Elmer's Glue-All. Preliminary
oscillation photographs indicated a single crystal with mmm
(orthorhombic) symmetry. The crystal was then mounted on a
four-circle diffractometer and three w-oscillation photographs
were taken at various X and ¢ settings.

From these photographs seventeen independent reflections
were selected and their coordinates were input into an automat-

29

ic indexing program . The reduced cell and reduced cell
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scalars which resulted from this program indicated orthorhombic
symmetry, which was confirmed by inspection of w-oscillation
photographs taken about each of the three axes in turn. All
axes showed mirror symmetry. Observed layer-line spacings
agreed, within experimental error, with those predicted for
this cell by the indexing program.

The lattice constants were obtained from a least-squares
refinement using the Nelson-Riley extrapolation functiOn30
based on the precise %20 (|28] > 20°) measurements of fifteen
strcsg independent reflections. At 27°%¢ using Mo Ka radiation
(A = 0.70954 R) they are a = 7.308(6), b = 27.17(2) and
e = 6.446(8) R. The observed density of 1,90+ 0.02 g-cm~3
determined by the flotation method is in good agreement with
the calculated value of 1.889 g-cm™3 for four molecules having
a molecular weight of 366.00 g-mol-! per unit cell with a vol-
ume of 1279.56 A2,

Collection and Reduction of X-ray Intensity Data.-- The
data were collected at 27°C with graphite monochromated Mo Ka
radiation on an automated four-circle diffractometer designed
and built in the Ames Laboratory and previously described by
Rohrbaugh and Jacobson3]. A1l data within a 26 sphere of 450
((sinB)/A = 0.539 R~1) in the hkf and hk¥ octants were measured,
using an w-stepscan technique.

As a general check on electronic and crystal stability,
the intensities of three standard reflections were remeasured

every seventy-five reflections. These standard reflections
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were not observed to vary significantly throughout the entire
period of data collection (v 2 days). Hence, a decomposition
correction was unnecessary. A total of 2533 reflections were
recorded in this manner. Examination of the data revealed
the following systematic absences: h0O0 when h = 2n + 1, 0kO
when k = 2n + 1 and 002 when £ = 2n + 1. These absences
uniquely determine the space group as P212121.

The intensity data were corrected for Lorentz and polari-
zation effects and, since u = 40.25 cm~!, absorption correc~-
tions were also made; maximum and minimum transmission factors
were 0.755 and 0.547, respectively. The estimated error in
each intensity was calculated by

of = {C; + 2¢; + (0.03 €;)% + (0.03 Cy)% + (0.03 C\)?}/A%,
where CT’ CB and CN represent the total, background and net
counts, respectively, A is the transmission factor and the
factor 0.02 represents an estimate of non-statisticai errors.
The estimated standard deviations in the structure factors were
calculated by the finite difference method32. Equivalent data
were averaged and 1225 reflections with ]Fo]>2.Sc(F°) were re-
tained for use in subsequent calculations. During later work
it was discovered that eight large reflections suffered from
secondary extinction effects; these were eliminated from the

final stages of refinement. These data are to be found on file

with J. Agric. Food Chem. in the 1976 supplementary material

and may be obtained by observing the information given on any

current masthead page of that journal.
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Solution and Refinement

The position of the bromine was obtained from an analysis
of a standard three-dimensional Patterson function. The re-

maining atoms were found by successive structure factor35 and

34

electron density map calculations” . These atomic positions

were subsequently refined by a fuli-matrix least-squares

35

procedure”” minimizing the function Zw(IFOI-IFCI)z, where
w = 1/0;, to a conventional discrepancy factor of

R

2||F°|-|Fc||/|F°| = 0.058. At this stage all sixteen
non-hydrogen atoms had been refined with anisotropic thermal
parameters. The scattering factors used were those of Hanson,
et aZ.3 , modified for the real and imaginary parts of anoma-

37

lous dispersion”’.

Ring hydrogen atom positions were fixed at 0.95 R from the

corresponding carbons. Analysis of an electron density differ-
1.

o ve e . . - .
ence map3 did not reveail the individual methy! hydrcgen pocs

Yi a¥yaq

tions. Consequently, approximate tetrahedral positions were in-
ferred from the precise corresponding methoxy oxygen and carbon
positions. The methyl C-H distances were set equal to 1.0 R;
all isotropic hydrogen temperature factors were set equal to
b.5 R2,

Subsequent least-squares refinement without varying the
hydrogen parameters converged to R = 0.048. Since this pro-
cedure yielded slightly different carbon and oxygen positions,
all of the hydrogen positions were recalculated. Further

refinement cycles did not significantly alter any atomic param-
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eters and the discrepancy factor did not change.
The final positional and thermal parameters are listed in
Table 1X. Standard deviations were calculated from the inverse
matrix of the final least-squares cycle. Bond lengths and
angles are listed in Table X and Table XI, respectively38

Dihedral angles and least-square planes are listed in Table XI1I.

Description of Structure and Discussion

4o

The phenoxy group in bromophos shown in Figures 5 and 6
is, as expected, essentially planar (ef. Table X11, Plane I1).
The phosphorus is, as with ronnel and ronnel oxon, tilted
toward the H(1) side of a plane perpendicular to the ring and
coincident with the C(1)-0(1) bond while the sulfur is twisted
away from the C(1)-0(1)-P plane towards the C%(2) side of the
ring (ef. Table X!l and Figures 5 and 7). However, unlike
ronnel or ronnel oxon, in bromophos the distance between H(1)
and 0(3) (2.61 R) is indicative of a possible hydrogen bond
between the aromatic C(2) atom and the 0(3) atom (ef. Table X
and Figure 7). Both the P-0(3)-H(1) angle of 100.5° and the
C(8)-0(3)-H(1) angle of 130° would direct H(1) approximately
towards a lone pair lobe on 0(3), assuming sp® hybridization,
thus strengthening a hydrogen bond argument (ef. Table XI1).
The P, 0(3), H(1) and C(1) atoms form a near planar grouping

(ef. Table X1I, Plane I1il).

For the most part, packing in the bromophos crystal can be

regarded as either weakly coulombic or van der Waals in nature.



Table IX. Final atomic positional?® and thermalb parameters for bromophos

Fractlional Coordlinates Atomic Temperature Factors

Aton x ¥ z 84 PP 333 8y, 813 823
Br 0.2355(1) ¢ 0.18887(2) 0.0773(1) 17.2(1) 0.90(1) 28.3(2) -0.40(3) -3.1(2) -0.46(4)
ct 1 0.5044{3) 0.226€2(8) 0.517%(4) 23.€(5) 1.13(3) 26.0(6) -0.1(1) -5.8(5) 1.1(1)
ct 2 0.1954(3) 0.383€3(8) -0.1394(4) 25.1{5} 1.16(3) 28.8(7) -0.4(1) -10.0(5) 0,9(1)
s 0.6609{3) 0.43542(9) 0.009: (k) 21.7(%) 1.37(3) 19.1(6) -0.3(1) 3.4(5) -0.0(1}
P 0.5392(2) 0.43276(7) 0.26885(3) 13.5(#) 0.80(2) 17.4(5) -0.03(9) ~1.,0(4) -0.0(1)
22! 0.3433(7) 0.4032(1) 0.2730(9) 14(1) 0.92(7) 24(1) 0.0(2) 0(1) -1.3(3)
o2 0.4753(3) 0.4838(2) 0.3467(9) 20(1} 0.52(7) 20(1) 0.0(2) 0(1) -0.3(2)
G 3 0.6432(9) 0.L06U(2) 0.451(1) 17(1) 1.35(5) 23(1) -0.7(2) =h(1) 1.6(3)
¢1 9.332(1) 0.3536(2) 0.22701) 12(1) 0.87(9) 23(2) -0.7(3) 2(1) 0.0(4)
¢ 2 9.383(1) 0.3189(2) 0.373(1) 12¢1) 1.0(1) 22(2) -0.4(3) 0(1) -0 u(u)
c3 9.350(1) 0.2633(2) 0.329(1) 13¢{1) 1.0(1) 20(2) 0.0(3) -3(1) -0.2(h)
C 4 0.273(1) 0.2554(2) N.143(1) 12(1) 0.9(1) 2e(2) -0.3(3) 0(1) -0.5(4)
cs L.231(0) 0.2911(3) -0.004(1) 15(1) 1.0(1) 19(1) 0.4(3) -1(1) -0.4(u)
c 6 5.258(1) 2.3333(2) 0.040(1) 13(1) 0.o(1) 21(2) 0.C(3) -3(1) 0.2(k)
c 7 0.324(1) 0.4901(3) 0.54€(1) 35(2) 1.0(1) 28(3) 0.3(5) 5(2) ~1.3(5)
c 8 €.837(1) 0.4125(4) O.LTE(L) 15(1) 1.8(1) 34(2) -0.u(l) =7(2) ~0.4(7)
B C.u38¢ 0.3236 £.50C9 &5

uo2 3.18¢0 9.281¢ -0.13:8 45

cl 3.2672 09,5084 5.5259 “5

cru2 0.k6€n 0.5093 0.6414 55

CTH3 6.3589 3.4572 0.6064 45

cBH1 3.8623 0.,uiL9 C.5473 us

C§H2 ©.885) 0.3852 6.5679 4%

c8u3 3.8997 9.4116 3.340€ 45

A 1he ronittonal parameters for all atoms are representod in fracticnal unit cell coerdinates.

[ - 2 2 2. s ay

The BIJ are defined by: T = exp{-{(h sll + k‘B:,2 + 2 g13 + ;hﬁﬁlz + 3h)813 + «nlﬂzs)).
If only the BIJ column is listed, this corresponds tc an isctropic temperature facter. All
hydrogen isotropic B's have teen set equal to 4.5 . ller-nwdrogen thermal paranmeters ure {x10%).

All hidrogen therral parameters are (x10).

¢ In this ana succeeding tables estimated s-andard deviatiors are glver In rarentheses for the
least significant figures and fnclude the error in the lattice constants. Since the hydrogens

were not refined, no standard deviations are glven.

6¢



Table X.

Selected Interatomic distances (R) for bromophos

Bonding Distances

c(1)-c(2)
c(2)-c(3)
c(3)-c(h4)
c{u)-c(5)
c(5)-c(6)
c{6)-c(1)

c(1)-0(1)
C(2)-H(1)
€(3)-Cce(1)
c(4)-Br
€{5)-H(2)
c(6)-ce{2)

P-0(1)
P=S
P-0(2)
P-0(3)
0(2)-C(7)
0(3)~c(8)

1.38(1)
1.40¢1)
1.36(1)
1.40(1)
1.37Q0)
1.36(1)

1.391(9)
0.950(9)
1.724(9)
1.887(8)
0.950(9)
1.724(9)

1.607(6)
1.892(4)
1.547(6)
1.571(7)
1.46(1)
1.44(1)

Interaction

C£(1) " *H(2)
c2(2)-« «H(1)
Cr(2) e« -C(THi,
s~--c(7)u3
8...C(8)H,

c!(z)'--c(B)H3 1 cell in z and x

Br-++8
Bre«+H(2)
cL(1) - +H(2)

C(7)H3'-'Cl(2)
€(7)++0(1)
c(1n3---o<a)

Non-Bonding Distances

via

1 cell in
1 cell in
1 cell in
1 cell in
1 cell in

18 N NN N

2,(-x direction)
21(-5 dirsction)
2;(-x direction)

2,(z direction)
21(3 direction)
21(5 direction)

C(T)Hy+*C(TIHy 2,(z direction)

8. -C2(2)
s---c(B)H3
0(3) -+ -H(1)
P-eeC2(2)

S+ +0(1)
§++:0(2)
S...0(3)
Bre++CL{1)
0(1)-++0(2)
0(2)+--0(3)
0(3):+-0(1)
0(1)+++C(T)H,y
0(3)+++C(7)Hg
0(1) ¢+ +C(8)H,4
0(2)"'0(8)H3

C(?)Ha'--C(B)H3

P..-H(1)
P+ H(2)

Intramolecular
Intramolecular
Intramolecular
Intramolecular
Intramolecular
Intramolecular
Intramolecular
Intramolecular
Intramoclecular
Intramolecular
Intramolecular
Intramolecular
Intramolecular
Intramolecular
Intramolecular
Intramolecular
Intramolecular
Intramolecular

Observed
Distance

3.155(4)
3.280(4)
3.79(1)
3.90(1)
3.71(1)

3.68(1)

3.467(4)
3.373(3)
3.200(4)

3.68(1)
3.68(1)
3.34(1)
3.82(1)

3.798(5)
3.35(2)
2.613(6)
3.875(4)
2.989(6)
2.877(7)
2.957(8)
3.259(%)
2.416(8)
2.524(9)
2.424(9)
2.94(1)
3.02(1)
3.81(1)
3.39(1)
3.95(2)
3.285(3)
5.520¢4)

Total van der Waals
Distance (from Pauling

3.0
3.0
3.8
3.85%
3.8

39y

8 Assumen linear addition of methyl van der Waals radius,

0%
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Table X!. Bond angles (degrees) for bromophos

Angle Degrees
Cc(1)-C(2)-C(3) 118.3(8)
c(2)-c(3)-Cc(d) 120.8(8)
C(3)-C(4)-C(5) 120.2(8)
c(4)-c(5)-c(6) 119.2(8)
C(5)-C(6)-C(1) 120.3(8)
C(6)-C(1)-C(2) 121.1(7)
0(1)-c(1)-Cc(2) 118.7(8)
0(1)-C(1)-C(6) 120.1(8)
H(1)-C(2)-C(1) 120.9(8)
H(1)-C(2)-C(3) 120.8(9)
€2 (1)-c(3)-Cc(2) 117.8(7)
C2(1)-C(3)-C(L) 121.4(6)
Br-C(4)-C(3) 122.1(7)
Br-C(4)-C(5) 117.7(7)
H(2)-C(5)-C(4) 120.4(8)
H(2)-C(5)-C(6) 120.4(9)
ce(2)-Cc(6)-C(5) 119.1(7)
cL(2)-Cc(6)-C(1) 120.5(6)
C(1)-0(1)-P 123.2(5)
S~P-0(1) 117.1(3)
S-P-0(2) 113.2(3)
S-P-0(3) 117.0(3)
C(1)-P-0(2) 100.0(3)
0(2)-P-0(3) 108.1(4)
0(1)-P-0(3) 89.4%{3)
P-0(2)~C(7) 122.0(5)
P-0(3)-C(8)} 121.2(7)
P-0(3)-H(1) 100.5(3)

