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The re}ationshfﬁ of structure.to
effectivenégs of gbme organophosphorus insecficides
and the crystal and ﬁolecgrar structures of
tris(bicarbonafo)tetraaquoho]mium (rey dihydrateiand
tris(ethylenédiamine)-cobalf(lII) tetrakis (isothiocyaﬁato)-

cobaltate(l!) nitrate

" Wayne Joseph Rohrbaugh

Vv

Under the supervision of R. A. Jacobson
From the Department of Chemistry
' lowa State University

An investigation of cotreléfiéns between molecular structural
paréméters of selected oréanophosﬁhorus insecticides and their corres-
ponding toxic effectiveness has been ini;iated. The crysfal and
molecular structures of aginphos<methfl (LDsoi(ratsj = 16 mg/kg) ,
amidithian (LQSo (rats) =:420*mg/kg),‘énd tetrachlorvinphos (LDSD.(rats) =
000 mg/kg) have been determined gig‘three-dimensional X-ray ahaIysis.

. For aziﬁphos-methyl,the phdsﬁhorus—(carbonyl carbon) diétance
cqrresbonding to the anidnfc-esteratic'site seéérafibﬁ of acefyl4

‘cholinesterase (AChE) is 4.83(2) R in the solid state. No.appreciablei
intrémolecular interactions whicH highthimit the accommodation of a
-lafge rangé'of anionic-eﬁtgratic separations were observed. Fér
amidithion;'fhe phdsphorus—(pargia119 positive center) separations were

3.9](1) and 4.24(2) R, which were'signfficantfy sﬁor;ér thanlthe;a¢ceptéd
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anlonic-esteratlc site sebarafion in mammalian AChE and may account for
its lower toxicity. The partial charge.on phosphorus,(xlg.a CNDO 11
molecular orbital calculation) was foqu to be .similar to that for
azinphoé~methyl, + 1,063 vs + 1.0l1 e, respectively, No afguments
relatlng the low toxicity of tetra;hlorvinphos and phosphorus-(bositive
center) separations could 5¢ made. However, partial charge on the
phosphorus atom was significantly different (i.e. equél to + 1.385 e)
- from previous sthies. ln éddigion, the orientatjon of the phqspﬁate
group relative to the planar organic ﬁoiety differea markedly from other
inseéticides. |

The crysfal arfd molecular structure:of tris(bicarbonato) -
tetraaquoho]miﬁm (I1l> dihydrate wés solved by cbnventional Patterson
and Fourier techniques to a final R-value of 0.039. The hélmium moiety
,cbntaihing four'coordinatgd water molecules and three bidentgte | |
biéarbonate groups ig'loicoordinate and assumes a distorted s-bicapped
'squaré-antiprismatic geometfy.“fhé averagé Ho*(HZO) bond length fs‘

2.36 R and the Ho-(bicarbonate oxygén) lengthé vary from.2.442(9) to

2.557(9) R with the exception of one d}stancel(2.817(il) R) which appears -

|

to have been lengthened d?e'tb steric repulsion effects.
The crystal ana moleéular structure cf tris(ethylenediamine)-
coBalf(lli) tetrakis {isothiocyanato)-cobaltate (l!) nitrate was‘sb]véd
bj conQentional Patterson and FoUrier'techniques té a fina] R-value of
6.062; LSIight‘distoréions from the idealized o?tahgdra] and tetrahedral
geome;ries of the Co(lt1) and Co(ll) moieti;s wefe observed and the

orientation of the Co(NCS)L*-2 species relative to the crystal faces Is -

described.

O
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INTRODUCTION IO ORGANOPHOSPHORUS INSECTICIDES -

Acetylcholinesterasé (AChE), one of the hydrolytic enzymes for
a;etyléholine, is the tar;ég'of drgaAophosphorus esferg,_inclyding
insécticidgs'and nerve gases. “-Inhibition of the enzyme disturbs. the
. normal. nervous function, which results in the dééth of the animals in
many instances. The nerve cell (neuron) consists of an elongated axon
and short branched dendrites. The axon ending ;onnecté with another
heuroq through a synapée,_or with a muscular fiber through a neuro-
muscular junction. The axon i; covered wifh a membrane which has a
selective permeability to_ions énd which is pélarizéd at the equi]ibrium.
pétential while>resting. ‘When the nerve is excited, the membrane
depolarizes and the pbtentfal~reverses rapidly relative to'the_resting
potential. This is brought about by a change in ion bermeabflity through
the membrane. |

The electric nerve impulse.produFed canhot'brOpagate across ‘the’
synaptic cleft (200 to 300 R in interneuron synapses and 500 to 606 R in
neuromuscular junctions) between cells, but .it causes the release of a .
chemical transmitter or neurohormane from the axon ending. - fhc'trang-
mitter migrates to a;receg%or on the postsynaptic membrane of aﬁoéher
neuron or ﬁuscie fiber. The interaction of the transmitter with the
feceptor causes a ch;nge in the cation.conduétanée of the postsynaptic
Pﬁm?fane, followed by the depolérizatibn of fhe-membrane. This produces.
the exclta;pry postsynaptic or end-blate potential. When thé pqtentiél

achieves 3 threshold, an action botential.riseSIrapidly to excite the

Lol ) g . . .
f#ron or muscle fiber. The best known transmitters are acetylcholine




hhm..._ -

U ARV AR S

and noradrenaline. -

Acetylcholine is synthesized in the nerve ending and stored in

. syhaptic vesicles. The vesicles burst spontaneously and, by the stimu-

lation of the-action current, the release of acetylcholine increases

" quickly by 100- ‘to 1000~ fold. This causes synapse or end-plate potential

(lO,to.ZO mv), and, consequently, the excitation of the postsynaptic
membrane.. The feleaséd acetylcholiné is then rapidly hydrélyzéd by

AéhE into inactive acétic acid and choline before the-second imbulse
arrives. Most AChE in the end-plates of mammals is located near the
receptors on the postsynaptic membrane. As long as £hgre-is acetylcholine
presént in the regiqn of the synaptic cleft;'the origjna1 staté of the.
postsynéptic membrane cannot be reestabl}shed. Therefore, inhibition ,

of AChE results in the disturbance of the nervous function which leads to

‘severe and often lethal damage in the organism.

.The inhibition is the result of phosphorylation of an active enzyme

.site which is then unable to bind the natural subétrate, i.e.

(RO) ,POX + EH > (RO),POE + HX

. . } .
where X 15 the ''leaving grOQp“ on the ester and EH is the uninhibited

1 \ " .
AChE, This phosphorylatﬂon Is duey.in part, to the chemical and struc-

tural similarities between acetylcholine and the many OP insecticides.

The phosbﬁgté ester plqys éhe role of the acetyl group and binds to the
esteratic site of AChE. Some<porti§n of the leaving group corresponds td ‘
the quaternary nitrogen pf acetylcholine and binds to the anionic site of
AChE, The,phosphorylgted eniyme is Veny stable and thus the concentration

of AChE available for hydrolyzing acetylcholine decreases. Determining
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the relationship of structure to effectiveness of organophosphorus

insecticides, then, requires a close -examination of structural

parameters to develop models for AChE enzyme surfaces and to determine
the nature of thé active sites.
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THE CRYSTAL: AND MOLECULAR STRUCTURE OF

4’ - AZINPHOS~-METHYL

Introduction

As discussed by Baughman and Jacobs_on,2 accurate three-dimensional

stractural analyses of organophosphorus insecticides can provide useful

information toward the elucidation of bioactive mechanisms. _In the first

this series of structural investigations of organophosphorus insec-

ziéidcs, ronnel (gjgjdiﬁethyl 0;2,4,5-Erich]orophenyi phosphorothioate)

wid s;udied and.characterized. From that st}uctural'analfsis if wa; found
©inat the distance from the phosbho?us to the meta-hydrogen on the phenyl

ring was 5.51 R. When the autotoxicosis through inhibition of acetyl-

¢z linesterase (AChE) by organophosphorus insecticides is considered, it

Interesting to note that the nitrogen to cafbonyl carbon atom distance

3

acetylcholine is estimated at 4.7 R, when the holecule is in a proper

tonformation to react with bovine erythrocyte AChE. From a series of

@speriments carried out by Hollingwerth _E_ai., however,. it was concluded

tat the distance betwcen the anionic and esteratic centers of fly head
4o =ay be as much as 1 R greater than in the mammalian enzyme.h Con-

b segwently, the distance between the phosphorus and an electron-deficient

¢ In an effective organophosphorus- insecticide would appear to be
ween approximately 4.7 and 5.7 R. :
The ubiqul tous or specific effectiveness of a particular organophos-
. {

‘vs Insecticide may depend, then, on its ability to accommodate a range

oy cantan . . . . : .
teratic-anionic site distances in various AChE enzymes. Ln some
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drganophosphorus ihsecticides;-the range of phosphorus to positive

i

center distances aftainable by the molecule is 1imited by a singie
rotational degree of freedom for phosphorus about the aryl ring system.

For example, in ronnel, the phosphorus-(meta—hydrogeh) distance is

- limited by rotation of phosphdrus about the C(1)-0(1) bond.2 This

limitation is reflected in a comparison of ronnel's L050 for a particular

AChE enzyme with the LD_..'s of other organophosphorus insecticides,:

50

assuming that the in vivo transport properties are similar and that the

inhibition of AChE is the‘primary,toxiq mode.

For ronnel, the_LDSo in female rats is 1740 mg/kg,.whereas for
azinphos-methyl it is 16;5 This implies that azinphos-methy],/or more
Iikely'it§ P=0 metabolfte,_is approximately 100 times'more efficient than
ronnel or jts correspoﬁaing metabolite iﬁ the fﬁhibition of rat AChE. It
therefore becomes intefesting to fnvestiéate the charge sebara:ion di;-
tance and Steri; hindrances in azinphbs-methyi and to combarg theﬁ to
rpnhel. Consequent]y,.g single crystal X-ray &iffract?on inyestigation
of azinphoé-methyl (Q,Q;dimetﬁyl S—(h—oxo~1,2,3-benzétriazfn-3-yi)-methYI‘

phosphorodithioate) was éarried out.

Experfmental

Crystal-Data A .sample of the title compound was kindly supplied

by P. A. Dahm. A crystal of dimensions 0.2 x 0.2 x 0.3 mm was mounted
on-a glass fiber with Duco cement and subsequehtly attached to a standard
goniometer head. From six preliminary w-oscillation photographs taken

on an.au;omated four-circle X-ray diffractometer at various Y and ¢



'éettings, fourteen indepenaehtAreflections were selected and tﬁeir
'coordfnates were'input to the automatic inde*fng program ALICE.6

The resulting reduced cell and reduced cell scalars lndicatéd 2/m
(5onoclinic) symmetry. A monoclinic crystal sy§tem was coﬁfirméd By
inspection of axial w-oscfllatioﬁ photographé; which'dispiayedAa mirror
plane with réspect to the b¥* reciproéal lattice axis. Observed layer
line spacings were within experiméntal'error to those predicted for this
cell. A least-squares refinement of the 1atfice cpnstant§7 based on
the *268 measurements of 12 strong independent reflections on a
previously aligned four-circle diffractometer (Mo Ka graphite mono-

- chromated radiation, A = 0.70954 R), at 10°C, yielded a = 12.084 £0.007,

b = 15.190 #0.008, c = 7.856 +0.003 R, .and B = 98.39 *0.03°.