C(8)-0(3)---H(1) Intramolecular 130.0(6)
C(4)-Br---H(2) Intermolecular £5.3(2)
C(3)-C&(1)-+-H(2) Intermolecular 53.8(3)
C(6)=-C(2)-+-H(1) Intermolecular 90.9(3)

e




Table XIl. Dihedral angles (degreces) and least-squares planes

Plane (II)b defined by all 12 phenoxy group members:
(0.91791) X + (-0,05270) Y + (-0.39327) Z - (1.13354) = 0

Planes defined by: Dihedral Angle®
c(1)-¢(2)-c(6) (13-001) 78.4(6) (T " an Atom Distance from plane Si) Atom Distance from plane SRI
-C(2)-C(6); C(1)-0(1)-P . owards H(1 e prey
. (Away from ri c(1) 0.0161 H(1) 0.0645
€(1)-C(2)-C(6); 0(1)~P-3 13.4(7) (TN ovneds chg2)) ¢(2) 0.0324 ce(1) -0.,0564
€(1)-0(1)-P; 0(1)-P-5 59.4(7) (Towards CL(2)) ¢(3) 0.0005 Br -0.0199
€(1)-C(3)-C(5); 0(1)-0(2)-0(3) 39.6(4) (0(3) fragment above ¢ plane) c(u) 0,0116 H(2) 0.0161
c(5) 0.0143 ce(2) -0.0183
c(6) 0.0150 0(2) 0.4834
Plane (1) defined by carbons (1-6): o(1) -0.0757 0(3) 1.4541
(0.91687) X + (-0.05745) Y + (=0.39503) Z - (1.10472) = 0
Aton Distance from plane (R) Plane (II1)® defined by C(1), H(1), 0(3) and P:
g:;; 'Z'gggz (0.67286) X + (-0.48031) Y + (-0.56264) Z - (~3.87615) = 0
Cc(3) _0:0119 Atom Distance from plane gR)
C(h) 0.0036 c(1) 0.0722
c(5) 0.0038 H(1) ~0.0743
c(6) -0.0025 0(3) z.::z:
P .
c(2) 0.2422

Plane (IV)b defined by C(1), 0(1), S and P:
(0.68424) X + (-0.50u62) Y + (0.52647) Z - (2.55342) = 0

Atom Distance from plane ()

c(1) 0.1424
(1) -0.2873
3 -0.0839
P 0.2288
©(5) -0.2941

2 Angles correspond to proper orientation shown in Figures 5-7 (and calculated intramolecular
distances) so that the phosphorus 18 tilted toward the H(1) side of the ring and the sulfur
i3 directed away from H(1).

b Planes are defined as clx + czY +co2 -d = 0, where X, Y and Z are Cartesian coordinates
which are related to the triclinic cell coordinates (x,y,z) by the transformations:

X = xa siny + zc{(cosB - cosa cosy)/siny} = xa
Y = xa cosy + yb + zc cosa = yb, and
Z= zc((l-coazu - coazs - conav + 2 cosa cos8 cosy)‘/siny) = £c,

4
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Figure 7. Dovetail packing in the e direction.
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The former is a manifestation of the charge density distribu-
tion within each individual molecule and hence corroborates
one's 'chemical intuition' of the 8(+) and 8§(-) atoms.
Referring to Figure 6 and Table X, interactions such as
the following appear to be van der Waals in character:
ce(2)---Cc(8)Hs, CL(2)---C(7)Hs, S---C(8)Hs, C(7)H3---{C2(2),
0(1) and 0(2)}, ete. The latter interaction causes the C(7)
methyl group to be skewed into an orientation unlike that of
the C(8) methyl group (ef. Figures 5 and 6). Owing to differ-
ences in electronegativity, the S-°*C(8)H; interaction is a
result of the 0(3)---C(2) intramolecular hydrogen bond.
Packing, as shown in Figure 6, is also facilitated by the
interactions of the 8(-) bromine with the 8(+) ring centers
above and below each bromine: d, = 3.57, d2 = 4.49 R which may

1
be compared to the van der Waals radii sum of 3.65 339. This

discrepancy in di and d2 is primarily due to the intrusion of
thiophosphate groups. The Br---H(2) distance of 3.37 R

(Table X) and the C(4)-Br--+H(2) angle of only 65° (Table XI)
indicate that only a very weak intermolecular hydrogen bond is
likely.

A very interesting mode of packing takes place in the ¢
direction. Due to the fact that each chlorine and ring hydro~
gen has a para counterpart, the molecules advantageously util-
ize this arrangement by forming hydrogen bonds in a dovetail

fashion (ef. Figure 7 and Tables X and XlI). Since the rings in

the ¢ direction are all related by a simple translation, they
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are all parallel. However, they are not coplanar, each being
23° from the b-c plane (ef. Figures 6 and 7).

As with ronnel, ronnel oxon and Coroxonhz, angies of the
type S=P-0 or 0=P-0 are all greater than the tetrahedral angle
of 109.#70. Non-tetrahedral angles are to be expected due to
the different hybridization involved with the doubly-bonded
sulfur. The discrepancy also is due to the larger van der Waals
radius of the doubly-bonded sulfur vs. the singly-bonded oxy-
gens. Presumably similar factors are responsible for the dis-
torted POy sub-units in Coroxon and H3P04h1. The increase (vi°)
in the S-P-0(3) angle compared to the $S-P-0(2) angle in bromo-
phos can be attributed to the increased sulfur---C(8) methyl
group interaction (ef. Figure 6 and Tables X and XI1).

The €(1)-0(1) bond is significantly (v50) shorter than the
two methoxy C-0 bonds (ef. Table 1X). This indicates a strong-
er C{1)-0(1) bond, possibiy due to a weak p-‘'ring’ overiap.
The P-0(1) bond is the longest of the three P-0 bonds being
>56 longer than the other two P-0 bonds. Hence, the P-0(1)
bond lengthening paralliels the shortening of the C(1)-0(1) bond
(ef. Table X), enhancing phosphory]ationhB. The corresponding
P-0 and C-0 bond lengths for bromophos, ronnel, ronnel oxon and
Coroxon are all within 30 of being identical.

Molecular orbital calculations are needed to arrive at

quantitative electron distributions and hence a numerical rep-

resentation of the 8(+) and 8§(-) regions. Since many of these



48

types of calculations are useful when used to diagnose trends
in similar compounds, an MO calculation on bromophos would be
quite useful. However, programs are not typically available
with wave functions of heavier atoms.

This information, though, especially with the accurate
distances and angles afforded by X~-ray crystallography will
give an uncustomary microscopic view of the molecule in ques-
tion.

Alternatively, as noted earlier, the utilization of the
§(+) and 8(-) charges in the crystalline packing of bromophos
gives one an excellent indirect insight into the probable use
of these same §(+) and 8(-) charges in the overall process of
AChE inhibition. Charge distribution, as manifested in Hammett
¢ values, is known to be a major contributor to the inhibition
of AChE by OP insecticideszz.

However, one must be concerned not only with amounts of
charge but also the relative locations of the charges. The re-
striction of the rotation about the C(1)-0(1) bond allows brom-
ophos (and conceivably bromophos oxon) less flexibility in re-
acting with the OP active site(s) on AChE and is manifested in
the mammalian LDso value of 3,750-6,100 mg-kg'153, which is at
least 2-3 times greater than for most OP insecticides. Consis-
tent with this, the P--*H(2) intramolecular distance of 5.52 R
and the P<-+H(1) intramolecular distance of 3.29 R, for example,
fall well outside of the mammalian AChE site-separation dis~-

tance range of 4.3-4.7 251’52, yet the P+-+H(2) distance of
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5.52 R is well within the 5.0-5.5 8°' and 4.5-5.9 R°2 ranges
quoted for insect AChE. As noted before, any distance compari-
sons to literature values should still be reasonably good even
though the characteristics of the actual OP site are not
knownlz. The observed disparity in insect vs. mammalian LDso
values typical of many OP insecticidessh may bg attributable,
in part, to an inherently small selective range of favorable
intramolecular distances afforded by the OP to provide a
"match'" with the isozymes of AChE. Restriction of the impor-
tant distances in bromophos serves to further limit any inhibi-
tion reaction. Presumably bromophos oxon, which is present

in vivo, has a conformation similar to that of bromophos. |In

addition, the conformation of bromophos (or any other thiophos-

phate) will be intimately responsible for the oxon's formation.

Accordingly, selective design of an OP (or carbamate) sys-
tem should be possibie. !f the OP site would be similar tc the

ACh site, one could use a modified Krupka-type17 model. Using
this model the design should contain an immobile phosphorus (or
carbonyl carbon) and a §(+) function (-H, ‘N(CHs):, ete.), en-
hanced by judiciously selected electron withdrawing substitu-
ents, at a distance chosen to fully utilize the disparity in
mammalian vs. insect AChE sites as well as the disparities in
the isozymes of AChE. This latter idea may make it possible to
make an iusecticide 'species specific!. If Krupka's model is

insufficient as an OP model (and it probably is), the presented

distances will be of immense help in deducing the true OP site.
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THE CRYSTAL AND MOLECULAR

STRUCTURE OF RUELENE

Introduction

The crystal and molecular structure of Ruelene (0-(4-tert-
Butyl-z-chlorophenyl)-Q—methyl-N-methyl phosphoroamidate),
(H3CO0) (HsCNH)P(0)O0CgH3CRC(CH3);, was carried out to investigate
any differences and/or similarities to the previous structures
resulting from the replacement of meta and para chlorines in
ronnel by a hydrogen and t-butyl group, respectively. The
former would provide two meta hydrogens, and hence two P°-°meta
hydrogen vectors, and the latter would supply a bulky group
having a different Hammett o value than the halogens studied

thus far. The reported LDsq for rats is 770 mg-kg'lze.

Experimental

Preparation.-- A sample of 99% pure Ruelene supplied by
P. A. Dahm and J. G. Laveglia was recrystallized from reagent
grade carbon tetrachloride. [t was necessary to evaporate the
solution to dryness to obtain the colorless species.

Crystal Data.-- A rectangular prismatic crystal with
approximate dimensions 0.03 x 0.40 x 0.50 mm was selected and
mounted on the end of a glass fiber using Elmer's Glue-All.
The crystal was then mounted on a four-circle diffractometer;
three w-osclilation photographs taken at various X and ¢ set-

tings indicated that the crystal was indeed single.
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From these photographs sixteen independent reflections
were selected and their coordinates were input into an auto-
matic indexing programzs. The reduced cell and reduced cell
scalars which resulted indicated triclinic symmetry, which was
confirmed by inspection of w-oscillation photographs taken
about each of the three axes in turn. No axis showed mirror
symmetry. Observed layer-line spacings agreed, within experi-
mental error, with those predicted for this cell by the index-
ing program.

The lattice constants were obtained from a least-squares
refinement based on the precise x26 (]26] > 30°) measurements
of twenty-two strong independent reflections. At 27°¢ using
Mo Ko radiation (A = 0.70954 R) they are a = 9.506(2), b =
11.826(3), e = 7.277(1) R, o = 106.90(2), B = 91.86(3), v =
105.11(3)0. The observed density of 1.30 * 0.03 g-cm~® deter-
mined by the flcoctation method is in good agreement with the
calculated value of 1.292 g-cm‘3 for two molecules with a
molecular weight of 292.1 g.mol~! in a unit cell having a vol-
ume of 750.49 R3,

Collection and Reduction of X-ray Intensity Data.-- The
data were collected at 27°C with graphite monochromated Mo Ka
radiation on an automated four-circle diffractometer designed
and built in the Ames Laboratory and previously described by
Rohrbaugh and Jacobsonsi. A1l data within a 20 sphere of 45°
((sin6)/A = 0.539 R™) in the hk2, hk%, hk2 and hk% octants

were measured using an w-stepscan technique.
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As a general check on electronic and crystal stability,
the intensities of three standard reflections were remeasured
every seveﬁty-five reflections. These standard reflections
were not observed to vary significantly throughout the entire
period of data collection (v 2 days). Hence a decomposition
correction was unnecessary. A total of 2993 reflections were
recorded in this manner. Examination of the data did not re-
veal any systematic extinctions. As a Howells, Phillips and

55

Rogers plot indicated a centrosymmetric space group, the
space group was assigned as P1.

The intensity data were corrected for Lorentz and polari-
zation effects and, since U = 3.64 cm~!, absorption corrections
were not made; maximum and minimum transmission factors were
0.897 and 0.834, respectively. The estimated variance in each

intensity was calculated by

g

- P

= C, + 20, + (0,03 €)% + (0.03 €)%,

where CT and CB represent the total and background counts, re-
spectively, and the factor 0.03 represents an estimate of non-
statistical errors. The estimated deviations in the structure
factors were calculated by the finite difference method32.
Equivalent data were averaged and 1632 reflections with
|F°|>2.50(F°) were retained for use in subsequent calculations.
The data will be found in the 1978 supplementary material sec-

tion of J. Agric. Food Chem. See any current masthead page for

ordering the information.
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Solution and Refinement

The position of the chlorine atom was obtained from an

analysis of a standard three-dimensional Patterson function.

35

The remaining atoms were found by successive structure factor

34

and electron density map calculations” . These atomic posi-

tions were subsequently refined by a full-matrix least-squares

35

procedure”” minimizing the function Zw(IFol-IFCI)z, where w =

1/0?. This refinement yielded a conventional discrepancy fac-
tor of R = Z||F_|~|F_||/Z|F | = 0.178. At this stage of the
refinement all eighteen non-hydrogen atoms had been refined

using isotropic thermal parameters. The scattering factors

36

modified for the real and

37

imaginary parts of anomalous dispersion . The scattering

45

used were those of Hanson, et al.

factor tables for hydrogen were those of Stewart, et al.

Ring hydrogen atom positions were fixed at 0.95 R from the
corresponding carbons. Analysis cof an e!ecfron density differ-
ence map3h did not reveal either the individual methyl or amide
hydrogen positions. The methyl hydrogens were inserted in
approximately tetrahedral positions using the precise positions
of the corresponding methyl carbon and the non-hydrogen atom
bonded immediately to the methyl carbon. The methyl C-H dis-
tances were set equal to 1.0 R; all isotropic hydrogen temper-
ature factors were set equal to 4.5 R2. As the amide hydrogen
did not appear in the electron density map, conformational

disordering is likely, The amide hydrogen was not included in

least-squares refinements and is not shown in any of the fig-
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ures.

In the final stages of refinement, analysis of the weights,

w, was performed via the requirement that sz(VE[|F°|-|Fc|l)
should be a constant function of IFOI and (sinB)/Ass. As re-
flections at very low and very high (sin8)/A were somewhat
overweighted, all w's were subsequently adjusted.

Subsequent anisotropic least-squares refinement without
varying the hydrogen parameters converged to R = 0.074. Since
this procedure yielded slightly different non-hydrogen atom
positions, all of the hydrogen positions were recalculated.
Further refinement cycles did not significantly alter any
atomic parameters and the discrepancy factor did not change.

The final positional and thermal parameters are listed in
Table Xll11. Standard deviations were calculated from the in-

verse matrix of the final least-squares cycle. Bond lengths

and angles are listed in Table XiV and Tabie XV, respective-
ly38. Dihedral angles and least-square planes are listed in
Table XVI.

Description of Structure and Discussion

The phenoxy group in Ruelene shown in Figures 8 and 9‘.*°
is, as expected, essentially planar (ef. Table XVI, Plane I1I).
In addition, the t-butyl group is nearly symmetrically dis-
posed about C(4) as shown in Table XVI, Plane ttl and Figure 8.

Referring to Table XV it is noted that angles of the type

0(2)=P-0 or N are all greater than the tetrahedral angle of
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Table XI1l. Final atomic positionala and thermalb parameters

for Ruelene

Fractional Coordinates Atomic Temperature Factors
Atom X y 2 811 822 833 812 813 323
ce 0.0870(2)° 0.0159(1) 0.2456(2) 26.8(3)  8.3(1) b42.7(5) 1.2(1) -14.4(3) 2.2(1)
P 0.05L7(1) 0.3630(1) 0.2L06(1) 14.6(1) 9.6{1) 23.7(3) 2.6(1) 0.2(1) 5.6(1)
o(1) 0.1487(3) 0.2€653(3) 0.2162(4) 18.1(5) 10.%8(3) 22.5(7) 4.8(3) <0.1(4) 4.7(3)
0(2) 0.1423(%) 0.4909(3) 0.3252(5) 19.2(5) 10.5(3) 33.€(9) 3.7(3) 2.4(%) 6.9(4)
0(3) -0.0246(3) - 0.3246(3) 0.0256(4) 16.6(4) 1k.9(4) 26.8(8)  4.1(3> -C.1(5) 8.6(4)
c(1) 0.2327(5) 0.2582(4) 0.3706(6) 14.8(6) 10.2(4) 19.9(9) 3.4(8) 0.4(6) 4.4(5)
c(2) 0.2132(5) 0.1449(4) 0.3990(6) 16.2(6) 8.2(4) 26(1) 2.3(4) -2.8(M) 2.4(5)
c(3) 0.2975(5) 0.1335(4) 0.5470(7) i7.0(7) B.4(%) 27(1) 3.1(8)  =2.0(7) 5.6(5)
c(4) 0.4049(4%) 0.2342(4) 0.6712(6) 12.9(5) 9.6(4) 21.3(9) 2.9(4) 1.5(6) 4.5(5)
c(5) 0.4222(5) 0.3460(&) 0.6364(7) 16.4(7) 10.1(4) 27(1) =0.1(4) -1.9(7) L.8(6)
c(6) 0.3355(5) 0.3583(4%) 0.4303(7) 17.3(7) 9.7(4) 28(1) 1.2(4) =3.2(7) 7.8(6)
c(7) 0.4597(5) 0.2209(4) 0.8336(6) 13.4(6) 11.2(4) 25(1) 3.3(4) 1.1(8) 5.7(5)
c(8) 0.4152(9) 0.1246(9) 0.614(1) 27(1) 29(1) 61(3) =4(1) =13(1) 3i(1)
c(9 0.544(1) 0.3357(7) 0.998(1) €3(3) 17(1) 48(2) 41y =-33(2) 7(1)
c(10) 9.630(1) 0.189(1) 0.755(1) 36(1) 66(3) 38(2) 38(2) 4(1) 15(2)
c(11) -0.1815(6) 0.2013(5) 0.3061(5) 19.3(9) 13.8(6) 35(1) =0.2(6) 2.7(9) 7.6(8)
c(12) 0.0727(T) 0.3438(6) -0.1242(8) 22.6(%) 18.c(7) 25(1) 6.7(7) 2.4(9) 9.5(8)
N -0.0793(5) 0.3242(3) 0.3604(6) 17.9(6) 10.8(&4) 32(1) 1.1(4) 3.6(6) 5.9(5)
H(1) 0.2823 0.0552 0.5645 45
H(2) 0.4952 0.4164 0.7156 45
H(3) 0.3496 0.4367 0.4733 45
CBH(1) 0.3244 0.0741 0.8251 45
Cc8KE(2) 0.38€2 c.ifis 1.043¢
CBH(3) C.L7€ES C.0723 0.528- i
COH(1)  s.é781 C.367% 0.851b L0
C€oH(2) 0.5269 0.3152 1.1226 45
C9KE(3) 0.6474 0.3619 UoggaT “5
C10H(1) 0.6622 0.2332 0.6593 45
Cl0H(2) ©.7111 0.2154 0.8€32 45
ClOH(3) 0.6063 0.0989 0.6919 45
C11H(1) -0.2831 0.2076 0.3237 L5
CllH(2) -0.1543 0.155¢0C 0.3601 Ls
C11K(3) -0.1768 0.1568 0.1683 45
C12H(1) 0.0879 0.4300 -0.1268 L&
C12K(2) ©0.1695 0.3298 -0.0995 &5
C12H(3) 0.0214 0.2851 -0.2513 L5
2 The positional parameters for all atoms are represented irn fractional unit cell coordinates.
® The 844 are defined by: T = exp{-(n®8y, + k’g,  + 2’333 * FhuEg, 4 2B L+ IRAEL,GIF L IT
only the 811 column is listed, thils corresponds te an Iscotrepic temperature factor. ALl hyvdregen
isotropic B's have been set equal o 4.5 . llon-hydrogen thermal parameterz are (x1C?'); hycrogen, (x12).

€ In this and succeedling tables estimated standard deviations are giver in parentheses for the

least significant Tigures and Include the error in the lattice constanic. Sinece the hydrogers
were not refined, no standard deviations are giver.



Table XIV.

Selected interatomic distances (R) for Ruelene

Bonding Distances

c(1)-c(2)
c(2)~C(3)
c(3)~c(H4)
c(u)-c(5)
c(5)~C(6)
c(6)~C(1)

c(1)-0(1)
c(2)-ct

C(3)~H(1)
c(l4)-c(7)
c(5)-H(2)
C(6)~H(3)

P-0(1)
P=0(2)
P-0(3)

P-N
0(3)-c(12)
N-C(11) .

¢(7)-c(8)
c(7)-c(9)
€(7)-c(10)

1.1381(7)
1.380(7)
1.400(7)
1.387(7)
1.383(7)
1.367(7)

1.392(6)
1.727(5)
0.947(5)
1.531(6)
0.948(5)
0.948(5)

1.612(3)
1,459 (4)
1.566(4)
1.611(5)
1.426(7)
1.456(7)

1.493(9)
1.480(10)
1.473(10)

Interaction

CL.++0(1)
C(11)Hy---P
C(11)Hj-++0(1)
C(ll)H3'-°0(3)
C(12)Hg- P
c(12)u3-~-o(1)
c(12)u3...o(2)
C(8)H3"'H(1)
c(10)H3---H(1)
0(9)H3‘~-H(2)
C(10)H;- + +H(2)
H(3):--0(2)
P+ H(1)
p...u(g)

P o H(3)

c(6)+-0(2)

Cl"'C(l?)H3
CleveC2

C(IO)H3"'C(11)H3

C(IO)H3"'O(3)
C(12)H3"'0(2)

lon-Bonding Distances

via

Intrarolecular
Intramolecular
Intramolecular
Intrarolecular
Intramolecular
Intramolecular
Intranolecular
Intramolecular
Intranolecular
Intrarolecular
Intrarolecular
Intrarolecular
Intranolecular
Intramolecular
Intrarolecular

Intramolecular

center of
inversion

center of
inversion

1 cell in x

1 cell in x and z
center + 1 cell in y

Observed
Distance

2.925(4)
2.700(6)
3.269(7)
3.090(7)
2.613(6)
3.015(6)
3.180(7)
2.605(8)
3.330(12)
2.587(8)
3.341(12)
2.525(4) ;2,462
5.680(2)
5.127(2)
3.006(2)

3.126(7)

3.943(7)
3.764(3)

3.800(12)
3.568(12)
3.700(7)

Total van der Waals
Distance(Pauling39)

o

. .

AN DNV NS SV E VW N

N W W W wwwwwwww

(3.1)
(3.1)
(3.1)

3.80
3.60

w w =
= O

8 ysing a C(6)~proton distance of 1.08 ] (Sutton

b Bonds 't

57,

9s
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Table XV. Bond angles (degrees) for Ruelene

Angle Degrees
c(1)-c(2)-C(3) 120.2(4)
c(2)-Cc(3)-C(4) 121.9(4)
€(3)-C(4)-C(5) 116.1(4)
c(4)-c(5)-C(6) 122.2(4)
c(5)-c(6)-c(1) 120.4(4)
c(6)-c(2)-C(2) 119.2(4)
0(1)-c(1)-C(2) 118.5(4)
0(1)-Cc(1)~C(6) 122.3(4)
C2-C(2)-C(1) 120.2(4)
Ce-C(2)-C(3) 119.5(4)
H(1)-C(3)-C(2) 118.9(5)
H(1)-C(3)-C(4) 119.1(4)
C(7)-C(4)-C(3) 121.8(4)
C(7)~C(4)-C(5) 122.0(4)
H(2)-C(5)-C(4) 118.9(5)
H(2)~C(5)-C(6) 118.9(5)
H(3)~C(6)-C(5) 119.8(5)
H(3)-C(6)-C(1) 115.8¢(5)
C(4)-c(7)-C(8) 110.9(4)
cqu)~-c(7)-C(9) 111.5(5)
C(4)~C(7)-C(10) 108.5(5)
c(8)-c(7)-C(9) 105.3(7)
c(8)-Cc(7)-C(10) 110.8(9)
c(9)-c(7)-c(10) 109.8(9)
C(1)-0(1)~P 127.8(3)
0(1)-P-0(2) 113.7(2)
0(2)-P-0(3) 11€.4(2)
0(2)-P-N 113.0(2)
0(1)-P-0(3) 98.8(2)
0(1)-P-N 108.1(2)
0(3)-P-N 105.7(2}
P-0(3)-Cc(12) 121.6(4)
P-N-C(11) 123.4(4)
P-0(2)---H(3) 94,2(2); 119.2°
P-0(2)---C(12)° 101.9(2)
c(2)-ce---c(12)¢ 142.9(2)
P-0(3)---Cc(10)¢ 138.0(3)
c/6)-H(3)---0(232 1:8.9

2 ysing a C(6)-proton distance of 1.08 & (Sutton57)
b Through center + one cell in y.
¢ Through center.

a One cell in x and z.