Collection and Reduction of X-ray Intensity Data Data were
collecﬁed atllooc by baphfng‘the crystal }n a cool'ni;rogen gas stream
and by utilizing an autoﬁated'four-circle diffractometer both designed
and built in this laboratory; The diffractqmeter is interfaced‘to‘a
PDP-15 computer in a ti%é-sﬁar?ng-mode and is equipped with a scintil-
lation'counter. Graphi%e monochromated Mo Ko X-radiation was'uged for

i

data cojlection. . '
All data within a 26 sphere of 42° ((sin®/A = 0.500 R~ ") in fh; hk&
3 and hk? octants wére‘ﬁéasuréd.via a peak—height:data collection mode,
using a take-off angie of h.So.and yielded 2751 reflections.
As a'general.check on electronic and crystal stability, the

Intensities of three standard reflections were remeasured every fifty

reflections. These standard reflections were not observed to vary

il
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significaﬁtly'thrsughbut the entire data coilectibn“perfod. Examination
of -the data revealed ;ystema;ic absences of hO% refleét[ons‘for.2=29fl
and'QkO reflections‘fdrAk$2n+1, thus ﬁniqu319 défihing*the space Qroub
as P21/c; : .%A

The intensify data were corrected for LérenthpoIarization effects
*and no absorption correctibn was made - the cryéta] was nearly cylin-
drical -and the minimgm and maximum transmission chtors différed by Ie§s
thaﬁ'S% (uR = .05); The éstfmated variance in each intensity was
| calculated by - | |

o =c+ 205 + (0.03 c)% + (0.03 cB)Z'

where CT aqd CB represent the total count and background cqunt, résbé;-
tively, and the factor 0.63 represents an estimate of noﬁ-statis;ical
errors. The estimated deviations in the structure'factors were calculatgd

by the finite-difference method.8

quivalent zone data were averaged
“and only those'ref]ections for which Fo>3c(F;) were retained for
" structural refinement. There were consequently 696 independent reflec-

tions used in the subsequent structural analysis.

Solution and Refinemént
The proérém'MULTANg was used.té assign‘bhases to the 400 largest |E|
values. The E—map_lO resulting from the solution set correstnding to the
best flgure of merit unambiguously revealed the positions of a]l‘19 non-~
hydrogen atoms. The remaining atoms were found Ey successive structure
factorly.and electron density map'calculaiidns.:

In addition to positional parameters for all atoms, the anisotropic
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thermal paraméters for .all ndn~hydrogeh atoms were refIned by a

. : : 11 .
full-matrix least squares procedure, minimizing the function

Zw(|Fol| - ]Fc[)z, where w = 1/0§, to a conventional discrepancy factor
~of R = Z[|Fo] - |Fc||/Z|Fo] ='0.091. Analysis of the weights (w) was
performed via a requirement that w(|Fo = |Fc])? should be a constant

function of‘[Fo] and (sin@)/hﬂlz Accordingly, analysis of the weighting
. scheme Tndicated that the reflections at very low as we}l as very high

(sinB) /A values were somewhat overweighted, and the weights were sub-

" sequently adjusted. No extinction effects were noted. Successive

iterations of refinement produced convergence to R = 0.080. The

14

séattering factors used were those of Hansoﬁ et a].,]3-nmdified for the
real and imaginary‘par;s of anomalous:dispersion. :

The final positional and thermal parameters are ligted in Table 1.
The §tandérd‘deviafionsAwere>calculated from the ihverse_matrix of the

final leastwsquéres cycle. A listing of observed and calculated structure

.facfor ampliitudes is provided in Table 2.

Description and Discussion
. A stereographic Qieﬁ of,azinphos-metﬁyl depicting 50% probability
ellipsoids is provided in Figure 1.15 Se]ecfed intefatomic distances -
aﬁd angles,l.6 areilisted in Table§.3 and h; resbéétively. .lntramo]écular
bond'distances and angles are in good agréement with those reported

previously in the literature.

When considering the proposal of Clark et al;?7 relating éffective- .

— —

ness in phosphorylation to weakness of P-(aryl-Group' VIA element) bonds,

azlnphos-methyl should posé no problem to pHOSphorylétion, since a
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Table 1. Final atom posltlonala and thermaib parameters’
Atom x" y z 81, Boo - 833 812 By3 B3
s1 8051(4)° 7947(3) 831(6) 87(4) 43(2) 198(9) =4(3) 17(5) -6(4)
S2 5952(5) 8680(4)  2537(6) 92(5) Bu(4) 210(11) 11(4) 32(6) 13(5)
P 7135(4) 9043(3) 1350(6) 77(4) 51(3) 166(9) -6(3) -5(55 1(5)
01 10226(11)  6905(9)  915(17)  101(13) 41(7)  290(32)  -10(8)  -19(15) -15(11)
‘02 6825(10) 9572(8)  ~-390(14) 115(14) +  66(7)  172(25) 2(8) | -18(15)  15(12)
03 7981(10) 9754(7) 2201(1“) 108(13) + U5(7) 186(27) 2(7), -13(15) -5(10)
N1 11623(17) 9271(11) 2472(22) 117(19) 43(11) 260(40) -2(12) 61(23) ;11(15)
N2 110702(16) 9220(11) 1529(21) 103(17), 59(11) 184(30) -6(12)  27(19) 18(15)
N3 10259(14) 8382(10) 1030(18) 70(13) 49(11) 162(27) 1(10) 3(15)  -9(13)
c1 11752(16) 7659(13) 2655(20) 95(19) 47(12) 142(32) 12(13) 31(22) 29(16)
c2 12341(19) 6885(15) 3306(23) 103(22) 65(14) 173(37) -13(14) 75(25) -1(18)
c3 13358(20) 6987(19) 4384(25) 100(22) 94(19) 197(42) 43(18) 22(25) 27(22)
c4 13787(19) 7839(18) .u808(23) 76(19) 75(16) 199(38) -16(16) 44(20) -21(23)
-C5 13198(19) 8557(16) 4159(29) 97(23) 48(12) 267(46) -11(14) -3(28) -10(21)
cé 12183(17) 8492(14) 3083(23) 89(20) S4(14) 162(35) -15(13) 56(23) -47(18)
c7 10690(16) 7567(14) 1432(20) 73(17) 40(11) 123(32) 26(12) 61(20) 26(16)
c8 9181(20) 8471(17) -207(23) 115(23) 83(16) 93(40) 7(13) -10(23) =h4(17)
c9 6134 (42) 9204(28) -1887(52) 152(39)’ 85(31) 243(s58) -5(23)' -6(37) -20(32)
clo 8555(23) 9645(19) 3987(32)  120(26) 73(17) 283(61) -23(18)  14(29)  27(23)
H1 185(i6) 637(12)  312(21)

. H2 377(15) 638(12) 439(20)
H3 471(15) 792(11) 488(19)
HA 351(15) 911(14)  467(22) .
HS 925(24) 819(15) 1109(30);
H6 918(13) 823(10)  873(20) !
H7 585(33) 888(25) -148(49) |
H8 629(13)  B15(11) -204(20)
HY 514(14) 904(11) -128(19)L
H10 890(18) 926(14) . 408(29)
‘H11 782(16) 937(12)  480(23)
H12 930(14)  1022(11)  430(19)

%The positional parameters for all non-hydrogen atoms are presented in fractional unit

cell coordinates (x 10% ).

b

The BLJ

are defined by:

~

Positional parameters for hydrogen atoms are (x 10 ).

For all hydrogen atoms an 1sotropic thermal parameter of 2.5 was assigned.

for the least significant figures.

T = exp{- (h Byy ¥ k2 Bya + 1 533 + 2nkB 5 + 2h1B, 5 + 2k1823))

°In this and succeeding tables, estimated standard deviations are glven in parentheses

L4

iR




10

Table 2. Observed and calculated structure factor amplltudes
. [N ] 8 ‘l! -12 9 10, 27 26 ] 9 38 -3 . a7 3 - ) 53 53 -t . 18 19
H K O re 2 22 -2 512 1T -7 9 10 12 -3 & a0 -te -4 ? 13- 12 -1 L] 19 =19
-] 2 70 -89 4 38 -6 L. 1 'IO -9 o1l 16 -2 1 8 -Jl' -4 3 .0 -48 -1 1.3 13 [ 4
-] 4 a4 -49 k-] 15 -20 L3 - 3s 3a o 12 12 -2 3 26 27 -4 - 29 29 -1 :] 17 19
o a 36 -3 [ LY. 59 [ 3 .9 a8 ) o 127 109 -2 LY 38 a5 - T 26 29 o 3 32 32
o 10 17 |7' 7 13 =15 6 10 15 =12 1 1 71 [3) -2 S 12 -18 -4 ) 18 -13% 0 s 27 -23
0 12 1 -9 8 V3 - 7 [} 15 =12 1 2 72 ~64 -2 [ R =10 -8 11 14 -10¢ o 7 17 s
1 o T 83 1 33 -3 7 3 23 23 1, & as -T7 -2 a 18 16 -3 0 6% =36 ) 2 1 -1
1 2 a2 -37 2 24 21 2 4 13 18 1 5 29 -23 -2 10 15 -7 -3 1 16 12 1 5 21 22
1 3 108 ~Qs - 29 -3 7T & 3a -2137 1 -3 3a 33 -2 11 3 33 -3 2 184 -17 1 6 1% 16
) . 54 £13 5 - M hF3 7 11 18 15 t 10 s 38 -1 3 Is 10 -3 3 38 9 -1 a 2s -26
] 5 a0 -35 14 (8.1 16 8 2 22 -20 1 12 11 -12 -1 - 29 -27 -3 - 19 19 2 7 a2 -34
A | 6 s 17 8 27 26 8 3 11 -10 2 0 27 -~23 -1 5 19 -20 -3 k3 21 ~22 2 a (k4 -17
1 8 38 -Js 10 23 2% [:] -3 a1 -840 2 ) 9N -85 -1 7 52 59 -3 [ 22 26 3 ) T8 22
[ ) 49 -aS 1 46 LY} 8 7 31 32 2 3 39 -Ja -1 8 23 24 -3 r 26 -28 3 2 37 -38
112 16 1e . 55 85 a 1) 29 29 2 - 22 22 -1 9 13 -1 -3 11 12 -9 3 3 29 -27
2 [-] 112 -10}1 L] 27 28 9 1 20 -21 2 6 22 21 -1 10 13 13 -3 12 27 -206 3 (3 2% ~23
2 1 30 31 6 28 -28 9 s 20 19 2 7 63 359 -1 11 18 -13 -2 o 30 235 3 7 13 -12
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Figure 1, Steréographic'vfew of azinphos-methyl with hydrogen atoms. omitted
' : In this and succeeding drawings 50% probability ellipsoids .are depicted
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Selected nnteratomnc dlstances (R) for'

Table 3.
B azunphos-methyl

= 2.071(7)
P-52 . 1.898(7)
P-02 . 1.580(12)

- P-03 o 1.565(12)
$1-C8 1.863(28)
o1-c7 . - 1.191(20)
02-C9 o 1.448(30)
03-c10 - - 1.478(26)
Nl-Nz' | : 1}243(2q)v :
Ni-C6 ' 1.408(25)
N2-N3 1.410(22)

N3-C7 © 1.360(21)
N3-c8 ' 1.510(28)
c1-c2 1.42z6(26)
C1-C6. - ' . 1.388(25)
C1-C7 . 1.490(24)
c2-C3 T 1.393(28)
C3-Ch C1.k12(31)
c4-C5 1.357(28)

C5-c6 1.385(27)




Table 4. Bond angles (deg) for azinphos-methyl

!

" p-s1-c8
51-P-52
$1-P-02,
© $1-P-03
$2-P-02
$2-P-03
02-P-03
P-02-C9

P-03-C10

C6-N1-N2
N1-N2-N3

N2-N3-C7

N2-N3-C8

C7-N3-C8

1100.9(8)

109.0(3).