Table XVI. Dilhedral angles (degrees) and least-squares planes
Planes Defined by: Dihedral Angles of Planes® Plane (1)° defined by carbons (1-6):
€(1)-C(3)-C(5); 0(1)-0(3)-H 89.1(2) (0.75594) X + (-0.020612) Y + (~0.62135) Z - (-0.55649) = 0
P-0(1)-C(1);  C€{1)=C(3)-C(5) 53.1(3) Atom Distance from Plane (%)
P-0(1)-0(2);  0(1)-C(1)-F 57.1(4) c(1) 0.0008
0(1)-C(1)-P;  0(1)-0(3)-N 141.4(3) c(2) 0.0043
€(1)-C(3)-C(5); 0(1)-P-N 102.6(2) (avay from H(3)) ¢(3) -0,0026
c(h) =0.0037
c(5) 0.0085
c(6) -0.0068

Plane(u) defined by all twelve phenoxy group members:
(0.76106) X ¢ (-0.20334) Y + (-C.61599) 2 ~ (-0.51205) = O

Aton  Distance from Plane (R)  Atom  Distance from Plane (%)
c(1) -0.0161 c(n 0.0130

(@) -0.0160 H(2) 0.03313

(3 -0.0159 H(3) -0.0274

() -0.0060 c(8) 07431

(s 0.0096 (9) -0.6626

c(6) -0.0127 P -1.0258

(1) 0.02u8 o(2) -1.0537

ct 0.0319 0(3) -0.4948

H(1) -0.0192

Plane(1V)® defined by P, 0(1), 0(3) and C(1)
(0.81180) X + (0.55454) ¥ + (-0,18295) Z - (1 97098) = 0

Atom Distance from plane )
P 0.0025
o(1) 0.0085
o(3) «0.0047
c(1) -0.0063

Plane (V1)? defined by 4, P, 0(3), and C(12):
(-7.17269) X + (0.97126)°Y + (0.18401) Z ~(3.77236) = O

Aton pistance fron Plere (R)
N -0.0032
P ©.0022
o(3) 0,0052
c(1z) -0,0041

Plane (111)° defined by 0(1), €(1), c(4), C(7), C(10) and N:
(0.36838) X + (0.84994) Y + (0.24128) Z ~ (2.90656) = 0

Atonm Distance from Plane (R)
0(1) ~0.0155
c(1) 0.0181
c(h) 0.0003
c(7) =0.0083
c(10) 0.0036
N 0.0018

Plane(V)V defined by ¥, C(2), C(6) and C( ):
(-0.61217) X + (=0. 01'460) Yy ¢ (0.78720) 2 - (C.5:35L" =

Atom Distance fron Plare (8)
P 0.0398
o(1) -0.5352
0(2) -0.0334
c(1) ~0.0525
c(6) 0.0360
R(3) -0,2090

Plane (VI1)® defined by c(11), %, £ and o2
(-0.53184) X + (€.63700) ¥ + (-0.55802) = - 238y « s

Ator, Distance from Flane ()
c(11) -0.C036
1 c.0042
P 0.0026
o(2) -C.c032

Anyles correspond to proper orientation shown 1in Flgures 8 and 9, so that the phosphoruc and 0(2) are

toth directed towards the H(3) side of the ring.

bP)anes are defined as X + czY + ¢12-d=0, where X
Felated to the trisiinid

X = xa siny ¢ zc{(cosB-cosacosy)/siny)
Y = xa cosy ¢ yb ¢ 2¢c cosa

2 » ze((|-cos® u~conzc-cos?y02coaucosacon)‘/uny).

Y and 7 are Cartesian coordinates which are
cell“coordlnates (x, vy, zs by the transformations:

8S
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Figure 8. The Ruelene molecule showing 50% probability ellipsoids; 30% for hydrogens.

For clarity, the methyl hydrogens are not shown. The numbers in parenthe-

ses refer to partial charge densities from a CNDO Il calculation.
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Figure 9.

View of two adjacent unit cells in

the a direction.
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109.&70. Those angles about the phosphorus not involving 0(2)
are all less than 109.#70. This was also noted with ronnel,
ronnel oxon, bromophos and Coroxonhz.

With the exception of the very weak Coulombic interactions
C2--+C(12)Hs, C(10)H3+--0(3) and C(12)H3--+0(2), packing in the
Ruelene crystal can be regarded as primarily van der Waals in
nature; only a few short intermolecular contacts are observed
(ef. Tables XIV and XV and Figure 8).

The C(1)-0(1) bond in Ruelene is sigrificantly (v 50)
shorter than the single methoxy C-0 bond (ef. Table XI1V),
white the P-0(1) bond is 250 longer than the P-0(3) bond.

These observations, which when coupled with a CNDO Il molec-
ular orbital calculation of the Pople and Beveridgel'7 type,
are consistent with a bonding formulation in which there is a
weak overlap of the P, orbital on the oxygen with the ring sys-
tem which simultaneousiv weakens the O0(i)-P bond. The latter
effect should enhance phosphorylationhs. The corresponding

P-0 and C-0 bond lengths in Ruelene, ronnel oxon and Coroxon
(another phosphate) are within 30 of being identical, while
only slight differences are noted in comparison with the thio-
phosphate ronnel.

As with ronnel, ronnel oxon and bromophos, the phosphorus
in Ruelene is on the H(3) side of a plane which is perpendicu-
lar to the ring and contains the C(1)-0(1) bond. However, the
doubly-bonded moiety in Ruelene (0(2)) is not skewed towards

the ortho chiorine as are the sulfur atoms in ronnel and bromo-
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phos. The H(3)--.0(2) and C(6)---0(2) distances of 2.46 and
3.13 R, respectively, and the P-0(2)++-H(3) and C(6)-H(3)
0(2) angles of 119.2 and 118.8°, respectively , suggest the
existence of a weak intramolecular hydrogen bond, assuming sp?
hybridization on 0(2). The 0(2)-P-0(1) angle is 30 smaller
than both the 0(2)-P-0(3) and the previously reported S-P-0(1)
angles possibly as a result of the hydrogen bond tending to
draw 0(2) towards H{(3). Consequently, the phosphorus would
tend to be restricted to a limited range of possible positions.
The formation of a six-membered ring in a distorted ''‘boat"
conformation can be envisioned with the P, 0(2) H(3) and C(1)
atoms making up a nearly planar grouping (ef. Figure 8 and
Table XVI, Plane V).

The possibility of additional intramolecular hydrogen or
van der Waals bonds, occurring simultaneously with the H(3)--*
0{2) bond, invoiving the amide hvydrogen and any of the neigh-
boring lone pairs, though, is ruled out since either of the
probable hydrogen positions would be directed away from the
lone pairs, assuming sp® hybridization for the singly-bonded
oxygens and sp? for 0(2) (ef. Figure 8 and Planes VI and VIl of
Table XVI). This is consistent with the observation that the
amide hydrogen does not appear in the difference map; it is not
restricted to any one configuration.

To further substantiate the possibility of a reasonably

immobilized backbone in this molecule, CNDO I! molecular orbi-
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L7

tal calculations were carried out for Ruelene in order to ob-
tain Information en the change in the potential energy surface
as a function of incremental rotations about the C(1)-0(1) or
0(1)-P bonds. To accomplish the calculations with the program
used, though, it was necessary to ‘''replace' the t-butyl group
with a methyl function. In the case of rotation about the
0(1)-P bond, the C(6)-C(1)-0(1)-P angle was kept at 53.1°

(Z.e. the angle in the solid state). Results of this calcula-
tion are shown in Figure 10,

Since these results were obtained using CNDO methods, the
absolute values of the energies and charges, as well as the
differences in energies, are not as exact as with ab initio
calculations. The latter methods are extremely cost-prohibi-
tive and are usually unavailable for this size of a problem.
Although admittedly approximate, the energies and charges ob-
tained in this CNDO ii caicuiation certainiv give better than
"order of magnitude' information, especially since d-orbital
contributions are included for the phosphorus and chlorine
atoms.

The minimum in Figure 10 coincides with a C(1)-0(1)-P-0(2)
angle which is only %90 greater than the observed angle of
57.1°. This discrepancy is not too surprising since Figure 10
represents an uncoupled degree of freedom and because of the
approximate nature of the calculations. Unfortunately, as a

consequence of the approximations used in the CNDO method, the

corresponding calculated potential energy curve for the rota-
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tion about the C(1)-0(1) bond is inconclusive. However, the
atomic van der Waals radii of C% and H(3) do provide a limit to
rotation about the C(1)-0(1) bond. Looking at this rotation is
most conveniently accomplished by using a three-dimensional
model so that concurrent rotations about other bonds may also
be performed. It turns out that the solid state structure
corresponds almost exactly to the P/H(3) van der Waals limit
while the P-++C% interaction is ~1 R greater than the sum of
their van der Waals radii. So, the calculations and van der
Waals restrictions seem to make the solid state structure a
plausible in vivo model.

As discussed previously, both charge density and placement
are critical to inhibition, Using the CNDO Il method, approxi-
mate values for the charge density distribution in Ruelene can

be computed, the results of which are shown in Figure 8. Exam-

~r

s -
] <

ion of this figure and Table XiV shows that the P---8{1)
(5.68 R), P---H(2) (5.13 R), P---c(3) (4.91 R),P---C(4) (5.29R)
and P---C(5) (4.53 8) pairs are quite interesting in this
regard. Again, these distances are presented as examples of
distances which, because of the OP's similarity in size to ACh,
should still be useful to compare to literature values. Rota-
tion primarily about the C(1)-0(1) bond to the van der Waals
limit on the C& side of the molecule would yield the following
P---8(+) distances: P---H(1), 5.5 R; P---H(2), 5.3 R; P---C(3),
4.8 R; P---c(4), 5.2 R; P-+-c(5), 4.6 R. That is, even if ro-

tations occur the P:--§(+) distances do not vary by more than
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+0.2 R from the solid state distance, which should be preferred
on a "time-averaged' baslis.

These distances could be important since the range of ACh
active site-separation distances for insect AChE is 5.0-5.5 RSI
or 4.5-5.9 352. Therefore nearly all of the pairs presented
may enter into the inhibition process as reactive species. The
similarities in partial charge of all of the partner atoms to
phosphorus do not help to rule out any pair entirely. |In addi-
tion, the distances of all but one of the five pairs fall out-
side of the mammalian AChE distance range of 4.3-4.7 351’52.

On the other hand, these site-separation ranges alone essential-
1y rule out P-+-C(7) (6.79 R) and P---H(3) (3.01 R) as primary
inhibition factors for either form of AChE. On the basis of
steric factors the P--+'meta hydrogen pair(s) would have been
the most plausible of the reactive moieties (assuming Krupka's17
model)., This all seems, though, to be in accord with the some-
what elevated mammalian (rat) LDse of 770-1000 mg-kg'153 thus
making Ruelene more of a '"'specific' OP insecticide than, say,
the non-specific OP azinphos-methylhg.

The observed disparity in insect vs. mammalian LDsg values
typical of many OP insecticides54 appears to be attributable,
in part, to the inherently small selective range of favorable
intramolecular distances afforded by the OP to provide a "match"
with the isozymes of AChE. Restrictions of both the important

distances and the possible steric conformations in Ruelene

serve to further specify any inhibitlon reaction route, as well
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to possibly narrow the predicted active site-separation dis-
tance ranges, thus giving a better idea of the topography and
possible distortions of the OP active site on AChE. If the
Ruelene molecule were not ‘''semi-rigid', rotational freedom
about the C(1)~0(1) bond would cause the P***H(1) distance, for
exapmle, to vary by 0.7 &; P..-H(2), by ~*0.9 R. Parallel to
this the possible conformations would have different overall
steric properties.

It is noteworthy that since, as a phosphate, Ruelene will
not undergo in vivo oxidation, as the thiophosphate compounds
can, it is likely therefore that Ruelene, with the presented

structure, is the predominant AChE inhibitor.
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THE CRYSTAL AND MOLECULAR

STRUCTURE OF FOSPIRATE

{ntroduction

Thus far the studies have centered on homonuclear ring
systems. However a number of commercially useful OP's have
heteronuclear rings. Therefore, it now is quite appropriate to
investigate some of these insecticides. The first such struc-
ture is that of fospirate (0,0-dimethyl 0-3,5,6~trichioro-2-
pyridyl phosphate), (H3CO),P(0)OCsNHCZ3. Fospirate has an LDso
of 225 and 263 mg-kg~! for male and female CD-1 mice, respec-

tively58.

Experimental

Crystal Data.-- From a 99+% pure sample of the title com-

pound, supplied by D. W, Osborne, a rectanguiar prismatic crys-
tal with approximate dimensions 0.20 x 0.23 x 0.30 mm was se-
lected and mounted on the end of a glass fiber using Elmer's
Glue-All. The crystal was then mounted on a four-circle dif-
fractometer and three w-oscillation photographs were taken at
various X and ¢ settings, and verified that the crystal was
indeed single.

From these photographs fifteen independent reflections
were selected and their coordinates were input into an auto-

29

matic indexing program “. The reduced cell scalars which re-

sulted indicated monoclinic symmetry, which was confirmed by
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inspection of w-oscillation photographs taken about each of the
three axes in turn. Only the b axis showed a mirror plane.
Observed layer-line spacings agreed, within experimental error,
with those predicted for this cell by the indexing program.

The lattice constants were obtained from a least-squares
refinement based on the precise * 28 (]|26] > 30°) measurements
of twenty-five strong independent reflections. At 27°C using
Mo Ka (A = 0.70954 R) they are a = 12.267(5), b = 8.685(1),

e = 14.102(6) R and B = 126.62(3)°. The observed density of

1.67(2) g-cm™® determined by the flotation method is in good

agreement with the calculated value of 1.688 g-cm™® for four

molecules with a molecular weight of 306.46 gemol~! in a unit
cell having a volume of 1205.83 R3.

Collection and Reduction of X-ray Intensity Data.-- The
data were collected at 27°C with graphite-monochromated Mo Ka

radigtion on an autcmated four-circle d

ffractometer designed
and built in the Ames Laboratory and previously described by
Rohrbaugh and Jacobson31. A1l data within a 20 sphere of 45°
((sin®)/X = 0.539 R~!) in the hk& and hk% octants were measured
using an w-stepscan technique.

As a general check on electronic and crystal stability,
the intensities of three standard reflections were remeasured
every seventy-five reflections. These standard reflections
were not observed to vary significantly throughout the entire

period of data collection (v2 days). Hence, a decomposition

correction was unnecessary. A total of 2424 reflections were
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recorded in this manner. Examination of the data revealed the
following systematic absences: h0% when & = 2n + 1 and 0kO

k = 2n + 1. These absences uniquely determine the space group
as PZI/c.

Ths intensity data were corrected for Lorentz and polari-
zation effects and, since u = 8.84 cm~!, absorption corrections
were not made; maximum and minimum transmission factors were
0.838 and 0.767, respectively. The estimated variance in each
intensity was calculated by:
of = C; + 2C5 + (0.03C,)% + (0.03Cq)3,
where CT and CB represent the total and background counts,
respectively, and the factor 0.03 represents an estimate of
non-statistical errors. The estimated deviations in the struc-
ture factors were calculated by the finite difference method32.
Equivalent data were averaged and 1114 reflections with
\

>2.56(F°; were retained for use in subsequent calculaticns.

i

o
During later work it was discovered that ten large reflections
suffered from secondary extinction effects. These data were

eliminated from the final stages of refinement. The data will

be found in the 1977 supplementary material section of J. Agric.

Food Chem. See any current masthead page for ordering the in-

formation.

Solution and Refinement

The position of a chlorine was obtained from an analysis

of a standard three-dimensional Patterson function. The re-
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35

maining atoms were found by successive structure factor

34

electron density map calculations” . These atomic positions

and

were subsequently refined by a full-matrix least-squares pro-

35

cedure”’” minimizing the function Zm(lFOI-IFCI)Z, where w=1/o§.
This refinement yielded a conventional discrepancy factor of

R = XIIFOI'IFC]]/ZIFOI = 0.125. At this stage of the refine-
ment all sixteen non-hydrogen atoms had been refined using iso-
tropic thermal parameters. The scattering factors used were
those of Hanson, et aZ.36, modified for the real and imaginary

37

parts of anomalous dispersion”’., The scattering factors for
hydrogen were those of Stewart, et aZ.l'5

Analysis of an electron density difference map did not
reveal either the ring or the methyl hydrogens. Consequently,
the ring hydrogen atom position was fixed at 0.95 R from the
corresponding carbon (C(3)). The methyl hydrogens were inser-
ted in approximateliv tetrahedrai positions using the precise
positions of the corresponding methyl carbon and the methoxy
oxygen. The methyl C-H distances were set equal to 1.0 R;
all isotropic hydrogen temperature factors were set equal to
4.5 R2,

Subsequent anisotropic least-squares refinement without
varying the hydrogen parameters converged to R = 0.062. Since
this procedure yielded slightly different non-hydrogen atom
positions, all of the hydrogen positions were recalculated.

Further refinement cycles did not significantly alter any

atomic parameters and the discrepancy factor did not change.
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The final positional and thermal parameters are listed in
Table XVIl. Standard deviations were calculated from the in-
verse matrix of the final least-squares cycle. Bond lengths
and angles are listed in Table XVIIl and Table XIX, respective-
ly. Dihedral angles and least-square planes are listed in

Table XX.

Description of Structure and Discussion

The pyridoxyl group in fospirate, shown in Figures 11 and

1240

, is essentially planar (ef. Table XX, Plane iIl). For the
most part, packing in the fospirate crystal can be regarded as
either weakly Coulombic or van der Waals in nature. The former
is a manifestation of the charge density distribution within
each iIndividual molecule and hence corroborates one's ''chemical
intuition' of atoms with 8(+) and 8(-) charges. The H(1)---0(2)

-

L AN
tiiee

raction related vig the two-fold screw operation serves as
such an example (Figure 12 and Tables XVIII and XIX), while on
the other hand, the N:--C(7)Hs; and C(6)Hs---0(l4) interactions
appear to be van der Waals in character (Figure 12 and Table
XVilit).

The €(1)-0(1) bond in fospirate is significantly (~70)
shorter than the two methoxy C-0 bonds (ef. Table XVIIIl), while
the P-0(1) bond is the longest of the three P-0 bonds, being at

least 60 longer than the other two. These observations, which

when coupled with a CNDO Ll molecular orbital calculation
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Table XVIl. Final positionala and thermalb parameters for

fospirate

Fractional Coordinates Atomic Temperature Factors
Atom x y z 811 Bso 833 812 813 823
c2(1) 0.0378(N° 0.2057(3) 0.1357(2) 21.8(4) 14.5(4) 13.5(3) 0.1(3) 11.2(3) =0.3(2)

ce{2) -0.3795(2) 0.5855(%) -0.0065(2) 11.4(3) 32.4(6) 15.4(3) =-0.6(3) 8.0(2) 0.2(3)
ca(3) ~0.1786(2) 0.8647(3) 0.0668(2) 17.2(3) 18.3(4) 24.1(3) 3.5(3)  9.7(3) 2.9(2)
P 0.3017(2) 0.6126(2) 0.2664(2) 10.4(3) 18.3(4)  9.0(2) 0.5(3) 6.3(2) 0.4(2)
o(1) 0.1800(5) 0.4959(6) 0.1782(4) 11.7(¢7) 17.0(9) 12.0(5) =~1.3(6) 7.6(5) -1.8(6)
0(2) 0.3051(6) 0.6550(€) 0.3684(5) 14.8(7) 22(1) $.1(5) 1.9(7) 6.9(5) 0.6(6)
0(3) 0.4225(5) 0.5200(7) 0.2878(5) 12.7(7)  24(1) 14.3(6) 2.3(7) §.3(6) 3.5(7)
0(4) 0.2524(6) 0.7460(6) 0.1888(5) 18.8(9) 19(1) 13.6(6) =1.3(3) 11.8(6) 0.1(T)
N 0.0046(6) 0.6569(T) 0.1253(5) 10.8(¢9) 13(1) 10.C(6) =0.4(7) €.2(6) =6.176)
c(1) 0.0491(T) 0.5162(9) 0.1392(6) 10.9(9) 18(1) €.7(6) =1.6(9) 5.€(6) =G.12(T)
c(2) -0.0281(8) 0.3863(8) 0.1149(7) 16(1) 13(1) €.7(7T) =2(1) 7.8(8) -1.2(T)
c(3) ~0.1634(8) 0.407(1) 0.0696(7) 14(1) 19(2) ©.2(8) =i4(1) 7.6(8) =2.2(8)
c(u) -0.2126(8) 0.556(1) 0.0519(6) 12(1) 20(1) 9.0(7) =3(1) 6.6(7) -C.5(3)
c(s) -0.2247(9) 0.6770(9) 0.0813(7) 14(1) 15(1) 6.c(7) 2(1) 6.8(7) 2.5(7)
c(6) 0.457(1) 0.371(1) 0.3415(9) 17(1) 32(2) 16(1) 19(1) 9(1) 7(1)
(7 0.254(1) 0.900(1) 0.1966(8) 22(2) 15(1) 15(1) -1(1) 11(1) (1)
H(1) -g.2210° 0.3216 0.0509 4.5

CO6H(1)  0.374% 0.303% 0.2975 5.3

CE6H(2) 0.4898 0.3808 0.4255 k.5

C6H(3)  0.5296 0.3244 0.3392 4.5

CTHE(1)  0.3326 0.9711 0.2282 5.5

CTH(2) 0.2265 0.6002 9.2507 4.5

CTH(3) c.1758 £.9352 c.1182 -

a

The positional parameters for all atoms are represented in fractional unit cell coordinates.

2 H P - -
& v - P 2 P e
The BiJ are defined by: T = exp{-(h Bll + k 522 + 2 333 + (.hke12 + Zhislz + 2;&5:3)} . If
only the ell column is listed, this corresponds to an isctropic temperaturec factor. All nydrcgen
1sotroplc temperature factors have been cet equal teo 4.5 . len-hvdrogen therral raramelers
are (xiG').

€ In this and sacceeding tables eztirmates :swancar:i Zeviaticns are gFlvern L rurencoenal for Soe

least significant {igures and irclude the errcr &in tne lattlice corztantc. Clnse Lie aydrogenc

were not refinec, ro standard deviations are gilver.



Table XVIII.

Selected interatomic distances (R) for fospirate

Bonding Distances

c(1)-c(2)
c(2)-c(3)
c(3)-c(l)
c(l)-c(5)
c(5)-N
N-C(1)

c(1)-0(1)
c(2)-c(1)
C(3)-H(1)
c(h)-c2(2)
c(5)-c2(3)

P-0(1)
P=0(2)
P-0(3)
P-0(4)

0(3)-c(6)
o(4)-c(7)

H o O B [ =

e = L T )

.38(1)
.39(1)
-39(1)
-38(1)
-33(1)
-30(1)

-364(9)
-709(8)
.950(8)
.714(8)
-725(8)

.609(5)
.461(6)
.549(6)
.551(6)

-43(1)
b))

Interaction
€2(1)+++0(1)
CR(2)+-Ce(3)
c(6)H3-"0(2)
0(7)H3~-~0(2)

Ne++0(2)
N-«.0(4)
Ne++C(T)Hy

H(1)---0(2)
ce(2)---Cce(2)
C(6)H3"'0(Q)

{

via
Intramolecular
Intramolecular
Intramolecular

Intramolecular
Intramolecular
Intramolecular

Intramolecular

2

center of 1nversion}
+ 1 cell in x and y

21 + one cell in x

Observed
Distance

2,917(5)
3.161(4)
3.24(1)

- 3.00(1)

3.204(8)
3.177(8)
3.34(1)

2.419(5); 2.32%
3.400(5)
3.52(1)

Total van der Waals 39
Distance (from Pauling’’)

3.20
3.60
3.4
3.4

2.9
2.9
3.5

2.6
3.60
3.4

8 ysing a C(6)-proton distance of 1.08 % (Sutton

57)

nl
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Table XIX. Bond angles (degrees) for fospirate

L SRR
Angle Degrees
c(1)-C(2)-c(3) 117.5(7)
c(2)-c(3)-c(4) 118.6(7)
C(3)-C(4)-C(5) 118.5(7)
C(4)-Cc(5)=-N 123.0(7)
C(5)-N=-C(1) 118.0(6)
N-C(1)-C(2) 124.5(7)
0(1)-C(1)-N 117.9(6)
0(1)-c(1)-c(2) 117.6(7)
c2(1)-c(2)-c(1) 121.6(6)
ce(1)-C(2)-C(3) 120.9(6)
H(1)-C(3)-C(2) 120.7(9)
H(1)-C(3)-C(H4) 120.7(8)
c2(2)-C(4)-c(3) 119.5(6)
ce(2)-C(4)-c(5) 122.0(7)
ce(3)-C(5)-c(4) 120.5(7)
Ce(3)-C(5)-N 116.5(6)
C(1)-0(1)-P 123.8(5)
0(1)-P-0(2) 112.8(3)
0(1)-P-0(3) 99.3(3)
0(1)-P~0(4) 106.3(3)
0(2)-P-0(3) 118.5(3)
0(2)-P-0(4) 117.0(3)
0(3)-P~-0(4) 100.6(3)
P-0(3)-C(6) 121.1(6)
P-0(4)-C(T) 121.9(5)
P-0(2)---H(1)? 149.5
P-0(4)-+-C(8)° 127.9(4)
C(7)-0(k)- - -C(6)° 94.2(5)
0(2)---H(1)-C(3)2 140.7
]

a Through 21, using a C(3)-proton distance
of 1.08 & (Sutton57)

b Through 2, and one cell in x.
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Table XX. Dihedral angles (degrees) and least-squares planes

Planes Defined By: Dihedral Angle of Planes® Plane (I)® defined by carbons (1-5) and N:
(-0.37180) X + (0.00525) Y + (0.92830) z - (1.70879) = 0

0(1)-0(3)~0(4); N-C(2)-C(¥) 18.1(3)
0(2)-0(3)~0(h); C(1)-C(3)-C(5) 18.5(3) Atom Distance from piane (R)
0(1)-0(3)~0(4); 0(1)-P-C(1) 47.3(5) c(1) -0.0106
0(1)-P-C(1); €(1)=C(3)-C(5) 11.6(5) c(2) 0.0042
0(2)=-P-C(1); C(2)-C(4)-N 11.5(5) c(3) 0.0035
0(1)-P-C(1); P-0(2)-0(1) 47.5(6) c(#) -0.0054

o5 -0.0003

N 0.0085
Plane (II)b defined by all eleven pyridoxyl membders:
(-0.36624) X + (-0.00126) Y + (0.93052) Z - (1.66461) = 0

Plane (IIT)® defined by P, 0(2), 0(3) and C(6):
:%; m“mceo%aw & :,:_:? D‘i“mc":,%om & (0.61564) X + (0.54225) Y + (0.57279) Z - (5.75549) « 0
c(2) 0.0222 ce(1) 0.0110 Atom Distance from piane (R)
c(3) 0.0220 H(1) 0.0182 P - '_0‘2,,.,0
c4) -0.0082 ce(2) -0.0525 0(2) 0.1093
c(5) -0.0046 ce(3) 0.0371 0(3) 0.2563
N 0.0132 0(3) 0.349% c(6) -0.1186
o(s) -0.4161

Plane (V)® defined by P, 0(1), 0(2) and C(1):

Plane (IV)b defined by P, 0{2), O(4) and C(7); (0.03263) X + (0.86730) Y + (=0.49671) Z - (2.9725%) = 0

(0.78723) X + (0.19757) Y + (0.58415) Z - (4.03107) = O

Atom Distance from plane ggl
Atom Distance from plane (R) P 0.1914
P -0.0688 o(1) ~0.2162
o) 0.0349 o(2) -0.0895
otd) 0.0710 () 0.2143
c(7) -0.0371

a Angles correspond to the orilentation shown in Figures 1l and 12
80 that the phosphorus 1is directed towards the N side of the ring.

® ?Planes are defined by ¢,X + ¢ ¥ + 52 -4 = 0, where X, Y and Z are
Pawme

Cartecian coerdinntes whicsh are related to the triclinic cell coordinates

(x,¥,2) by the transformations:

X = xa siny + zc{(cosB - cosa cosy)/siny} = xa + zc cos8
Y = xa cosy + yb + zc cosa = yb
2= zc{l - coszu - coszs - coazv 4+ 2cosc cosg cosv)alainv) = zc sing .



CL2 r-ones

Figure 11,

gens.

a CNDO

\\\\
//_ == 4

’ —<$

q ) (ooaa)
N2

(+0.035)

calculation.