107.7(6)>
107.7(5)

118.1(6)
" 118.7(5)
94.3(7)
- 122.6(20)
'120.9(12)

. 119.5(16)

'119Lh(15)
129.6(15)
116.7(15)

119.6(20)

£6~-C1-C2

c7-Cc1-Cc2
c7-C1-C6

C1-Cc2-C3

€2-C3-Ch

c3-ch-c5

Ch-C5-C6

C5-C6-C1

C5-C6-N1
C1-C6-N1

©01-C7-C1

N3-C7-01
N3-C7-C1

$1-C8<N3

120.8(18)

- 119.3(18)
119.8(18)
118.3(22) -

' 120.3(22)

119.4(19)

122.6(20)

118.6(21)

_115.0(19),

122.4(16)

128.0(16)

122.8(17)
109.1(18)
107.3(13)
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phosphorus-éulfur bondiis éertainly a weaker bond than an analogous P-0
bond commonly found inzorganophosphorus insecticides. 'Cbnsequently,

the inhibition of-AChE-by'azinphos—methyl oxon should not be hindered

by any significaﬁt barrier to phosphorylation. Distortidn of te;rahedral_.

geometry about phosphorus is observed in this compound as in others
previously-repoi'ted.]8 The (ﬁethoxy-oxyéen)—bhosphorus-(mefhpxy-oxfgen)
éngle, in particulat, is nearly 4 degrees smaller thén that reported_for
ronnel,2 i.e. 9&.3(7)-to-98.0(3)0, respectively.

The planarity of the ripg systém is qqite strikihg, as can be seen .
'in fhe tabulation of atom déviations from the least—squares'p]ane
(Table 5 ). The greatest deviation from planarity is ~0.03 R, which Is
negligible when considering thermal motion and standard deviations.

Packing forces do not appeaf to diétafe cobfdination geometry about
thevphgsphorus atom té any great extent, but torsion angles do.éppear to
be'affected'by intermolecular steri;'repuisfon.effects of the methoxy'
groups (cf. Figure é ). Tdrsion angles about specific bonds are listed
in TaSle 6.

C7 appeafs to be the likely atom on which an electron deficient ;ité
may ;esjde. The P-C7 diétance in the solid state for azinphos;methyl is
4.83(2) R. The correSponding'distahcé for ronnel is-5.51 R.. From solid
state considerations alone, the'phosphérus-(partially positive center)
1distance'in ronnel is 0.7 R longer than the corresponding distance for

4

azinphos-methyl. . It is éuggested by Hollingworth et al. that the

distance between aniohic and esteratic sites of insect AChE may be as much

as 1 R greater than in mammalian eniymes. Thus, it would appear that
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Table 5. Atohic displacements from the least-squares planea

16

the ring system

describing

Plane aefined by atoms (01,N1,N2,N3,C1,C2,C3,C4,C5,C6,C7, and C8):
-0.61582 X - 0.00129Y. + 0.78789 Z +.6,95512 =

" Atom

.01'
N1
N2
N3
1

C2

3

Ch
c5
c6
c7
c8

. Deviation from Planarity (R)

<0

-0

-0

!-Oll

.027
.008
.034
024
.024
.032
011
.020
.026
.006
.021

018 -

P]ane is defined as c1X+c Y+c3Z d = 0, where X, Y, and Z are.

Cartesian coordinates related to the monocllnuc X
a,0,c cosB; 0,b,0; O, O ¢ sinB.

the transformatlon

I 4 coordlnates by
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Téble 6. Torsion angles

Plane A

Plane B

Bond of

. “Rotation

.. Torsion Angle (/AB)

. - (Degrees)

S1-pP~52

N3-C8-51

N2-N3-C8

Least Squares Plane

-for Ring

c8-s1-p-

c8-51-pP

N34C8-Sll

N3-C8-S1

S1-p

§8~Sl

N3-c8;
© N3-C8

177.8
1075
117.4
4.0

—————

e e
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azinphos—methyl’oxoh'onld be éAmofe effective AChE inh}bjtor than the
corresponding analog of ronnel for the mammalian.enzymes, based on the
w0fk o%-Chothia gnd Pauling and Hollingworth etal. meﬁtioned.previbusly.
Indeed, suéh an assumption is substantiated when é cdmbarison of the
LDSO‘S in female rats for'az}nphos;méthyl and fonnéﬁ fs médé, i.e. LDSO
'.azinphos4methyl-f iﬁ mg/kg, LD50 rgnnél = 1740.5

It is evident thét,rotépion about thé N3-C8 and C8-51 bonds of-
aéinphos—methyi provide considerable flexibility for_ the phosphorus
to C7 distance, since thgre are no intramolecular restrictive Inter-

actions. Azinphos-methyl-oxon, therefore, is not exclusively an insect

AChE inhibitor, since free rotation.in vivo about the N3-C8 and C8-S1

bonds enable the molégUIe to accommodate a large range of anlonic-
esteratic site-separations. Ronnel, on the other hand, has only a ;ingle
ro%gtiqnai flexibility for alter}ng the’pho;phorus-(meta-hydrogen)
separation about the Cl—Ofibond, and intramo)ecular'rebqlsion effe;ts
limit the molecule in achieving separations Whjch are more efficient for
blocking of mammalian AChEE2

| .

The structure of.aéin?hos-methyl’thereforé suggests that the
additional rotational flex?bf{ity of phosphorus relative té the positive_
site of the aryl ring systém bfoadens the speciflcity:of the insecticide.
It appears that in the de;fgn of orgénophésbhorﬁs insecticides one shou]a
considef-the'range of_pHosthrus-(parfially positive center) disfanées
attainable as a criterion for specificity. In addition, it seems |
suggestive from this work thatisimilaf orgahophosphorqs insecticides with

- an additionai.bound atom between phosphorus and the aryl ring are less
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-specific to insects and,.éonsequently, may not be desirable models for

i

insecticide development,
It is ‘interesting to note 'that the phosphfnate'analog of .azinphos-

methyl has an‘LDS0 for rats which is significantly larger, i.e.

= 1000 mg/k'g'.]9 This implies tﬁat accommodation of the AChE enéyme is

not diétated soiely by phogphorus—(paftfally positive center) separatiéns,
but may also involve a subtle charge density effect abogt'the phoSphoru;,
cénsequenfly’éasiﬁg of hihdering phosphorylation or enzyme binding.
Results of é CNDO 11 molecqiar‘orbitaf cajculatidnzo fpr both
azinphds4methyl and its phosphinate analog support the intuitive conjec=-
ture that the charge on the phosphorus.atom shouid dfffer slightly in
these two compouﬁds (Eﬁﬂ Figuré' 3 )} A Ehargg‘density calcufation for
ézinphos-méthyl was‘madeAbased on the pqsitiona] parameters obtained
from'tﬁe structural study, and a éiﬁilar ca]cu]atidn was performed_for'

the. phosphinate anélog bascd on the assumptlén that the-structufa1

'parameters should not differ'significant]y from those obtained for

N

azinphos;methyl. Thé subStitutién of -methyl carbon atoms in the me thoxy-
oxygen pésitions §f azinphos-methyl at phnsphorué-carbon distances of |
~1.56 R yields the results shown in Figure 3; In general, the phos-.
phorus-carbon &istances shbuld be somthét fonger, and a CNDO li
calculation with the methyl groups radially displaced such that the P-C
distance is ~1.74 R, yields an even lower value for the positive charge'

oh phosphorus (f0.853),~feaving all other atomic charges essentially

unchanged. The numbers associated with the partial charge densities in

Flgure 3  are not intended to represent the absolute charge on each atom,
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Figure ‘3.

Partial ‘charge densities obtained. from CNDO |1 molecular
orbital calculations for (a) azinphos-methyl and (b) its

phosphinate analog
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sfncé the CNDO 11 caléu!atlon ls. an approximatioﬁ4o% physl;al reality.
- Comparisons, hoquer,?shéuld be valld s}nce»the same apprXmmétlons_are
aﬁplied to bbthvaIecglés.

| Froﬁ'theée'ca!cufations, it can be‘seen:tha; the partial charge
densify on the phosphorus atom is'significanily different in these two
molecules, whereas, the char§e on C7 remains essentially invariant.
Since the toxicityrof the phosphinate analog to mammals is Qiénificanply
lower than that ofvazinphos—methyl and since the structural parameters ‘>
of the two compound§ would appear to be similar, it seems logical fo
suspect a charge density aépendence in thé toxic mechanism.

These fesults,'conseéuently, prqvide impetus for future caI¢ulations
of charge.densitfes in.other serie546fvorganophosphbfus insecticides. In
addition to the‘possibility of charge density effects iq‘AChE inhibition,
iﬁtramolecular restrictions or freedéms may also contribute to the
inhibition, and Xfray.dfffraction analyses éf brganophosphorusvinéecti-
cides canvprovide'valuable informétion té élucidate the mechaniéms of

acetylcholinesterase inhibition In both mammals and insects.

.
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THE_CRYSTAL AND MOLECULAR STRUCTURE OF

_AMIDITHION

" Introduction
As discussed in pfevious'crystaliStructure analyses of organo-

phosphorus insecticideé,z’Jg’zj

the ubiquitous or specific effectiveness
6f a particular insecticide may depend on its abilicy to accommodate a
range of esteratic-anionic site separations in various acetylcholln-
esterase (AChE) enzymes. In addltton, the effectlveness may also be ‘
related.to the relative charge densutaes on the correspond|ng sites of

21

the lnsectrC|de. In order to substantlate or refute these conJectures,

sufficient dafa must be obtained for a eumber of organophosphord§
|nsecth|des with varylng degrees of effectiveness-as reflected by insect
and mammallan toxnc«tles

The structure of azinphos-methyl,ZI wfth a’mammalian toxicity of
‘L050'=.16 mg/kg, exhibits a solid-state esébratic-ahionic'site separatioe,
as measured by tﬁe‘phospcorus tc.oxo;carbon distence, of 4.83 R; and
partial charge-densfties (via a CNDO ce]cu)ation) of +1,041 and +0.325 e
at these atomc, respectively. It was felt that it would be of interesp
to compare such parameters withcthose obtained for insecticides exhibiting
_Iess‘toxicity.in memmelian‘systems in order to deduce cofrelacions, if.
any, between these parameters and insecticide effectiveness. Therefore,
- a crystal of amidithion (0,0- dlmethyl ~S-(N~- Z-methoxyethylcarbamoylmethyl)-

phosphorodithioate), C 7 IGNOQPSZ’ with an LD5 of 420 mg/kg, was chosen

for three- dlmen5|onal X-ray analysis.

e o 3, o = " ), Wi
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Expefihental

Crystal Data - A sample of amidithion was kindly supplfed'by the

Pesticides and Toxic Substances Effects Laboratory, U.S.E.P.A.,
Researéh Triangle Park, N.C. A nearly cylindrical crystal of dimensions

O.fS x 0.15 x 0.25 mm was mounted in a 0.2 mm thin-walled Lindemann glass

'capjl]ary and subsequently attached-to a standard goniometer head. From

four preliminary w-oscillation photographs taken on an automated four-'
circle X-ray diffrac;ometer at various X and ¢ settiﬁgs, fourteen
independent reflections were selected and théir.éoordinates were input to
an automatic indgxing algorithm.

. The'resulting reduced cell and reduced ce]l scalars indica{ed 2/m
(monocllnlc) symmetry. | The monoclinic’ cryital'system was conflrmed by .
lnspectlon of axnal w-oscillation photographs, which displayed a mlrror
plane with respect to only the b* rectproca] lattice axls. Observed
layer line spacings.were within experimental error to those pfedicted
for this cell. A least-squéres refinement of the lattice constantg22

based on the precise +26 measurements of 12 strong independent reflections

- on a previously aligned four-circle diffractometer (Mo Ko graphite-

monochromated radiation, A = 0.7095k R), yielded a = 10.975(3),
b =9.335(2), c = 13.702(k) R, and B = 102.84(4)°.

.,Collection and Reduction of X-ray Intensity Data Data were

collected at room temperature on-.an automated four-circle diffractometer
designed and built in this Iaboratory.23 The diffractometer is interfaced
to a PDP-15 computer in a time-sharing mode and is equipped with a

scintillation counter. Graphite-monochromated Mo Ko radiation was used
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f
for data»collection%

All data (2209% reflections) within.-a 20 sphere of 45° ((sin6)/A =
0.539 R—l) in the hk?hépd hk2 6etants were MéaSured via an w-scan data
collection mode,Ausihg a take-off angle of 4;50. |

As a general check on electronic and érystal stébi1ity, the
intensities of three standard reflections were remeasured‘every 75
refiections.. These standard reflections were not' observed to vary
significantly thfoughout the entire dafa collection period. Examination
of the data revealed systematic absences of the hO% reflections fof
2=2n+1 and 0kO refleétioné for k=2n+1, thus uhiduely defiqing the spécé
groub as P21/c. A B ‘ | _ ' e

"The intensity data were corrected for Lorentz-po]atigation effects

.

and, since the minimum and maximum transﬁ?ssion”facf6fs differed by less
than 5% for p = 0.49:cm-1, no absorption éorreqt?bn was méde.,/The
estimated variance in-each intensity was calculated by o

) ; , -

— V ’ 2 ‘. ‘\\‘\
g, = Cp +.20; + (0.03. CT) + (0.03 Cq

2/_/_
)
where CT and CB repfésent the total count and background count, respec-
tively, and the factor 0.03 represents an estimate of non-statisticaf
errors. The estimated deviations in the structure factors were calculated
by the finite-difference method. Equivalent zone data were averaged

and only thoSe'réflections‘for whichFo>20FO were retained for structural

refinement. There were consequently 1512 independent‘reflectioné used

in Subsequent.calculations}

TR e U N
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."éolution and Refinement
The.program MULTAN9"was used to assiQﬁ phéses té ;be 300 largest'
)E]va]ues; The E;map]o result!ng from the solution set correSPOndiﬁg té
the best fnghe of merit unambiguously revealed the positions of 12 non-
hyarogen atoms. The remaining afoﬁs were found by succeégive structure
factdr]1 and electron density hap calculations. Methyl- hydrogen =

ambiéuities were resélved by reffning two sets of methyl hydrbgens for

~each methyl carbon. The sets were displaced by 60° and were each

»aésigned half oc;upancy.'
In éddjtion to positional parameters for all atoms, the aﬁisotropic

thermal parametérs for all ﬁon-hydrogen atoms were refined by a full-

matrix'least-squareﬁ procedure,lj

where w =‘l/0§, tb é conventional discrepancy“factor of R =

£||Fo| - |Fc|2/|Fo| = 0.071. Analysis of the weights (w) was performed

via a requirement that w(|Fo] - ch])2 should be a constant function of

|F6|.and (sine)/lflg . Accqrdingly; ihspection.of the weighting scheme
fndicated that the reflections at very lTow as wél! as very high (sine)/k
valueé were somewhat overweighted, and the wéigﬁts were subsequently
adjusted. Sévgﬁ strong;.low-angle'reflections exhibited secondary
extinctioﬁ-effects.and were remové& %rom the dafa set. Suécessi&e' ‘
i&eraiions of refinemgnt on the 1505 reméihing'reerCtlons'produced

convergence to R = 0.066 and R, = 0.077, whére:Rw =

AZw(|Fol - !Fcl)z/ZwIFolzli. The scattering'factors'usgd‘for non=-

hydrogen atoms were those of Hénson-gg_gl.,]3 modified fdr the real and

imaginary parts of anomalous dispersion.]h The hydrogen scattering

TR e £
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factors were those of Stewart et 1.24 . ' ' ok

AT P

The final positional and thermal parameters are listed in Table 7.

SN

The standard deviations were calculated from the inverse matrix of the

SliE g
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final least-squares cycle. A list of observed and calculated structure

v

S e

factor amplitudes is provided in Table 8.

. ' ' : Deécriptibn and Discu;sion
A stereographic view of am}dithion depicting SO%.probability
ellipsoids is provided in Fiéure 415' and interatomic distances and
anglesl6 are listed in fable 9. lntramo{ecular bond distances and

angles are in good agreement with those reported previously in thd

T e o e R AR e

literature.

T

As has been observed in prior crystal structure analyses of organo-

2,18,21

phosphorus insecticides, the geometry about the phosphorus can

i Bl S

be .described as a distorted tetrahedron. In particular, the angles
involving the doubly-bonded sulfur, S(1), with the methoxy éxygens are

] ~ . .
both approximately 9° greater than tetrahedral, while the (methoxy-oxygen)-

0 I .
phosphorus-(methoxy-oxygén) angle is reduced to 95.4(2)°%. These results

parallel those found in %he'analyses cited above and in particular are
21

in good agreement with the results for azinphos-methyl where the ;
latter angle was found to-be 94.3(7)°. y
Results of a CNDO Il molecular orbital calculation?® indicate two f

of the most probable positive centers in addition to the phosphorus are

C(2) and H (cf. Figure 5). The solid state P-C(2) and P-H distances .

are 3.91(1) and h.24(2) R, respectively.' It should also be noted that

:
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Table 7. Flhal atom positional” and thermal” parameters . .
. ;
Atom  x - v ! z 811 822 833 852 B13 f23
s1 T 3568(2)° 6872(2) 5143(1)  161(2) 248(3) 126(1)-  -49(2) 81(1) -61(2)
s2 2360(1) 5397(1) 6B835(1)  140(2) 108(2)  1831) 15(1) 62(1) -2(1) . ;
P ' 2678(1) 7277(1) 6159(1) 95(1) 128(2) 80(1) -9(1) 2u(1) -14(1) :
OHel 1399(3) 808u(4) 5847(3) - 121(4) 215(86) 87(3) 36(4) 22(3) 18(3) . -,
OMe2  3277(3) 8362(4) . 6996(3)  118(4) 169(5) 99(3) -26(8) 23(3) . -33(3)
OMe3  -2558(%) 8192(4) 5839(3)  177(5) 128(5)  96(3)  -2r(4)  -17(3) (3 . o .
0 -211(3) 4341(3) 7064(3)  129(4) 95(5)  119(3) -5(3) 1) -uP C
N 75104y L6612(4) 7318(3)  112(4) 92(5)  93(3) (%) 20(3) 9(3)
c1 1822(5) ° 5985(6) 7697(%)  112(5) 133(7) 71(3) -3(5) 134 i 1(49)
ce 73(%) 5574(%) . l7326(3) 118(5) 95(6) 59(3) 4(s) 15(3) 19(3) ;:
€3 -2100(5)  6385(6)  7027(5) 107(6)-  131(7) 133(6) 55 35 25(5) ‘h
" cu ‘-2638(6) 6723(6) 5969(5) 101(6) - 124(7) 119(5) -15(5) () -17(5) ,
Chel 428(7) © 7535(15) 5047¢6) 113(7) 504(25)  77(5) -3(11) ~2(5) 30(10) : !J
CMe2 u563(7) 8270(14) 7499(9)  130(8) 370(22) 143(9) -36(11) -8(6) -107(12) "
CMe3  -3123(10) 8626(12) 4856(7)  217(12) 290(18) -109(7) -49(12)  -27(8) . 50(9) - {E
HiC1 154(4) 709(6) 778(%) 2
H2C1 T 175(4) 539(5) 830(%) v
H1C3  -250(4) © 703(5) 756(4) g :
H2C3 -228(4) 532(6) °  710(3) g‘
Hich -338(5) €43(6) 587(4) , )% )
Hack -216(5) . ;.613(6) 558(3) , . é: .
HlMel -30(14) 830(14) °  497(11) )
H2Mel 10(11) 652(14) 539(9) ‘( .
H3Mel 87(12) 741(13) ak1(9) i
HWMel  70(12)  678(12)  452(11) ‘5‘
) HSMel  -50(10) 762(12) 539(A) E .
HéMel . 15(13)  812(13) 456(10) 3
HlMe2  479(20) 938(12) 760(9)
H2Me2 454(11) 788(15) 825(11) . :
H3Me2  505(10) 761(14) 719(9) P ‘
HuMe2  160(10)  T11(12) 766(8) j
HSMe2  461(11) 881(15) .. 807(10) ’ o ' o T
‘HeMez  505(10)  842013)  683(8) . A SR
dimes  -32108)  iolk(12)  89(8)
2 © HoMe3  -426(10)  810(12)  4B7(7) i
HiMes  ~238(9) 801(10) 43T i
HiMe3  -328(11)  788(12) . 425(9) 4
HSMe3 -387(13)  S03(1%)  499(9) ¢
HéMe3  -283(10) 927(13) 459(8) ,?
H S aursy | aTe) 0704) - '
%The positional parameters for .11 non-hydrogen atoms are presented in fracticnal unit 5
.cell coordinates (x 10").’ Positionul parameters for hydrogen atama ara (x 103). ;:
. Atoms HlMel through H6Mel have been assigned hqlr multiplicity. ' : i',
PTne ‘g, are d:!‘inco byi T expl-(h%eyy ¢ k%8, ¢ 128, ¢ 2nus,; ¢ 2ntg)y 2618,
and are {x 10 ). An isotropic thermal parameter of 2.5 was assigned for all hydrogen atoms. _?.A
; o ' °In this and succeeding tables, estimated standard 'devianons are given in parentheses for . T ’
the least significant figures. ! ‘
[ .
I <
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Table 8. Observed and calculated structure factor amplitudes
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Figure 4.

Stereographic view of a
In this and succeeding

midithion with hydrogen atoms omitted
drawings 50% probability ellipsoids are de

picted
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Table 9. Bond distances (R) and angleé (°) for amidithion

34 -

P-5 (1)
P-s{2) .

P-OMe (1)

 P-OMe(2)

s(2)-c(1)
c(1)~-c(2)
c(2)-0

c(1)-N ,'

€(3)-N .

P-s(2)-c(1)
S(1)-P-s(2)
's(i)-P-oMe(l)
- S(1)-P-0Me(2)
S(2)-P-0Me (1)

',S(Z)-P-OMe‘Z)

OMe (1)-P-0Me(2) -

P-OMe (1) -CMe (1)

Distances

1.908(2)

27050(2)

- 1.566(4)

1.562(4).
1.816(6)

1.504(7)

1.228(5)
1.323(6)

1.466(7)

Angles

102.3(2)

,loj.o(l)

'11%.0(2)

Tlﬁ.6(g)
107.6(2)
168.6(2)
95.4(2)
120.2(6)

c(3)-c(4)

C(4)-0Me (3)

CM¢(1)~OMe(1)
Che (2) -OMe (2)

CMe (3) -OMe (3)

P-C(2)

P-H

P-C(3)

p-c(h)

P-OMe(Z)

c(h)-OMe(B)-CMe(3)

C(2)-N-C(3)
s(2)-c(1)-c(2)
c(1)-c(2)-0
0-c(2)-N
N-C(3)-C(4)

C(3) -C(4) -OMe (3)

1.481(9)

1.388(6)

- 1.442(8)

1.429(8)

1.412(9)

3.910(10)

L 24(2)

5.696(6)
5.805(7)

121

112

121

120

123

112.

109

.7(5)
.2(6)
7(4)
.2(4)
.S(h)'
;3(5) .