\ 05 1+0.227)

C7H2
<CrH

(+0.179) ,:_") ( 02 (-0.382)

o2 C7H3 \ 04 e

"? r-0.249/¢ ///r, ‘ C6H2
Nl 4 \ Y Y
(+0.361) ' ﬁh. i\\\\\\\ Ol ko2es) //

/ 1-0.289) 2
iy G2 I‘////

o Y-0032) ' \/)

“’\\\\ C6H3 C6HI
Cul
‘\“ \\’ t-0.112)

The fospirate molecule showing 50% probabillity ellipsoids; 30% for hydro-

The numbers in parentheses refer to partial charge densities from

LL



Figure 12,

View of two adjacent unit cells

and b directions.

illustrating packing

in the a

8L



79

47

of the Pople and Beveridge type, are consistent with a bond-
ing formulation in which there is a weak 7 overlap of the P,
orbital on the oxygen with the ring system which simultaneously
weakens the 0-P bond. The latter effect should enhance phos-
phorylationhs. Such variations in bond lengths have been noted
earlier as the bond Ieﬁgths corresponding to P-0(1) and C(1)-
0(1) in fospirate, ronnel, ronngl oxon, bromophos, Ruelene,
Coroxonhz, methyl parathion6 and a new OP whose structure was

done by Grand and Robert59

are all within 30 of being identical.
The angles of the type S=P-0 or 0=P-0 in these compounds are
all greater than the tetrahedral angle of 109.47°. In fospi-
rate the angle between the normal to the ring and the P-0(2)
vector is 19.9° which is only N1.5° greater than the angle be-
tween the normals to the 0(1)-0(3)-0(4) plane and the ring
(ef. Table XX).

As with all of the OP's presented here, the phosphorus
in fospirate is opposite the CL(1) side of a plane which is
perpendicular to the ring and contains the C(1)-0(1) bond. The
position of the phosphorus appears to be dictated by the inter-
actions of 0(2), C(7)H; and O(4) with N as well as the phos-
phate group with C2£(1). Both the 0(2) and 0(4) atoms are
essentially equidistant (v3.2 R) from the nitrogen (cf. Table
XVIlE). This is only 0.3 R longer than the sum of the van der
Waals radii. As a result, the N-C(1)-0(1)-P torsional angle is
only 11.5° and 0(2) is skewed away from the C(1)-0(1)-P plane

towards the C2(1) side of the ring (ef. Figure 11 and Table XX).
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The fact that the oxygens are symmetrically disposed seems to
imply that the two-fold screw related H(1)..:0(2) interaction,
which is the only significant intermolecular interaction invol-
ving either 0(2) or 0(k4), is of little or no consequence in
determining the position of the phosphorus, as the H(1)--:0(2)
distance of 2.3 R would only indicate a weak hydrogen bond at
best (ef. Tables XVII!! and XIX and Figure 12). The molecular
configuration especially in the neighborhood of the phosphorus
atom may therefore be somewhat immobilized primarily as a re-
sult of van der Waals restrictions to rotation about the
C(1)-0(1) and 0(1)-P bonds; the fo}ces involved would not be
expected to be as strong as those due to the intramolecular
hydrogen bonds in bromophos or Ruelene.

To further substantiate such a view, a CNDO Il molecular
orbital calculation (after Pople and Beveridgeh7) was carried

ut for fospd

cut rate in order to obtain information on the change
in the potential energy surface as a function of incremental
rotations about the C(1)-0(1) or 0(1)-P bonds. 1In the case of
rotation about the C(1)-0(1) bond, the €(1)-0(1)-P-0(2) tor-
sional angle was maintained at 47.5° (i.e. the angle in the
solid state) throughout the calculations. Similarly, the
C(2)-C(1)-0(1)-P angle was kept at 11.6° during the set of
calculations involving the rotation about the 0(1)-P bond.
Results of these calculations are shown in Figures 13 and 14,

respectively. Since they represent plots of uncoupled degrees

of freedom and because of the approximate nature of the calcu-
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lations, it is not too surprising that the minima of each plot
correspond to slightly different dihedral angles than are actu-
ally observed in the solid state. A similar result was ob-
tained with Ruelene. The minimum in Figure 13 coincides with

a €(2)-c(1)-0(1)-P angle only "12° greater than the observed
angle of 11.6°. Figure 14 indicates a C(1)-0(1)-P-0(2) angle
just 8% less than 47.5°. 1t is also interesting to note that
the depths of both potential wells are V2.5 kcal-mol™? (1 A.U.=
627.4 kcal:-mol-!) and the energy minima on both plots occur at
n~ -202.5780 A.U., as expected.

As these rasults were obtained using CNDO methods, the
absolute values of the energies and charges, as well as the
differences in energies, are not as exact as with ab initzo
calculations. The latter methods are usually unavailable for
this size of a problem and are extremely cost-prohibitive.
Aithough admittedly approximate, the energies and charges ob-
tained in this CNDO 1!l calculation certainly give better than
"order of magnitude' information especially since d-orbital
contributions are included for the phosphorus and chlorine
atoms.

On the basis of a restricted phosphorus position, compar-
ison of some intramolecular distances with literature site-sep-
aration distances for AChE should give some insight into the
"toxicity/activity of fospirate. Again, these distances are
presented as examples of distances which, because of the OP's

similarity in size to ACh, should still be useful to compare to
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literature values. Iln addition to being ''distance compatible",
the atoms involved must also be ''charge combatlble". For exam-
ple, if one were to use the (possibly incorrect) model of
Krupka17, the two atoms of the OP likely involved wouid both
need to be 8(+). Only two atoms would be considered in accor-
dance with the presence of two residues in the ACh active site
of AChE. Analysis of the steric interactions of the remaining
parts of both molecules, without knowing more about the struc-
ture(s) of AChE, would be somewhat futile.

Using the CNDO Il method, approximate values for the charge
density distribution in fospirate can be computed; results are
shown in Figure 11. Examination of this figure (and Table XVlIl)
shows that P---H(1) (5.79 R), P.--C(3) (4.95 R), P---C(L)

(5.14 R) and P---Cc(5) (4.27 R) are quite interesting pairs in
this regard. The small charge on C(4) of +0.007e would appear
to rule out the P---C(h) peir as an important contributor to
inhibition. The P:-+<H(1) and P-+-C(3) distances fall outside
of the mammalian AChE site-separation range of 4.3-4.7 351’52,
and yet are close to or within the range for insect AChE given
by Hollingworth et aZ.s1 of 5.0-5.5 & and O'Brien52 of 4.5~

5.9 B. It is even conceivable with Krupka's}7 model that since
both H(1) and C(3) are &8(+) and are both "distance compatible"
with insect AChE, the C(3)-H(1) pair might correspond to a
region of §(+) charge having P:--8(+) distances of from 4.95 to
5.79 R. Considering charge, distance, steric factors and over-

all reactivity, P-<-H{1) could be slightly favored as the reac-
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tive species towards Insect AChE in fospirate, The P***C(5)
palr, due to its shorter distance, may play a more important
role in mammalian toxicity, unless significant conformational
alterations in AChE or fospirate accompany any in vivo free
energy changes.

It should be noted that even rotations about the C(1)-0(1)
bond of, say, ¢h0°, which, according to Figure 13, may possibly
be achieved Zn vZvo, would correspond to a maximum change in
the P---H(1) dfstance, for example, of only *0.03 R. This is
not likely to be critical with respect to the distances in
AChE and to the lsq of the insecticide as pertains to the con-
formation which AChE or fospirate might have to distort to in
order to react. However, such a rotation would cause the phos-
phorus to be in a slightly different position relative to the
ring substituents. This may be partially responsible, then, for
changes in isg and/or LOsg valiues as a result of subtle steric
influences of the insecticide with AChE. But, in order to make
better comparisons and predictions, many heretofore unreported
insect and mammalian lsg and LDsg values will need to be inves-
tigated and tabulated, especially for the different isozymes of
AChE. In addition, further similar CNDO calculations will need
to be performed to obtain a better idea of the potential energy

barriers which may be necessary to overcome in adduct formation.
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THE CRYSTAL AND MOLECULAR
STRUCTURE OF CHLORPYRIFOS

Introduction

The crystal and molecular structure of chlorpyrifos
(0,0-diethyl 0-3,5,6-trichloro-2-pyridyl thiophosphate),
(HsC20) 2P (S)OCsNHC23, was undertaken to further investigate the
effects of a heteronuclear ring system. As the di-ethoxy thio-
phosphate analog of fospirate, chlorpyrifos now affords the op-
portunity to study structural vagaries due both to homologous

series and the replacement of an oxygen atom with a sulfur,

Experimental

Crystal Data.-~- From a 99+% pure sample of the title
céﬁpound, supplied by D. W. Osborne, a rectangular prismatic
crystal with approximate dimensicns 0.20 x 0.20 x 0.10 mm was
selected and mounted on the end of a glass fiber using Elmer’'s
Glue-All. The crystal was then mounted on a four-circle dif-
fractometer and three w-oscillation photographs were taken at
various X and ¢ settings, and verified that the crystal was
indeed single.

From these photographs fifteen independent reflections
were selected and their coordinates were input into an auto-
matic indexing programzs. The reduced cell scalars which re-

sulted indicated monoclinic (2/m) symmetry, which was confirmed

by inspection of w-oscillation photographs taken about each of
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the three axes in turn. Only the b axis showed a mirror plane.
Observed layer-line spacings agreed, within experimental error,
with those predicted for this cell by the indexing program.

The lattice constants were obtained from a least-squares
refinement based on the precise *26 (20 (20° < 20| < 30°)
measurements of twenty strong independent reflections. At 27°C
using Mo Ka (A = 0.7095% R) they are a = 22.06(1), b = 9.485(2)
e = 15.990(6) R and B = 114.63(4)°. The observed density of
1.49(2) g-cm~3 determined by the flotation method is in good
agreement with the calculated value of 1.532 g-cm~ 3 for eight
molecuies with a molecular weight of 350.52 g-mol~! in a unit
cell having a volume of 3041.33 R3.

Collection and Reduction of X-ray Intensity Data.-- The
data were collected at 27o with graphite-monochromated Mo Ka
radiation on an automated four-circle diffractometer designed
and buiit in the Ames Laboratory and previously described by
Rohrbaugh and Jacobson3l. All data within a 26 sphere of 50°
((sin8)/X = 0.596 R-!) in the hk&, Tk®, hk% and hk® octants
were measured using an w-stepscan technique.

As a general check on electronic and crystal stability,
the intensities of three standard reflections were remeasured
every seventy-five reflections. These standard reflections
were not observed to vary significantly throughout the entire
period of data collection (v L days). Hence a decomposition
correction was unnecessary. A total of 5687 reflections were

recorded in this manner. Examination of the data revealed the
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following systematic absences: hk® when h+k = 2n+1 and hOZ%
when £ = 2n+1 (h=2n+1) and 0kO when k = 2n+1. These absences,

55

coupled with a statistical indication of a center of symmetry,
implied C2/c as the space group.

The intensity data were corrected for Lorentz and polari-
zation effects and, since p = 8.39 cm~!, absorption corrections
were not made; maximum and minimum transmission factors were
0.92 and 0.85, respectively. The estimated variance in each
intensity was calculated by:

oF = Cp + 2C; + (0.03 ¢ )* +(0.03 C)7,
where CT and CB represent the total and background counts,
respectively, and the factor 0.03 represents an estimate of
non-statistical errors. The estimated deviations in the struc-
ture factors were calculated by the finite difference method32.
Equivalent data were averaged and the 1426 reflections with

{Fo} > 2.50(F°) were reta

a

ned for use in subsequent caicuia-

tions. During later work it was discovered that five large re-
flections suffered from secondary extinction effects; these

were eliminated from the final stages of refinement.

Solution and Refinement

The position of a chlorine was obtained from an analysis
of a standard three-dimensional Patterson function. The re-
maining atoms were found by successive structure factor35
and electron density map calculations3h. These atomic posi-

tions were subsequently refined by a full-matrix least-squares
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procedure>? minimizing the function Ew(IFOI-IFCI)z, where w =
1/0?. This refinement yielded a conventional discrepancy fac-
tor of R = z||F°[-|Fc||/z|F°| = 0.125. At this stage of the
refinement all eighteen non-hydrogen atoms had been refined
using isotropic thermal parameters. The scattering factors
used were those of Hanson, et aZ.36, modified for the real and

imaginary parts of anomalous dispersion37. The scattering fac-

tors for hydrogen were those of Stewart, et al.hs

Analysis of an electron density difference map did not
reveal either the ring or the methyl hydrogens. Consequently
the ring hydrogen atom position was fixed at 0.95 R from the
corresponding carbon (C(3)). Methyl hydrogens were inserted in
approximately tetrahedral positions using the precise positions
of the corresponding methyl carbon and the methoxy oxygen.

Each set of methyl hvdrogens was rotated by 60° about the cor-
responding O-Me bond; ali twelve methy! hydrogens were assigned
half-occupancy. As a result, a '"doughnut' of hydrogens was
approximated. The methyl C~H distances were set equal to 1.0 R;
all isotropic hydrogen temperature factors were set equal to
b5 R2,

Subsequent anisotropic least-squares refinement without
varying the hydrogen parameters converged to R = 0.066. Since
this procedure yielded slightly different non-hydrogen atom
positions, all of the hydrogen positions were recalculated.

Further refinement cycles did not significantly alter any
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atomic parameters and the discrepancy factor did not change.
The final positional and thermal parameters are listed in

Table XX!I. Standard deviations were calculated from the in-

verse matrix of the final least-squares cycle. Bond lengths

and angles are listed in Table XXIl and Table XX!ll, respec-

tive|y38- Dihedral angles and least-square planes are listed

in Table XX!V.

Description of Structure and Discussion

The pyridoxyl group in chlorpyrifos, shown in Figures 15
and 16h0, is essentially planar (ef. Table XXIV, Plane IV).
For the most part, packing in the chlorpyrifos crystal can be
regarded as primarily van der Waals in nature as all close
intermolecular interactions are greater than or comparable to
the sum of the van der Waals radii (ef. Table XXIll1).