L(5)

.7(5)




Figure 5¥4

Partial charge dens.ities obtained from-CNDO‘II molecular orbital calculations
for amidithion . ' .
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the.P-C(3) and P4C(4) distances are 5.696(6) and 5.805(7)'2,
reépectively,*a]fhouéh fhese‘are fess ifke!y candidates for enzyme
binding, The P;C(Z) and P-H distances are both significaqtly.shorter
than the'correspondinglsd1id-state separatibn observed in azinphos-
methyl (4 83(2) R). When autotoxacosns through |nh|b|tnon of acetyl-
:Achol|nesterase (AChE) by organophosphorus lnSeCthldeS is consndered

;t is useful to recall that the nitrogen to carbonyl carbon distance in
acetylcholine is estimated af §.7‘R 3. when the molecule is in a proper
conflguratlon to react with bovine’ erythrocyte AChE. 'Frdm a seried of
exber:ments carried out by Hollingworth et al, . however,.lt was concluded
that the distance between the anionic and esteratic centers pf fly head
AChE may,be as mdch‘és 1R greatef than that fh the mammaliaﬁ.enzymei

In émidifhidn'tﬁe priméry positive center éeparations appear to be too
small for most eff?cient bindihg fo the enzyme. Therefore on the bésis_A
of configurations found in the solid state, it wou]d appear that |
amidithion would be Iesd effectlve.than azinphos-methyl in the mammallan

'systems, assuming that in vivo transport properties are similar and that

the inhibitfon of AChE is the primary toxic modé,‘ EXamina;ion of. the
mamma | ian LDSO's %or azinphos-methyl and amidithion supports this.
hypothesis;'idg. LDSO (azidphos-methl) 16 LDSO (amidith?on) =

L20 mg/kg.5 However we redognize that this distance argumenf would also
.sugéest thdt the amidithiod molecule Qould'be significantly less
'gffective in insect systems, unless tﬁe edzyme interaction with the

methylene carbons, C(3) or C(4) are more important than we have assumed.
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i An examination of'intramolecular.interactions indicates that thé
i 'oriéntatfon of the phogphaée'groupirelative to the resé gf the molecule
is not neéessarily fixed. If one were to allow free rotation gbout-the'
€c(1)-s5(2) bond, the molecule'could attain.maximum-positive center
"séparatiOES'df'approxjmate]y'h.7'R for P-C(2) and 5.5 & fo; P-H. How-
ever the foe&tation of the plénar segment'of the organic mofefy would |
change and its orientation relative té the phosphaté group may be
‘important. For example, if one calcﬁ]a&es the angle between the normal
to the plane of the ring gystem and the P=0 or P=S bond in ronngi,
‘co}oxonjs'and azinphos-methyl,21 fhe following resulfs are obtéined:
23;67, 38;45, and 23,900, regpectively. In the first two.caées in
particular, intramQ]eCQ]ar interactionsvfend to dictate'these angles
and therefore one'cén assume that they.willunét éhange greatly when the -
_moieties are insolution. In am[dithion, if one assumes bonding '
“déloca]izétionAeffects are operative, then C(1), €(2), 0, N, and H
should define a‘planey and in&eed the'greatest‘deviatEOn from the least-
squares p]éne defined by these atoms fs 0.003 R. Moreover, for fhe

solid-state configuration found, the angle between this plane and the

previous studi;s. If the orienté;ion of thevphOSphate group relatiye

to the planar segment .of the oréahic_moiefy is an important topographical
factor In the blndlng of the insecticide to the enzyme, it may be
rea;onable to assume that the site separatioﬁs found for amidithion in

the solid state are valid parameters in the consideration of effec-

tiveness.

one normal to the P=S(1) bond is 23;460, well within the range found in
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As discussed pr'eviously21 there may also exist a re]ationship

; . between effectiveﬁesé-and the partial charge dénsity.on tﬁe phosphorué
atom. The.charge on the phosphorus atom of amidithion'obtéined from
CNDO !! molecular orbital CaTculation529 is +j.063 e (cf. F{gure 5).
‘This valué‘is.approximately equ}Qalent to that fof azinpﬁos-methyl,

‘anq conSEquéntly, no combarafive argumenﬁ for ;hérge densffy on phos:
phéfus vérsus7inseétiéide effeétivéneés‘éan'be maaé based on these
parameters alone. |

As noted above, amidithion‘is approximately twenty-five.times fess

“toxic in mammalian systems than is azinphog-methyl, A cbmpa?ison-of
solid-state sfructural feétures has yielded some supportive evidencé to
the_corrélations betwegnieffecfivenesé and positive center sepérations;
and to gross tdpégraphfcal featu}es, parpiduiaf!y if one assumes a
preferred orientation of the planar section of the organic moiety

'relative.to the phospﬁate group. Such a comparison, however, has been
inconclusive regarding.tﬁe.fmportahce of partial.charge densifies. it
appearé that future structural wo;k should intlude further invéstigation§
as to orientatiénal effects and also the ;tﬁdy o% an inéecticide with an
LDSo two orders of maénitude greater than azinphos-methyl. |

/
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- THE CRYSTAL AND MOLECULAR STRUCTURE OF

" TETRACHLORV INPHOS

lntroduction
"Pfevious'crystal structure énaiyges of organophosphorus’ insecticides
have a?temptéd to outline pOSsibie structural and électroqic-features of -
inSectfcide mole;ules thch'may be important factors when con;i@ering
their toxicity.2’18’21’25 Asfhaé been discussed, the ubiquitous or
spec}fic effectiveness of 5 particular insecticide may depend on its
ability to accommodate a range of esteratic-anionic site separatibné
in various acetylﬁholinestérasg'(AChE) enzymés. In addition, .the
"effectiQene$§ hay}be related to the rélatfve charge densities on the :
corresbondihglsitgé of the insecticide that qould be involved in-enzyme
bindingLZI. Finally, gross topographical feature§ of the lnsecticide
molécu]es may also.be imﬁbrtant in requlating toxicity.
It is of interest.to compare such'mo]gcular features~among insec-
~ ticides exhibiting,varying degrees of toxic‘effeétiveness. Since our

previous studies héve included azinphos-methy], LD5 = 16 mg/kg, and

0

amidithibn, LD50 = 420 mj/kg, we decided to carry out a crystal
Ls;rdetural investigation of tetraéhldrvinphos,A2-ch]oro-l-(2,h,5-
trichlorophenyl)vinyi;dimethylphdsbhate} (H3CO)2P02CéH3C24. It has an
LDéb of hOOOfmg/kgs and its strutturé determiﬁaflqn shuuld provide

‘parameters useful for comparison to its more toxic counterparts.
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: Experimental

" Crystal Data A .sample of

tetraéh]érvinphos was kindly supplied
by the Pesticide§ and Tox}c‘Substances Effects Laboratory,.U.S.E.P;A.,
Research Triangle Park; N.C. A nearly sphérfcal crystal of‘radius 0.18 mm
was mounted on a glass fiber with Duco cement.and subsequentiy attached

to a standérd gonlometer head. From five preliminary w-osciilatioﬁ

photographs taken on an automated four-circle X-ray diffractometer at

various X and ¢ settings, only seven reflections of significant intensity

were observed and their coordinates were input to the automatic indexing
program ALICE.6 In spite of the crystal's poor diffraction charac-
teristics, tﬁese seven ref[eétions yielded a good cell and intensity

data wére.§ub5equently collected using this crystal. '

| The resulting reduced cell and reduced ceil scalars indicated a
triclinic crystal system.’ Iﬁspection-bf the axial w-éscil]atipn,phbto—_
'graphs.verified, within éxéerimental errgr,.the layer line_spacings
bredicted féf this cell by the autoﬁatic indexing program. A least-

squares refinement of the lattice constants

based on the *26 measure-
ments of thirteen moderately strong independent reflections on a

previbdsly aligned four-circle difffactometer (Mo Ka graphite

= 14.023(4), b = |
15.088(5), ¢ = 6.930(2) R, .a'= 93.94(2), B = 90.29(4), and v = 98.97(4)°.

Collection and Reductlon of X-ray Intensity Data

monochromated X-radiatfdn;'k = 0.70954’2), yie]aéd a

Data were

collected at room temperature on an automated four-circle diffractometer

designed and built in this laboratory. The diffractometer is interfaced

to a PDP-15 .computer in a ‘time-sharing mode and .is equipped with a
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scintillation counter.% Graphite monochromated Mo Ka X-radiation was
used for data collectlon
All data w1th|n a 26 sphere of 45° ((snne)/k 0.539" R in the .

hk2, hke, hkl, and hk% octants were measured via an w—scen data'co]lection.

technique, using a take-off angle of 4.5°.. There were 3429 reflections

measured yielding 1689 independent observed (|F_ | > 30, ) reflections

. o
which were used in subsequent calculations. The relatively rapid decrease

in intensity with sin8/X and the'relatively small number of observed -
reflections ineicated that soﬁe.disordering in the.solid state miéht be-
a strong possibility. |

As a genera] .check on electronlc and crystal stablllty, the
intensities of six standard reflections were remeasured every 75 reflec-
tions. These standard reflections were not observed to vary sngnlflcantIY

throughout the entire data collection'period. The intensity data were

"corrected for Lorentz-polarization effects,.and since the minimum and
maximum transmission factors differed by less than 5% for a nearly

'spherical crystal with pR = 0.16, no absorption correction was.made.

The estimated variance in each intensity was calculated by

2 o 2 2
0" = Cp + Klg + (0.03 €;)° + (0.03 Cp)
where'CT,'Kt, anAdACB represent. the total couﬁt, a counting time.faetor,

and the background count, respectively, and the factor 0.03 represenfs

.an estimate of non-statfstica] errors. The estimated deviations in the

structure factors were Ealculated'by the finite-difference method.
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SolLtion-aﬁd Refinement
Baséd on:examinaéion éffthe Howelis, Ph}llfps, and Roge;s (1950)
statistical test forja cenéer of symmetry,26 the space group was assumed
to be P1. From the volume of the §e1] (1445 33) it was apparent that
there werevfour molecules per cell, 'i.e. two molecules per asymmetric
unif;“ Conygntional Patterson techniques, as well as the direct methods
9 A

procedure of Main et al;,

— —

proved unsuccessful In elucidating the struc-
ture. A direct methods computer.pfqgram package written by.

Or. F. Takusagawa,27 formerly of this laboratofy; was subsequently

employed in -the solution of the structure. From a list of cal;uléted
|E|'s,'a basis set of nine fefleétions with large. E-values was selected.
Three reflections were chosen to defﬁne aniorigiﬁ_and the signé of the
other six were systematiéally varied. This yielded 64 starting sets as
input to the ZZ'phasé extension algorithm; Thelstarting get yieldihé the -
best.figures of merit is presented in Table 10. The E-r.nap]0 reSplting
from the solution set of 418 large-]El;s unambiguodsly revealed the
positions af 11 atoms in molecule (A) and 16 atoms in molecule (B). The
remaining atoms were found by successive structure factor11 and'electron
density mép calculations. The positioﬁs'bf the vinyl and phenyl'hydrogen
atoms were obtained from differehqé gfectron dénsity map calculations.’
The methyl hydrogen positions Qere}apprOXimated by two sets of methyl
hydrogens for each methyl carbon atom. The sets were displaced by 600
“and were each éssigned half—multiplfcity.
| In ‘addition to positional parametérs for all atoms, the anisotropic

“thermal paramétérs for ail non-hydfogen atoms were refined by a full-matrix
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Table 10 . Starting set of E's yielding the:
_best solution

h -k L . E-value " Sign

ek

.39 . +
L34 +
.06 +

.32 . -

©
~
w
[iY
N N T S -
”Eﬁ@@*ﬁﬁﬂ@ﬁﬁﬂﬁTﬁm$ﬂﬁﬁﬁ? RN

13 -
.52 -

1 0. . 3.y . -

[N
O
w
W

-3 -3 2.93 = +
2 4 4 2.77 +

aOrigin defining reflections
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least-squares proceduré,ll minimizing the function.Zw(jF lv- IFCI)
where w = 1/0F ,_to a conventlonal discrepancy factor of

= ZIIFOI IF II/Z]F ] 0.138. Disorder of some of ‘the atoms in oﬁe
phosphate group, P(A), was evident. In order to partially account for T
fhf§ disordef,extrabatoms-were included arouna the phosphorus and
occupancy %actors of less than unjty'utilized. Analysis of the weights'
(Q) was performed via a requirement Ehat w(]For - lFC])z’shouId be a’
cons?ant funcfion of I#OI and‘(sine)/k.]2 Sﬁch analysis indicated ihat
reflections at high (sin8)/) values were somewhat overweighted, and the
weights were subsequently adjusted7 No extinction effects were noted.
Succesgive iterations of'refiﬁement produced convergence to R = 0.123.
: Tﬁe rather hiéh R-value is a direct resylt of‘the disorderiﬁg. The rapid‘
fall-off in intensities.with sinb/A is also a manifestation of thjs
disorder. In fact, if only data with 26 < 30%are included In the
reflnement, convergence with R = 0. 088 is obtatned The scattering

13

factors used for non-hydrogen atoms were those of Hanson et al.,

modified for the real and imaginary parts of anomalous dispersion._1

The hydrogen scattering factors were those'of Stewart t I.ZA

The f:nal posntlonal and thermal parameters are listed in
Tables 11, 12, and 13 The s;aqdard deviations were ca]culafed_from'
the inverse matrlx of the final least-squares cycle. In addition,
the muitfplicities (occﬁpancy factors) for atoms in the disordered
, phogphafe group of molecﬁle (A) arevalso given in Table 11.  A.Ffsting
"of obsnged and calculated structure factor ampl i'tudes ig provided in