The unusually elongated C{(6) and C{?) thermal ellipsoids
(ef. Figure 15) suggest some disordering of these atoms.
Therefore an attempt was made to account for such disorder via
a least-squares refinement replacing each carbon with two
carbons having an assigned occupancy of one-half and being dis-
placed initially by 0.8 R along the major axis of each ellip-
soid. This procedure reduced R by only 0.006 but did account
for the distance and angle discrepancies involving 0(3), C(6)
and C(7) (ef. Tables XXI1 and XX!ll). That is, instead of
short 0(3)-C(6) and C(6)-C(7) bonds connecting the centers of

the ellipsoids, the "left" half of C(6) is actually bonded to



Table XX!. Final posltlonala and thermalb parameters for chlorpyrifos

Fractional Coordinates Atomic Temperature Factors
Atom X y 2 Byq Ban 833 80 813 823

c(1) 0.4939(1)¢  -0.1379(2) 0.6295(2) 5.9(1) 24.7(h) 10.7(2) 0.1(1) 3.6(1) 2.6(2)
ce(2) 0.3266(1) 0.2230(3) 0.3841(1) 4,1(1) 38.9(5) 9.0(1) 1.1(2) 0.1(1) 0.7(2)

ce(3) 0.4195(1) 0.4722(2) 0.5010(2) 4.6(1) 27.2(4) 10.8(2) 2.0(1) 1.8(1) 4.3(2)
s 0.6679(1) 0.2277(2) 0.6677(1) 4,2(1) 25.6(4) 7.8(1) -1.2(1) 2.5(1) 0.1(2)
P 0.6304(1) 0.2115(2) 0.7546(1) 3.3(1) 19.3(3) 6.3(1) 0.2(1) 1.3(1) 1.3(1)
0(1) 0.5620(2) 0.1222(5) 0.7177(3) 3.1(1) 26.6(9) 7.9(3) ~1.1(3) 0.9(2) 3.6(4)
0(2) 0.£6697(2) 0.1269(5)  0.8449(3) 4.1(1) 21.2(8) 6.4(3) 1.5(3) 1.1(2) 2.3(4)
0o(3) 0.6160(3) 0.3471(6) 0.7958(3) 6.7(2) 20.1(8) 8.9(3) 2.4(4) 3.1(2) 0.8(5)
N 0.4924(3) 0.2773(7) 0.6095(4) 3.3(2) 24(1) 7.3(4) 0.3(4) 1.7(2) 2.6(5)
c(1) 0.5080(3) 0.147(1) 0.6370(5) 2.9(2) 27(1) 6.3(1) -0.5(5) 1.8(2) 1.1(7)
c(2) 0.4711(4) 0.0316(8) 0.5908(5) 4,0(2) 21(1) 7.5(4) 0.2(4) 2.7(3) 1.6(6)
c(3) 0.4147(4) 0.055(1) 0.5116(5) 3.9(2) 26(2) 7.5(5) -1.5(5) 2.5(3) -1.7(7)
c(4) 0.3971(3) 0.193(1) 0.4829(5) 2.9(2) 30(2) 6.5(4) 0.8(5) 1.3(2) 0.5(7)
c(5) 0.4377(4) 0.3000(9) 0.5338(5) 3.7(2) 26(1) T7.2(4) 1.7(5) 1.9(3) 2.5(7)
c(6) 0.620(1) 0.483(2) 0.766(1) 23(2) 23(3) 22(2) 9(2) 15(1) 3(2)
c(7) 0.621(1) 0.585(2) 0.797(1) 25(2) 35(3) 23(2) 6(2) 17(1) 10(2)
c(8) 0.6971(5) ~0.009(1) 0.8437(6) 6.7(h) 24(2) 10.4(6) 3.4(6) 2.3(4) 3.0(8)
c(9) 0.7284(5) ~0.065(1) 0.9355(7) 7.0(4) 37(2) 13.8(8) 7.0(7) 5.4(5) 10(1)
H(1) 0.388 ~0.022 0.477 4.5

C6H(1) 0.573 0.492 0.715 4.5

C6H(2) 0.654 0.u480 0.738 4.5

C8H(1) 0.732 ~0.004 0.813 4.5

C8H(2) 0.660 ~0.076 0.811 4.5

16

8The positional parameters for all atoms are represented in fractional unit cell coordinates.
b . 2 2 2

The 313 are defined by: T = exp{-(h Byg * KBy, + 27833 ¢+ 2hkg, + 2h2313 + 2k£823) . Ir
only the 811 column is listed, this corresponds to an isotropic temperature factor. All
hydrogen isotropic temperatures factors have been set equal to 4.5 . Non-hydrogen thermal
parameters are (X 103).

®In this and succeeding tables estimated standard deviations are given in parentheses for the
least significant figures; later tables include the error in the lattice constants. Since
the hydrogen positions were not refined, no standard deviations are given. Positions for the
methyl hydrogens are not glven as they were approximated.



Table XXII.

Selected Interatomic distances (R) for chlorpyrifos

Total van der Waals

Z6

Bonding Distances Distance
(Pauling39)
c(1)-c(2) 1.38(1) Interaction via Observed Distance
c(2)-c(3) 1.37(1)
c(3)-c(4) 1.39(1) P-..H(1) Intramolecular 5.72(2) (3.1)
c(4)-c(5) 1.37(1) ce(2)--+C2(3) Intramolecular 3.175(6) 3.6
c(5)-N 1.32(1) PeeeN Intramolecular 3.02(1) 3.4
N-C(1) 1,308(9) P...C(1) Intramolecular 4.364(3) 3.7
P.++C(1) Intramolecular 2.64(1) 3.6b
Pe¢.C(3) Intramolecular 4.953(8) (3.6)°
¢(1)-0(1) 1.364(9)  P.+.C(H) Intramolecular 5.172(7) (3.6)°
c(2)-ca(1) 1.721(8)  P-++C(5) Intramolecular 4.328(7) (3.6)°
€(3)-H(1) 0.950(8)
c(4)-ce(2) 1.717(9)
€(5)-C£(3) 1.712(8) §+++C(9)H; 2,+lcell in x and z - 1 iny 3.87(1) 3.85
ce(2).--0(2) n-glide +lcell in y - 1 in x 3.548(6) 3.20
P-0(1) 1.611(5) c2(2)+-.C8H(1) n-glide +lcell iny -1 in x 3.286(4) 3.0
p=s 1.898(4)  C2(2):++C(8) n-glide +lcell in y - 1 in x 3.79(1) 3.5°
P-0(2) 1.562(5) C2(3)***C(9)H; n-glide +lcell in g - 1 in x 3.99(1) 3.8
P-0(3) 1.538(6)%  C2(1)---C(7)Hy 2-fold +lcell in x and z - 1 in y 4.15(2) 3.8
0(2)-C(8) 1.426(9) S+++C8H(1) 2, #lcell in x and 2 - liny 3.300(2) 3.05
0(3)-C(6) 1.39(2)2 Ce(2)+++C(7)H; Center +lcell in x and z - 1 iny 3.97(2) 3.8
C(6)-C(7) 1.08(2)%
c(8)-c(9) 1.44(1)
C(6)-C6H(1) 1,00(2)
C(6)-C6H(2) 1.00(2)
Cc(8)~-C8H(1) 1.00(1)
c(8)-CBH(2) 1.00(2)

2 pue to disorder. See text.

b Bondi“6



93

Table XX111. Bond angles (degrees) for chlorpyrifos

c(1)-c(2)-c(3) 118.0(7)
c(2)-Cc(3)-Cc(4) 118.6(7)
c(3)-c(u)-c(5) 118.5(7)
C(4)-Cc(5)-N 122.9(7)
C(5)-N-C(1) 118.2(7)
N-C(1)-C(2) 123.7(6)
0(1)-C(1)-N 119.0(7)
0(1)-c(1)-c(2) 117.2(8)
cL(1)-Cc(2)-C(1) 122.0(6)
ce(1)-c(2)-Cc(3) 120.0(7)
H(1)-C(3)-C(2) 120.5(9)
H(1)-C(3)-C(4) 120.9(8)
cL(2)-Cc(4)-C(3) 118.9(7)
cr(2)-Cc(4)-C(5) 122.6(7)
CL(3)-C(5)-C(l) 120.8(6)
CL2(3)-C(5)-N 116.4(6)
c(1)-0(1)-P 124.8(5)
0(1)-pP-S 113.7(2)
0(1)-P-0(2) 98.2(3)
0(1)-P-0(3) 105.6(3)
S-P-0(2) 118.4(2)
S-P-0(3) 118.5(3)
0(2)-P-0(3) 99.6(3)
P-0(2)-C(8) 121.8(5)
P-0(3)-C(6) 125.1(8)
0(2)-Cc(8)-c(9) 110.2(8)
0(3)-C(6)-C(T) 132(2)2
a

Due to disordering. See text.



Table XXIV. Dihedral angles (degrees) and least-square planes

Torsional Angle

P-0(1)-C(1)-C(2) 145,90 Plane(III)® defined by S, P, 0(3), C(6), C(7):
€(1)-0(1)-P-8 -52.21 (0.67723) X - (0.01214) Y + (0,73567) 2 ~ 14.10 = 0
€(1)-0(1)-P-0(2) -178.23 Atom Distance from Plane (8)
€(1)-0(1)-P-0(3) 79.32 S 0.020
S-P-0(2)~C(8) -47.56 P -0.002
S-P-0(3)-C(6) 8.85 0(3) 0.023
c(6) -0.114
Plane(I)® defined by C(1), 0(1), P and S: c(7) 0.074
(0.28582) X - (0.95817) Y - (0.01473) 2 - 0.65256 = 0
Atom Distance from Plane (R) Plane(IV)® defined by all eleven pyridoxyl members:
c(1) -0.136 (0.84045) X - (0.06324) Y -~ (0.53818) 2 - 0.77239 = ©
0(1) 0.260 Atom Distance from Plane ()
P -0.199 c(1) 0.008
s 0.075 c(2) 0.013
c(3) 0.016
Plane(II)® defined by S, P, 0(2), C(8), C(9): c(h) -0.008
(0.58516) X + (0.62456) Y + (0.51721) 2 -~ 12.30 = 0 c(5) -0,003
Atom Distance from Plane (R) N 0.008
] 0.114 0(1) -0.059
P -0.152 ca(1) 0.018
0(2) 0.181 H(1) 0.018
c(8) -0.273 ca(2) -0.008
c(9) 0.131 c(3) -0.004
0(2) 0.225
0(3) -0.242
c(6) 0.151
c(9) 0.214

b6

8planes are defined by ch + c2Y + c3Z - d = 0, where X, Y and Z are Cartesian coordinates
which are related to the triclinic cell coordinates (x, y, z) by the transformations:
X = xa siny + zc{(cosB - cosacosy)/siny} = xa + zccosp

Y = xacosy + yb + zccosa = yb

Z = zc{l - coszu - cosaﬂ - coszy + 2cosucosecosy)5/siny) = zc¢sinB,
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Figure 15. The chlorpyrifos molecule showing 50% probability ellipsoids; 30% for
hydrogens. The numbers in parentheses refer to partial charge densi-

tles from a CNDO It calculation.
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View of a unit cell)l of chlorpyrifos.

Figure 16,
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the "right" half of C(7) and vice versa, with 0(3) remaining
essentially fixed and intact; intermediate conformations would
also occur. As the distances and angles in the remaining (and
chemically significant) portion of the molecule were unchanged
throughout.either refinement, only the time-averaged model will
be reported here.

The C(1)-0(1) bond in chlorpyrifos is significantly (>30)
shorter than the two methoxy C-0 bonds (ef. Table XXI11), while
the P-0(1) bond is the longest of the three P-0 bonds, being at
least 50 longer than the other two. These observations, which
when coupled with a CNDO Il molecular orbital calculation of
the Pople and Beveridgel‘7 type, are consistent with a bonding
formulation in which there is a weak 7 overlap of the P, orbi-
tal on the oxygen with the ring system which simultaneously
weakens the 0-P bond. The former effect is the likely cause of

the C{1)-0{1)-P angle being greater than tetrahedral {(eof. Tabie
XX11l) while the latter should enhance phosphorylationhs. Such
variations in bond lengths have been noted earlier as the bond
lengths corresponding to P-0(1) and C(1)-0(1) in chlorpyrifos,
ronnel, ronnel oxon, bromophos, Ruelene, fospirate, (:oroxonl'2
and the OP reported by Grand and Robert59 are all essentially
identical. So, the pyridoxy OP's (fospirate and chlorpyrifos)
do not display a C(1)-0(1) bond length any different than for

the phenoxy OP's, even though there has been a replacement of a

ring carbon with a more electronegative nitrogen.
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Angles of the $=P-0 or 0=P-0 type in these compounds are
all greater than the tetrahedral angle of 109.#70, while angles
of the 0-P-0 type are all smaller than tetrahedral. The inter-
nal ring angles in chlorpyrifos are identical with their coun-
terparts in fospirate. Those with nitrogen at the vertex are
less than 120°, but, when nitrogen is the terminal atom, they
are greater than 120°; the two types of angles are significant-
ly (v50) different from each other (ef. Table XXII1). In
chlorpyrifos the angle between the normal to the ring and the
P=S vector is 34.10 which is not too surprising as angles be-
tween 20 and 40° have already been observed with most of the
OP's studied. This phenomenon is probably just a consequence
of the similarities of these somewhat immobilized ring-contain-
ing compounds but could prove to be a reaction variable with
OP's having rotational degrees of freedom.