Table 14,
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Table 11. Final nod—hydfogen atom positional parameters (x 10°)
and multiplicities
“Atom Multiplicity X y’ z
ce(1A) 1.0 667(5)° 9114 (4) 7008 (10)
Ce(2A) 1.0 1120(5) 7400 (4) 612(8) "
C2(3A) 1.0 116(5) 3952 (4) 1828(9)
Co(bA) . 1.0 "1296(5) LLLe (4) 6358(9)
P(A) 1.0 3156(4) 8391 (4) 5473(10)
0(1A) 0.601 3112(20) 7934 (20) 7406 (36)
0(2A) 1.0 2126(9) 8381(9) 4560(19)
OMe (1A) 0.644 3552(16) 9418(16) 5560(35)
OMe(2A) 0.568 3730(17) 7929(19) 3955(46)
0(1A") 0.486 . 3330(22) 7572 (24) 6053 (47)
OM(1A") 0.351 3235(31) 9148(34) 7299(74)
OM(2A"') 0.426 3883(26) 8854 (25) 3892(51)
CMe(1A) 0.895 3299(30) 10045(27) 6989(60)
.CMe(2A) 1.020 3895(27) 8287(23) 2048(39)
C(1A) 1.0 609(16) 8003(15) 6011(27)
C(2A) 1.0 1382(15) 7784(15) - 4977 (2h)
C(3A) " 1.0 1274(12) 6867(13) 4211(25)
C (L4A) 1.0 1241(12) 6576(13) 2225(27)
C (5A) 1.0 1160(14) 5713(15) 1529(33)
C(6A) 1.0 1198(16) 5026 (14) 2687(30)
C(7A) 1.0 1259(13) 5271(14) 4761(30).
C(8A) - 1.0 1337(15) 6191(13) 5479(34)
- cg(18) 1.0 5663(5) 9021(5) 7398(11)
€2(28) 1.0 6257(5) 7292(5) 13297(9)
" C2(3B) 1.0 6424 (5) 3894 (4) 10945(9)
CL(4B) 1.0 6231(5) 4364 (4) . 6549(9)
1.0 8123 (4) 8374 (4) 8927(9)
0(18) 1.0 8124(12) 7990(11) 6955(19)
0(28) 1.0 7031(9) 8299(9) 9768(18)
OMe (1B) 1.0 8681(12) 7870(12)  10355(27)
‘OMe (2B) 1.0 8536(10) 9378(9) 9Lk20(21)
CMe (1B) 1.0 8815(27) 8153(26) 12504 (39)
CMe (28B) 1.0 8290(26) 10039(26) - 8076(58) .
c(ig) - 1.0 15571(19) 7917(16) 8027(32)
C(28). 1.0 6252 (15) 7688(13) 9004 (27)
€(38) 1.0 6311(13) 6749(14) 9511(30) .
C(48) 1.0 6331(16) 6493(15) 11416(28)
C(58) 1.0 6315(15) 5631(13) 11886 (30)
- C(6B) 1.0 6329(15) '5006(15) 10375(38)
C(78) 1.0 6253(15) . 5188(17) 8394(36)
€(88) 1.0 6241(17) - 6063(17) 8000(38)

%n this and_suéceeding tables, estimated standard deviations
are given in parentheses for the least significant figures and M=Me.



Table 12. Final non-hydrogen atom thermal pafameters (x 10“)3

Aton ' B

11 Ba2 B33 B2 813' B23
CL(1A) 95(5) 70 (4) . 431(22) 13(3) Ls5(8) - -28(7)
ce(2a) - 128(5) 68(4) 220(16) 16(4) - -9(7) .- 26(6)
C2(3A) 115(5) 58(4) 378(21) - 11(3) 27(8) 2(7)
Co(4A) 110(5) 73 (4) 314(18) 21(4) - -7(7]) . ©49(7)
PA 70(4) ~  60(4) 301(18) 7(3) -8(7) 20(6) L
0(1A) - 91(16) 81(12) 351(40) 3(10) 9(17) 60(20)
0(2A) 68(9) 58(9) L2h0(37) - -17(7) 25(15) 31 (14)
OMe (1A) 90(14) - - 70(11) 296 (30) -25(10) . 4(16) 58(16)
OMe (ZA) 62(12) 64(11) 496 (53) 22(10) . 6(20) -90(19)
0(1AY) 88(13) 97(11) 229(36) . 7(10) 38(16) " 109(15)

"OM(1AY) 85(13) 74(12) 340(50) 12(11) 3(20) - 11(19) :
OM(2A')  86(1k4) 74{13) 287(45) -2(10) 22(18) "-27(18) 5
CMe(1A) 74(24) 91(28)  436(68) 16(20) ~47(30) -105(32)

CMe (2A) 106 (23) 126(16) 231(88) 48(18) 3(38) 22(34)
C(1A) 67(15) 59(13) 221(56) . L(11) -5(22) 18(21)
C(2A) . -9%(18) 75(16) 119(50) L7(13) - 27(23) 20(22)
C(3A) L6 (12) 71(14) 149(sh4) 22(10) 29(19) - -8(22)
C(4A)y - 43(12) 7 51(12) . 263(62) -1(9) 15(20) - 69(23)
C(5A) 63{14) §1(13) -339(68) -7(10) 63(24) -26(23)
C(6A) 90(17) - s54(1k) 305(71) 25(12)  34(16) 50(25)
c(7n) 80(16) 69(15) 239(62) 20(12) -8(24) 98(25)
c(8A) © 59(13) 48(13) 269(61) -12(10) 43(22) 4o (22)

S ce(1B) . 106(5) 70(4) 473(23) g(4) . -25(8) . 72(8)
ce(28) 147(6) 77(4) - 241(17) 18 (4) 45(8) 11(6)
c2(38) 118(5) 61(4) 373(20) 21(3) . 4o(8) h6(7)
Cca(4B) 115(5) 69 (4) 281(17) 15(4) 15(7) -17(6)

-.PB 77(5) 65(4) 243(17) 1ANE) R 1) N 15(6)

0(18) 124(13) 91(11) ~ 156(37) 8(9) 51(16) -32(15)
0(28) . 62(9) 68(9) 1250(38) - 16(7) 21(14) 22(14)
aThe'Bij are defired by: T = exp{-(h281l + k2822:+ 228 + thB]é + 2h£813 + ngB' )}

P33 e ah
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Table 12 (Continued).

95(19)

350(78)

Atom B11 B2 B33 B12 B13 . Ba3
OMe (18) 104(12) 79.(11) k14(53) 41(9)- -26(20) -14(15)
OMe (28B) 97(11) 57(9) - 269(40) .~18(8) ~6(16) 9(33)
CMe(18B) 140 (24) 161(27) 166 (66) 21(20) 23(30) 99(31)
CMe (2B) 135(23) 72(17) 432(86) 14(16) 5(34) " 30(26)
c(18) 87(18) 84(17) 279(69) 27(14) 1(27) - - -42(22)
C(28) 61(15) 56(13) - 237(60) -12(11) 26(22) 3(25)
c(3B} "51(13)___  65(15) . 316(71) 25(11). -20(23). -9(21)
C(4B} 115(19) 56(14) 142 (54) 11(12) -28(24) 21(22)
(58} 89(16) - 50(13)  202(58) 1(11) 61(24) -2(25)

()} .65(15) 55(14). 354(75) . 19(11) -28(25) 14(23)
- ¢(78} 66(15) 71(15) 208(58) C1h(11) 14(22) 76 (29)
c(8s} 75(17) 26(14) 9(29) - -

8%

A i




Table 13. Final hydrogen atom positional parameters (x 10

. l‘9

3)3

H(158)

Atom Multiplicity. X Y Z

H(1A) 1.0 -1.(13) 783(12) 659(26)
H(2A) 1.0 129(12) - 545(12) - -18(26)
H(3A) 1.0 112(12) 615(12) 693(27)

"~ H(4A) 0.5 487(32) 853(27) 299(60)
H(5A) 0.5 426(33) 814(26) 181(58)
H(6A) 0.5 316 (24) 796(23) ~73(55)
H(7A) . 0.5 356(24) 677(23) -56(51)
H(8A) 0.5 397(26) 892(26) 209(55)
H(9A) 0.5 351(29) 808 (24) 19(54)
H(10A) 0.5 421(32) 1000(28) 769(55)
H(11A) . 0.5 379(31) 1032(32) 811(59)
H(12A) 0.5. 285(33) 1053(29) 656(63)
H(13A) 0.5 274(25) 966(23) 707 (49)
H(14A) 0.5° 386(31) 958(30) 756(65)
H(15A) 0.5 368(37) 1098(36) 688(70)

H(18B) 1.0 490(13) 769(12) . 706(26)
H(2B) 1.0 604 (12) 540(12) 1359(27)
.H(38B) 1.0 634(12) 606(12) 655(28)
H(48) 0.5 900(32) 895(25) 1280(66) -

© H(58) 0.5 821(25) 863(24) 1370(55)
H(6B) 0.5 938(28)  859(25) 1300(55)

- H(78) 0.5 923(26) 717(24) 1310(51)
H(88) 0.5 864(27) 733(28) 1337(52)
H(98B) 0.5 896(26) 814(27) 1173(63) -

. H(108) 0.5 881(26) - 1042(30) ~~ 956(70)

" H(118) 0.5 759(25) 1057(25) 855(52)

~ H(12B) 0.5. 914(29) 1005(26) . 715(60)
H(13B) 0.5 735(25) - 996(24) . 702(51)
H(14B) 0.5 - 844 (28) 1096 (26) 879(60)

?.5 962(15) 1024(23) 675 (49)

a . .
An isotropic

all hydrogen atoms .

thermal parameter of 2.5 was assigned to

-
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Table 14. Observed
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Descriptfon and Discussion

Selected jntefatomic distanées and angfesl6 ére‘listed in Tables
15 and 16, respectively, and they are'fn favérable agreement with those
reﬁorted preQiously.in the literature. The preéence'of two molecules .
" in the asymmetric unit affords.an excellent opportunity to evalqate
the effects of packing fo}ces on the configuratipns'found-for the
molecule. As has already been noted, packing forces are differgnt enough
to aliow‘disordéring of one phoﬁphate group but not tﬁe other. However
éxamination of Tables 15.$nd'16 shows that disgances and angles in‘molecu]e
(A) agree with those found for molecule (B) to 50 or begtef. Also the
éorrésponding dihedral:angles between various planes in both molecules
agree to witﬁin.3.ho (Téblg 17):implyihglthat the equilibrium molecular
.configuration is relatively-unpertu}bed by solid state effects.' Since
moiecule (B) was less affected by-disorder, it will be used as
representative of the molecular configuration for the majo}}ty of tﬁe
discussion. A view of the tetrachlorvinphos molecule (B) depicting 50%
probability ellipsoids]5 is provfded in Figure 6, and:a unif cell |
stereograph containing both moleculés (A) and (B) is provided in Figure-7.

Thg-geometry about the phoSphorus atom appéars fo be somewhat
| distorted from tetrahedral as hés been observed in prior crystal structure
analyses of pfganophosphorﬁé InSectiéides.z’]8’21’25 Aln particular, ‘
the angles involving the doubly-bonded oxygen (0(1)) with the-mekhoxy
oxygens (OMe(1) and OMe(2)) are apbroximately 3% to 10° greater than
tetrahedral (cf. Table 16). Reduction éf.the (mgthoky-oxygen)‘phosphorus-

(methoxy-oxygen) angle, however, is to 105(2)°, compared to 95.‘4(2)o for:




Table 15. lntefatomiq,distéhces (R) for tetrachlorvinphos

CL(1A)~C (1A)
CR(2A)-C (4A)
C2(3A) -C (6A)
CL(4A)-C(7A)
PA-0(1A)
PA-0(1A')

- PA-0(2A)

PA-OMe (1A)
PA-OM(1A')
PA-OMe (2A)
PA-OM(2A")
OMe(1A) ~CMe (1A)

cL(18)-c(18B)
c%(28)-C (48)
C2(3B)-C(6B)

~ ca(uB)-c(78)

PB-0(1B)
PB-0(28) -

~ PB-OMe (18)
' PB-0OMe (28B)

OMe (1B) -CMe (18B)

. OMe(28B) -CMe (28)

B .