As with the other OP's presented, the phosphorus in chlor-
pyrifos is opposite the CL2(1) side of a plane which is perpen-
dicular to the ring and contains the C(1)-0(1) bond. Since
each molecule interacts only weakly with all of the other mol-
ecules in the unit cell (ef. Table XX1l1), the configuration of
chlorpyrifos in the solid state is primarily dictated by intra-
molecular forces. Consequently, the position of the phosphorus
is a result of the van der Waals barrier to rotation about the
C(1)-0(1) bond which is afforded by C2(1) and N. By not having
any substituent on N, the thiophosphate group is allowed to

avoid C2(1). As a result the P-0(1)-C(1)-C(2) torsional angle
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is 1#5.90o which is '\:23° smaller than the corresponding angle
in fospirate. Tha lack of a substituent on nitrogen may be the
major cause of the disordered C(6)-C(7) ethyl group, though
disordering was noted in fospirate (the only other previously
studied pyridoxy OP). This also allows the C&(3)-C(5)-C(4)
angle to be >50 larger than the C2(3)-C(5)-N angle. A minor
factor which may contribute to the disordered ethyl group is
the near total absence of intermolecular interactions involving
C(7) which are very much present (though weakly) with C(9) (ef.
Table XXil). The upshot of this is that the P--+N distance
turns out to be less than a van der Waals separation apart
while P---C2(1) is not (ef. Table XXI1). The S---N, C(6)---N
and 0(3)-**N separations (3.62, 3.48 and 3.16 R, respectively)
are all just 0.2 R greater than the sum of the respective van
der Waals radii, thus reflecting a slight stabilization of the
phosphorus positicn on the N side os the ring.

On the basis of a restricted phosphorus position, compari-
son of some intramolecular distances with literature site-sepa-
ration distances for AChE should give some insight into the
toxicity/activity of chlorpyrifos. In addition to being 'dis-
tance compatible'!, the atoms involved must also be ‘‘charge com-
patible” with AChE. As a first approximation to the OP active
site12 only two atoms will be considered here in accordance
with the presence of two residues in Krupka's17 (assumedlz)
active site model of AChE. Analysis of the steric interactions

of the remaining parts of both molecules, without knowing more
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about the structure(s) of AChE, would be futile.

Using the CNDO Il method of Pople and Beveridge47, approx-
imate values for the charge density distribution in chlorpyri-
fos can be computed; results are shown in Figure 15. The use
of this method is not as exact as with ab initio calculations
which are extremely cost-prohibitive and are usually unavail-
able for this size of a problem. Although admittedly approxi-
mate, the charges obtained certainly give much better than
"order of magnitude' information especially since d-orbital
contributions are included for the phosphorus, sulfur and
chlorine atoms. Owing to the similarities of the OP's investi-
gated, relative comparisons of, say, charge densities using the
same CNDO Il program for each molecule is a valid procedure
even if the charge densities are not ‘Ytabsolute'. It is for
this reason that the CNDO results of ronnel oxon, Ruelene, fos-
pirate and chlorpyrifcs may be ¢ ar

cmpared. O egXamp.e, TNe manm

malian LDsg's of chlorpyrifos and fospirate differ by a factor

of 5 (v168 vs. 869 mg-kg'160

, respectively) while the charge
densities on the phosphorus atoms are +0.420e and 0.699%e, re-
spectively. On the basis of these charges alone, the LDso val-
ues might have been reversely predicted. This implies that, in
addition to the charge on the phosphorus, many other variables
(Z.e. the charges on other atoms, steric interactions, ete.)
need to be considered. But until the true12 OP active site is

known, few good inferences can be made. However, the 0P site

separation distances should still be comparable to literature
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values for the ACh site-separation since (fortunately) the
sizes of many OP's are similar to that of ACh. Therefore, this
study now provides preliminary information which will prove to
be of immense value in deducing the true OP site.

Examination of Figure 15 and Table XXII shows fhat, in the
case of chlorpyrifos, P--+H(1) (5.78 R), P---c(3) (4.95 R),
P--+C(4) (5.17 ) and P---C(5) (4.33 R) are interesting reac-
tion pairs to consider. These distances are nearly identical
with those in fospirate. The small charge on C(4) of +0.023e
may po;sibly rule out the P-+-C(4) pair as an important con-
tributor to irnhibition. The P---H(1) and P.--C(3) distances
fall outside of the mammalian AChE site-separation range of
4.3-4.7 851’52 and yet are close to or within the range for

51

insect AChE given by Hollingworth,et al.”' of 5.0-5.5 R and/or

O'Brien52 of 4.5-5.9 R. 1t is even conceivable that since both
H{(1) and C{(3) are 8{(+) and may both be '"distance compatible"
with AChE, the C(3)-H(1) pair might correspond to a region of
§(+) charge having P--+8(+) distances of from 4.95 to 5.78 R.
Considering charge, distance, steric factors and overall reac-
tivity, P---H(1) may be slightly favored as a specific reactive
species towards insect AChE in chlorpyrifos. The P---C(5) pair,
due to its shorter separation, may play a more important role
in mammalian toxicity, unless significant conformational alter-
ations in AChE or chlorpyrifos accompany any imn vivo free ener-

gy changes.

It should be noted that even a rotation of the phosphorus



102

about the €{(1)-0(1) bond to the C&(1) van der Waals limit would
only decrease, say, the P---H(1) distance by only ~0.03 R.

This may possibly happen in vivo, even with the comparatively
increased moment of inertia caused by the addition of C(7) and
C(9), yet is not likely to be critical with respect to the
distances in AChE and to the Iso of the insecticide as pertains
to the conformation which AChE or chlorpyrifos might have to
distort to in order to react. However, such a rotation would
cause the phosphorus to be in a slightly different position
relative to the other ring substituents. This may be partially
responsible, then, for changes in lsq and/or LDsg values as a
result of subtle steric influences of the insecticide with
AChE. But, in order to make better comparisons and predictions,
many heretofore unreported insect and mammalian lsq and LDso
values will need to be investigated and tabulated, especially
for the isozymes of ACKE.

Since chlorpyrifos, as well as many of the other OP's in-
vestigated to date, crystallize in a centrosymmetric space
group, this implies the existence of d and £ forms. Therefore,
lso and LDsy values for both OP configurations, when applicable,
would need to be known also. In addition, further similar CNDO
calculations will need to be performed to obtain a better idea

of the molecular charge distribution and how it pertains to

toxicity.
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SUMMARY AND CONCLUSIONS
In order to envision why one organophosphorus compound
makes a good insecticide while another has relatively poor in-
secticidal properties, it becomes necessary to look at features
which are peculiar to each OP group. From the information in
Table XXV it would be tempting to say that in general if an
OP compound is to have any useful insecticidal properties there
should be at least one long P-X bond. In this study "X" would
correspond to 0(1). This elongation is observed for all of
these P-0(1) bonds with a concurrent shortening of the C(1)-
0(1) bond (ef. Table XXV). Not only are the P-0(1) bonds long-
er than the other P-0 bonds in each molecule, but they are also
generally longer than the P-0 bonds reported for, say, H3P0uh1

but may be comparable to other OP's., Probably the important

idea, though, is that a P-0(1) bond be longer relative to the

remain

tatedha.

ng P-0 bonds. 1in this way phosphoryiation is facili-

The ring systems are the likely cause of the simultaneous
lengthening-shortening effect as a result of the 0(1) px-ring

molecular orbital system. Possibly this is why a variation of

)
]

toxicity with Hammett 0 constants has been observed™ ™. It
would be quite interesting subsequent to this study to look at

what makes a poor insecticide so that further gross differences

may be noted.

Pertaining to more subtle differences, it is not too



Table XXV.

between the P=S or 0 vector and the vector normal to the ring

Comparison of a few corresponding distances (R) and the angle (degrees)

Insecticlde P-0(1) c(1)-0(1) P-0(3) methoxy Angle
ronnel 1.592(4) 1.400(6) }:gﬁggg; ::g:;gﬁ;a 23.5
b Lses) om0 EREN gl s
bromophos 1.607(6) 1.391(9) ::g;{ég; ::zgg:; 39.6
Ruelene 1.611(3) 1.392(6) 1.566(4) 1.47(1) 26.1 (P-N)
fospirate 1.609(5) 1.364(9) }jgg?fgg ,jﬁi%}; 19.9
chlorpyrifos 1.611(5) 1.364(9) ::gggggga 341
Coroxon? 1.593(3) 1.394(5) }:gglgﬁ; }:223%;} 38.5
sztoshogs : : : : 2.9
g::gz;lon 1.60 1.43 ::gg ::22 33.3
Grand's"?d 1.594(7) 1.410(11) ::ggzgg;b - 12.3°

a
Disordered.
b Both oxygens are In a heterocyclic ring.

701
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surprising that the corresponding bond distances of these and
other OP insecticides are quite similar (cf. Table XXV). Con-
sequently, boqd lengths should have little to do expliclitly
with explaining why one ''good' 0P is, say, ten times more ef-
fective than another ''good'' OP.
A variety of intramolecular non-bonding distances may
play a key role in the inhibition process. For example, if a
distance does not match with, say, the serine hydroxyl to
anionic site distance in the model of Krupka17, inhibition may
not occur. As shown in Table XXVIl, intramolecular distances
involving phosphorus show only a little variation, though the
LDso values vary by as much as v300-fold. Therefore, these
distances may only play a small part in inhibition. However,
with non-'"rigid" molecules in which a wider range of distances
may occur, the phosphorus-containing distances may actually
be quite important. it is possible also that one or more of
the many other distance combinations may be a key factor(s).
As noted earlier, charge density may play an equally im-
portant part in the activity of an OP insecticide. A few
charge densities are compared in Table XXVIl!. |f these charges
are either sitting at improper distances or are sterically
"misplaced" difficulty will be encountered in reacting with
AChE. Unfortunately, many more such calculations need to be
done as little correlation can currently be made between

charge alone and toxicity.



Table XXVI. Selected intramolecular distances (R) involving phosphorus

Carbon

Insecticide p.e.meta H Pe+.+adjacent Pee-C(4) LDso (mg/kg)a
to meta H
28
ronnel 5.51 L,84 5.25 1740
ronnel oxon 5.49 4,78 5.25 -
bromophos 5.52 .79 5.25 3750--610053
5.68 h,91 _ 53
Ruelene 5.13 4.53 5.29 770-1000
60
fospirate 5.79 4,95 5.14 168
chlorpyrifos 5.78 h.95 5.17 86960
Coroxon 2 5.76 5.00 5.30 -
: _ L9 - - not a 28
azinphos-methyl 4.83 (para c) 16

® LDso values are not as reliable an index of comparison as Iso values since LDso's
include Zn vivo metabollism, absorption, ete. but lso's are not as readily avallable.

901
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Table XXVII. Selected partial charge densities® from CNDO 11 calculations
Doubly Carbon
Insecticide P o(1) c(1) bonded meta H adjacent c(k)
S or 0 to meta H
ronnel oxon +0.684 -0,.285 +0,258 -0.366 +0,042 +0,039 +0.056
b +0.025 -0.034
Ruelene +1.248 -0.385 +0.152 -0.502 +0.019
~ +0,011 -0,013
fospirate +0.699 -0.289 +0.361 -0.382 +0.035 +0.088 +0.007
chlorpyrifos +0.420 -0.270 +0,322 -0.150 +0.038 +0.071 +0.023

a

b As noted earller

which the t-buty]l

in the text,

these calculatlons were done on a molecule In

group was replaced with a methyl

function,

See the respective single molecule flgures for additional charge denslitles.

Lot
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One limited proposition can be made regarding the number,
and to some extent type, of substituents on elther ring system
and the partial charges on 0(1) and C(1). Referring to
Table XXVIl it is noted for ronnel oxon, fospirate and chlor-
pyrifos that if three chlorines are in a "2,4,5" ("3,5,6" in
the pyridyl OP's) the 0(1) &(-) charges are nearly tidentical.
The difference in the phenyl vs. pyridyl ring is noted in the
€(1) 8(+) charges in these three OP's, apparently a result of
having the nitrogen adjacent to C(1). 1In either ring system
the two phosphates (ronnel oxon and fospirate) have nearly iden-
tical charges on the respective P and 0(2) atoms., When an
ortho chlorine and para methyl group are present (similar to
Ruelene) both the 0(1) and C(1) charges decrease with a dramatic
increase and decrease, respectively, in the charges on P and
0(2). This occurs in spite of a less electronegative nitrogen
bonded to the phosphorus.

All of the angles between the P=S or 0 vector and the vec-
tor normal to the ring are within a #v10° range (ef. Table XXV)
but this may be enough to promote steric problems. The fact
that these angles are relatively comparable suggests a general
preference for this orientation by ring-containing O0P's such
that the P-0(1)-ring skeleton is quite comparable for all of
the OP's studied. These limited angles along with CNDO Il po-
tential energy calculations show that the solid state structures

are likely to be very good models to use for Zn vivo compari-
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sons.

As illustrated by the ronnel/ronnel oxon and fospirate/
chlorpyrifos pairs, there are a few structural differences be-
"tween the thiophosphate and the corresponding oxon (phosphate).
For example, the directions of the methyl groups are different.
Whereas they are both 'up'" in ronnel, they are both 'down" in
ronnel oxon (see Figures 1 and 3). A similar pattern is noted
for chlorpyrifos (thiophosphate) and fospirate (phosphate),
though they have methyl groups which are “down"/”up", respec-
tively. 1In addition, a few angles involving ring substituents
are different between the phenyl and pyridyl systems.

Structural limitations have been observed in both bromo-
phos and Ruelene as a result of weak intramolecular hydrogen
bond formation. Obviously this causes restrictions on any

steric interactions between these OP's and AChE so that it may

be feasible to take advantage of this in the desiagn of future

OP insecticides.

It would presently appear, then, that the major keys to
better understanding the inhibition process may rest with steric
interactions, charge distribution (viz. Hammett o's) and intra-
molecular separations. Although this study has been limited to
OP's having a ring system, and thus a reduced number of rota-
tional degrees of freedom, a result is that the total number of
reaction variables is narrowed. Once the true OP site structure

of AChE is known, along with more tabulated lsg and LDsg values



for the possible isozymes of AChE, more specific conclusions

can be drawn leading to the design of superior insecticides.
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