-

~ Molecule (A)

.76(2)
.75(2)
.67(2)
.73(2)
.55(2)
.38(3)
.57(1)
.56(2)
L6L(5)
.52(2)
.62(h)
J41(h)

OM(1A') -CMe (1A) -
~ OMe (2A) -CMe (2A)
OM(2A ') -CMe (2A)

0(2A) -C (2A)
c(lA)-g(zA)
€ (2A)-C(3A)

- C(3A)-C(4A)

C(3A)-C(8A)
C(4A)-C(5A)
C(5A) -C(6A)
C(6A)-C(7A)
C(7A)-C(8A)

Molecule (B)

Jh(2)
.73(2)
.77(2)
.72(3)
A5(1) -
.63(1)
.56(2)
.55(1)
.52(3)
.49(3)

‘O(ZB)-C(ZBj.

c(18)-C(28)
c(28)-c(3B)

- €(38)-C(4B)

c(38)-c(88)

- (4B) -C(58B)

c(5B)-c(68)

¢(6B)-C(78) .
€(78)-c(88)

. .

.37(6)
47(4)
g (4)
.31(2)
.37(3)
.43(3)
41 (2)
ho(3)
34(2)
.36(3)
L6(3)
43(3)

.39(2)
.27(3)
.50(3)
40 (3)
41(3)
.36(3) .
.36(3)
42(3)
.37(3)
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Table 16. Bond angles (degrees) for tetrachlorvinphos 3
. £
) Molecule A . - 1
0(1A) -PA-0(2A) 112(1) PA-OM(2A') -CMe (2A) 113(3) )
0(1A) -PA-OMe (1A) 117(1) .. CL(1A)-C(1A)-H(1A) - 91(11) 3
0(1A) -PA-OM(1A") 70(2) ce(1A)-c(1a)-C(2A) ~ 118(2) s
0(1A) -PA-OMe(2A) - 112(2) 0(2A)-C(2A) -C(1A) 123(2) :
0(1A) -PA-OM(2A") 144(2) C(1A)-C(2A)-C(3A) - 115(2) 2
"0(1A')-PA-0(2A) . 115(1) ~c(2n)-c(3A)-C(LA)  126(2) b
. 0(1A')-PA-OMe(1A) 144 (2) ’ C(2A)-C(3A)-C(8A) 119(2) g
0(1A')-PA-OM(1A") 111(2) CL(2A) -C(L4A) -C(3A) 116(1) i
0(1A')~PA-OMe (2A) 69(2) CL(2A) -C (4A) -C(5A) 119(2) A
0(1A')-PA-OM(2A") 116(2) C (3A)-C(LA)-C(5A) 125(2) £
0(2A) -PA-OMe (1A) 100(1) H(2A)-C(5A) -C (4A) 126 (8) ¢
0(2A) -PA-OM(1A") - 105(2) H(2A)-C(5A) -C(6A) 109(8) - i
0(2A) -PA-OMe (2A) 106(1) - C{LA)=C(5A)-C(6A) 123(2) i
~0(2A) -PA-OM(2A") 104(1) C2(3A) -C(6A) -C (5A) 123(2) §
OMe (1A) -PA-OMe (2A) 107(2) .. CR(3A)-C(6A)-C(7A) 121(2)
OMe (1A) -PA-OM(2A') 57(1) C(5A)-C(6A)-C(7A)  116(2) - :
OM(1A') -PA-OMe (2A) 145(2) CL(4A)-C(7A) -C(6A)- 120(2) ¥
OM(1A")-PA-OM(2A") 104(2) CL(4A)-C(7A) -C(8A) 120(2) : ‘ :
PA-0(2A) -C(2A) 122(1) C(6A)-C(7A)-C(8A) 121(2) - : g
PA-OMe (1A) -CMe (1A) 124(2) H(3A)-C(8A)-C(3A) 130(10) &
PA-OM(1A") -CMe(1A) 121(4) H(3A)-C(8A)-C(7A) 103(10) ;
PA=0Me (2A) ~CMe (2A) 121(2) C(3A)-C(BA)-C(7A) 121(2) b
i Molecule B
o(18)-PB-0(28). =~ - 112(1) ce(28)-C(4B)-C(38) 119(2)
0(1R) -PB-OMe (18B) 112(1) c%(2B)-c (4B)-C(5B) 117(2)
0(18) -PB-0Me (2B) 120(1) c(38)-C(4B)-C(58B) 124(2) ¥
0(28B)-PB~OMe(1B) 105(1). H(2B)-C(5B)-C(48) 120(8) SR
. 0(2B)-PB-OMe(2B) 102(1) “H(2B)-C(5B)-C(68B) ©o121(8) . , :
OMe (1B) -OMe (2B) 104(1) "~ c(4B)-Cc(5B)~C(68) - 116(2) ok
PB-0(28)-C(28) =, 124(1) €2(3B)-C(6B)-C(58) 117(2) - A f
PB-OMe (1B) ~CMe (18B) 123(2) c2(38)-C(68)-C(78) 119.(2)
PB-OMe (2B) -CMe(2B)  ~ 117(2) - € (5B)-C(6B)-C(7B) 124(2) ;
ce(18)-c(18)-H(1B) . 93(9) cL(48)-c(78)-C(68) 122(2) - §
ce(1B)-c(18)-C(28) 119(2) - ca(LB)-c(78)-c(8B) 121(2) o F
0(28)-C(28)-C(18) 123(2) c(68)-c(78)-C(8B) 117(2) .
c(18)-c(28)-C(38) . 125(2) H(3B)-C(8B)-C(38B) 134(10)
C(28)-Cc(38)-C(4B) 124(2) | . H(3B)-C(8B)-C(78) - -104(10) £
C(2B)-C(38)-C(8B) 118(2) €(3B)-c(88)-C(7B) 121(2) . AR
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Table 17. Configuratiéna] similarities of molecules (A) and (B)

Plane . Defined by = Plane = Defined by

1A 0(1A)-PA-0(2A) 1B - 0(1B)-PB-0(28B) -
2A- 0(1A)-PA-OMe(1A) . 28 ~ 0(1B)-PB-OMe(1B) -
3A 0.(1A) -PA-0(2A) -C (2A) 38 0(18)-PB=~0(28) -C (28)
ha C(3A)-C(5A)-C(7A) -~ L8 c(38)-c(58)-C(78)

Plane Plane  Dihedral Angle (degrees)

7N S 83.8 ’

18 BT T 84.6

2A A 19.7

28 48 . 23,1

3 LA . 72.6

. 38 s 75.5

Torsion Angles

Atom Atom . Atom . Atom Bond AngléA(degreéé)
PA " 0(2A) c(2a) c(3A) 0(2A) -C(2A) A 74.6

PB. 0(28) c(28) c(38) 0(28) -C(2B) 73.4
0(1A) -PA  0(2a) " c(24)  PA-0(2a) - 23,5
o(18) P8 0(28) " c(28)  PB-0(28) . 20.9

p
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.. Figure 6. View of fgtfacnlorvinphos molecule (

B) with Methyl hydrogen atoms omitted .
f'ln’this and -succeeding drawings 50%

probability ellipsoids are depicted.
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Figure 7.

Unit cell stereograph of tetrachlorvinphos
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25

amidithion,”” 94.3(7)° for azinphos‘—methyl,21 and 98.0(3)° for ronnel .?
The smaller reductlon of this angle is due to fewer steric requuremehts

:mposed by the doubly~- bonded oxygen compared to doubly-bonded sulfur

observed in prior studies.’

25

As discussed in the study oflamidithion, the orientation of the
planar segment of the organic moiety re]ative to the phosphate group may

" be an important topograph?cal feature of organophosphorus ‘insecticides.
If one calculates the ang]e between the normal to the plane of the ring
system and - the P=0 bond .the values obtained for tetrach]orvinphos in
the solid state conflguratlon are 85 7° for molecule (A) and 85.8° for
molecule. (B). These results are in poor agreement wnth'23.7 for

: ronnel,2 39.#9 for coroxon,18 23, 90 for azinphos-methyl 21 and-23.5o
fOr amidithion 2? Since both molecule (A) and molecule (B) assume
essentlally the same conflgurataon, it would appear that this orlentatlon

is a preferred one and, therefore, possibly reflects the cdnfiguration

of the molecule in vivo aszeIl. ‘It is tempting to speculate that this

- apparent deviation in the‘orientation of the ring system relative to the
phosphate group from those%of previoos’studies fs correlated to the |
considerably lower toxicity of tetrachlorvinphos in'mammalian systems
(LDBO = 4000 mg/kg)5 than the other insecticides mehtionedAabove.'_Thetv

- low toxicity could be viewed; in part at least; as due to an inability

Of‘this Insecticide molecule to accommodate a topographical feature of

mamma(ian AChE enzymes.

When autotoxicosis through inhibition of acetylcholinesterase (AChE).

by orgahubhoSphorus insecticides is considered, it is useful to recall,

g T T e
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théf the nitrogen to carbdnyl carbon distance in acetylcholine is

' estimated at L.7 2,3 when the.molecu]e ig in a proper configuration

to react with bovine erytHrocyfe AChE, ‘Experiments,carried out by
Hollingworth _};_l;,h indicated, however, that the distancé between
.tHe anioni; and este;atic ;enters of fiy head AChE.may be. as much as
1R greater'than that in ;he maﬁma]ian enzyme.. Results of a CNDO I
molecular orbital calculatiénzo on tetrachlofvinpﬁos indicate that in
addition to the phosphorus, tﬁere afe three probable positive centers
that éould be involved in enzyme binding (cf. Table 18). They are
c(4), c(s6), and c(7), and the correspondlng dlstances to the phosphorus
. are, respect}vely, 4.1 5.6, and 5.0 R for molecule (A), and 4.0, 5.5,
and S.I.R.for,mqlecule (B). lt appears that the P-C(4) separations are
toé small to permit C(A):to be én efficfent binding site. C(6) and

. C(7), however, arg’far enough aWay from the.phosphorus atom to render

them likely candidates for binding to insect and mammalian AChE enzymes,

" ‘respectively,

Secondary canéidates.for enzyme binding are H(1), H(2), and H(3)
(cf Table 18). The correspondlng phosphorus hydrogen distances are,
respectively, 4. 5,,6 0, and 4.2 R for molecule (A) and 4.6, 6. 1, and
4.2 R for molecule»(B). The P-H(3) distances appear to be too short
to enable efficigét enzyme binding, but H(1). and H(2) could accommodate
-mammalian and insect AChE<énzymes, fespectively. Coﬁsequent]y,.it is
difficult tb explain the low mammalian toxicity of tétrachlérvinphoé
based on positive center separation arguments. The.molecuie seems to

Possess a number of positive centers that could accommodate the anionic-



Table 18.
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Partial éhafge densities obtained from a CNDO H
molecular orbital calculation

CMe(2B)

- Atom Partial Charge (e) - Atom Partial Charge (e) -
c2(18) 0166 c(18) © 40.011
'cg(zs) —0}?33_ | c(28) +0.188
€2(38). -é.lhs " ¢(38) -0.007
ca(48) -0.113. c(4B) +0.132
PB +1.385 - ¢(58) -0.016
0(18) ~0.496 ¢ (68) +0.127.
0(28) ~0.407 c(78) ' 40.103
OMe(18B) -0.350 c(éa) | -0.007 -
OMe(28) . -0.367 H(18) +0.041
~ CMe(18B) -0.148  H(28) 40.036
-0.081 - H(3B) +0.034

SPNTTE T e
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esteratic separation requffemehts of both mammalian and insect AChE

i
i

enzymes., i
- {

As discussed préviously,%] there may exist a relatlonshlp between

insecticide effectlveness and the partial charge densnty on the

phosphqrus atom.  The charge on the phosphorus of amldlthlon25 is

21

+ 1.063 e and that of the phosphords of azinphos-methyl is + 1,041 e.

These .two values are not significantly different. It was noted, however,

that the charge on phoéphorus for the phosphinate analog of azinphos-

méthyl differs by 0.1 e;21 The phosphinate ‘analog of azinphos-methyl "

has an LDSO for rats two orders of magnitude larger than azinphos-methyl,

i.e. LDSo (azinphos-methyl) = f6, LDSO (phosphinate analog) ® 1000 mg/kg.. -

For tetrach]orvinbhos kLDBOI= #OOO,ﬁg/kg), the partial charge on phos-
phorus-is found to be + 1.585 e (cf. Table 18). It is readily apparent
that thlS Qalue is sugnxflcantly dlfferent from the. values obtained for
either azunphos-methyl or amidithion. If there exists an optimum charge
on phosphorus for WhICh enzyme binding or phosphorylation is enhanced,
it would éppear to be close to the value found for azinphos-methyl. |t
could then be_hypdfhesized that ény deviation from some Y"optimum' valqe
for the charge on phosphorus would deérgase the effectiveness of4tﬁe
nsecticide.. In order td.substantiaie or'refufe thls“hypothesi;, however,
fqrther data on additiQnaT’Tﬁsecticides is requiréd. |
Tetrachlorvinphos is approkimately Loo times less toxic in mgmmajiaﬁ
systems than is azinphos-methyl and ié'approximately 10 times'less |

effective than amidithion. It is not clear fromAposiﬁive center

.Separation arguments why the former should be less toxic. Topographical
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Jow toxicity as evidenced

features may be the primary contributor to the
planar organic moiety

by, the dissimilarity of the orientation of the
compared to previously

relétive to the P=0 bond for tetrachlorvinphos
could be the partial

studied insecticides. Another possible factor

charge density on ‘the phosphorus, which is supported by the significant
difference in partial charge observed for tetraéhlorvinphos compared to

the insecticides examined prior to this work. However, further studies

of insecticides are necessary to accumulate correlations between

effectiveness and.the molecular paramefers.

SR 3
FR AT e

,,'..A.'I_C”w"*ﬁf‘. at




64

|
‘THE.CRYSTAL AN& MOLECULAR STRUCTURE OF THE'DECACOORDINATE
COMPLEX TRIS.(BlC"ARBONAAATO)TETRA_AQVUO.HO‘L'MI'UM‘ (111) DIHYDRATE,
| "Ho(Hzo)h('HcoS)B.zﬂzd |
i
i
Introduction
Lantﬁanide chemistry has attracted a great deal of interest recently,
due, in no small part,‘to the capability of the lanthanide metal ioqs to
acquiré large coérdination‘numbers. Of conslderable interest,ithén,'is
the preferred ground state.ggome;ries'of some of the higher coofd?nation
schemes;» As discussed bY Muetterties and'Wright28 and Ey Karraker;2
" there are many factors which govern the formation of high‘édordinqtion.
cbmpounds. One of these {s the size of the metal ion, -i.e. the larger
fhe metai ién, the more Iikelf the formatibn of a species of hfgh coor= h
.'dinééion number. Another important céﬁsideration is the ligand itself’
and the constrainfs it places on tHe system. As is readily appér‘ent,~
a multi-dentate 1igand impdses more steric réqqirements,than does a mono-
dehtate ligand; And, finally5'ligand-ifgénd repu]sions aI;Q dictate the
geometry of the system ana hence the coordination number. |
For ten-cbordinatfon, two idealized polyhedra consisteht,ﬁith4an

'sp365f h*bridizatioﬁ scheme are ihe s~b§capped dodecahedron of D2 sym=
métry and the s-bicapped sqqére.antiprism bf-th symmetrf sthn in
- Figure 8. The similarify of the two polyhedra isAdemonstrated_ih
Figure 9, in which anAs-bicapped'squafeAantiprism is distorted suf-
ficiently to proauce the s-bicapped dodgcahedron. Crystal]oéraphic

studies of ten-coordinate compounds previously reported in the literature



Figure 8 . ’'ldealized bolyh’edra for decacoordination

.



‘s_-Bicopgpe,dj dbdecahedmni'y |
T D2 ' B :'antfl)p?rlsm

s blcopped squore'



Figure 9. Formation of dodecahedral geometry via distortion of square antiprism
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i
. S P .
were done on the complexes of the larger lanthanide and actinide metals,
e.g. La, Ce, and U. . The:geometries of such compounds approximate both

_ - S+ 30,31,32 ' : : .
the s-bicapped dodecahedron3 3153 and the s-bicapped square anti-

prism.33’34
An order to determine unequivoéally the preferred ground state

geometry for-ten-coordination, a compound composed of very small, iden-

tlcal, non-lnteractlng, monodentate ]lgands surrounding the metal ion in

an isolated envuronment would be requnred In the absence of such
idealized compounds, one must examlne the structuresiof tén-coordinéte
compounds fnvolving a small metal ion bound to fhe same type 6f atoms,
e.g. oxygen, with thé least amount:of constraints imposed by the smallest
nuhser of bidentate ligands péssible, .Having the smallest pbssible
number of bidentate ligands thus introduces the fewest'geometrical'
réﬁtriﬁtions on th; system, and if the bidentateAligands are smali, the
l:gand Ilgand repulsuons should be reduced. ln'addition, using a small
lanthantde metal ion lnstead of one of the larger ones implies that the )
more stgbie configuration would predominate, since reducnng the size of
the coordination'sphere increases straln on the high coordination system
due to ligand repulsions.- Therefore, a sample of tris(bicarbonato)

tetraaquoholmium (Ill) dihydrate (Ho(H 0) (HCO ) 2H20) was prepared for

three- dlmensuonal X- ray analysis.’

Experimental
"~ Preparation ~ The holmium bicarbonate compound can be prepared in

several ways. The two methods employed in this laboratory .will be
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crystallnzed in the trvcllnlc crystal system A least-squares refinement

70.

.presented here. Starting with an aqueous 1M HOC]3'6H20 solution, the

holmium carbonate was produced by édding Na2C03 to the solution and

' filtering off the Cafbonate‘pretfpitate. Then by acidifying the car- -

bonate, a bicarbonate was produced and the acid-H O azeotrope was boiled
off. Slow evaporatlon of the blcarbOnate solutlon ylelded crysta]s of
varying -degrees of hydration. A greater yield of the title compound was
realfzed from a rafher novel prebaration scHeme. A IM.HoCIB-GHZO
solution-of pH 3 was added to a satqratea aqueous. solution of sucrose

(CIZHZZOII) The resulting acidic solution was heated sufficiently to

boil off the HCI1-H,0 aieotropeA(108.6OC); and then additional heating was

2

employed to eliminate the excess water. Gradual degradation of 'sucrose

to bicarbonate in the acidic solution coupled with slow evaporation

yielded soft light-orange pri§matic-trysta]s suitable for X-réy‘ana}Ysis.

Crystaf Daté A nearly sphefical crystal of dimension 0.2 mm..was

mountgd on the gnd of_a glass fiber with Duco cement, and was,goaped with
a thin layer of commer;ial nail polish to isolate it from -the atmosphere.
From preliminary preceggion'phbtographs, it was apparént that the compound
-7
of the six lattice constants based on the * 26 measurements of thirteen
strong reflectaons determined by left—rlght, t0p-Bottom beam Spliffing on

a previously aligned fogr-circle diffractometer'(Mo Ko radiation,

+

‘0]

>
I

0.71069 R), at 25°C, yielded a = 9.18 * .02, b = 11.59

71.54 + .06°.

lo-
I

=6.73 + .01 R, a=88.87 + .06, B = 112.45 + .08, and Yy
A calculated dehsity of 2.44 g/cc. for two molecules per unit cell is’in

good agreement with ‘the pbéerved density of Z.holi .05 g/cc, determined
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by the flotation method.

; Collection and Reduction of X-ray Inteﬁsigy bata, Qata were

’colleﬁted at room teﬁpe;atgre using an automated_foun-circle.diffrac-
tometer designed and built in the Ames Laboratory. The upper -full circle
'waé purchased frqm STOE and is equipped-with encoders. (Baldwin.OpticaI)f
and drive motors. - Tﬁe'design of‘the.base a]lows the encoders to be
directly:connected to'the main k)ahd 20 shafts, using splid'aﬁd hollbw
“shaft encoders, respectively. The .diffractometer is interfaced to a
?DP-]S cohphfer in a real-time ﬁodé and is equipped with a scintillation
countér. Zircoﬁium-filteréd Mo Kq,radiétion'was used for data éollehtion._'u
A scan rate of b.l'éeccnd per step of 0.01° in 8 was employed With a
,variable scan range o} 3S.steps plus 1 step per degree theté. 5tationary‘
c}ystal, statjonarchountér backgrpund counts of a quarfer 6f the scan"
time wére,taken at.tHe begiqning and eﬁd of each scan. Before each scan

a peakAheight measuremenf‘gas made and, in ordér to be scanned, thé
reflection had~to,excéed thg background by moré than six counts. If the
reflection met this critérion, éhe w ;etﬁing was adjusted slightly, if
neces#ary, to maximize the beak intensity. Within a two-theta sphe}e of
hSo‘(s'inS./A = 0.538 R-l)',Aéll data in the hkl, hkl, hkl, and hkl octants
were measured in this manner, using,a.take-qff angle of h.So. 0f the 1761
reflections examined,41709 met the peak heiéht cfiterion énd were scanned

: to.obtain the‘intéérated inténsities.

As a general check 6n,electronic and crystal gtability, the inten-

sitfes of thrée standard reflections were remeaéuredhevéry‘twenty*five

reflections. These standard reflections were not observed to vary

significantly throughout the entire period of data collection.
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The intensity data were corrected for Lorentz-polarization effects

and, since the crystal was nearly spherical, the minimum and maximum

”transmiésion factors differed by 4% fo} MR = 1.3, and no absorption

correction was made. The estimated error in each intensity was calculated
' o : . : ‘ :

by

2 2 ~ 2
0. = cT f ch + (0.03 cT) + (9.03 cB) ,

where C. and CB represent the total count and backgrbund count, respec-

T

tively, and the factor d.03 represents an estimate of non-statistical
errors. The estimated deviations in the structure factors were calculated
by the finite difference method.i3 0f the 1709 independent reflections,

1621 were consider‘.ed.observed~(>20F ).
: ' o

Solution and. Refinement
.Based on examination of fhe Howells, Phillips, and Rerrsz' statis-
tical test for‘a cehte?'of symmetry, the space group was.assﬁmed to be
P1. The positioq.of the holmium atom was obtained from aﬁalysis of a

. b . .
three-dimensional -Patterson function. The remaining atoms were found by

. -l . 1] ' ) . - .
successive strugfure factor = and electron density map calculations.'®

In addition to pLsitiona],parameters for a{l atoms, the anisotropic ther-
mal parameters for all non-hydrogen atoms were refined by a full matrix
least-squares¢?ro;edUre,ll minimizing the function zm([ro| -HIFCI)Z,
Qhere w = 1/Q§,~to a final conventional discrepéncy factof of R =

t[lrol - |FC||/Z|FO| = 0.039. The lafgest'fatio of shift of parameter to
standard deviation in the final‘(efinement.cycle for non—hydrogen atoms

was 0.87, and examination of observed and calculated structufé factors

reyééled no appreciable extinction effects. The scattering factors used
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were those of Hénsén 23_51;13 modjfied for. the rea]Aand imaginary parts
'of anomalous dispersionj | |

The final positional and thermalAparameteré are listed in'fab]e 19.
The standard deviations were calculated from the inverse matrix of the/
final least squares cycle. Bond lengths and bond ang]gs are listed in
Table 20 and Table.21, respectiVQIy.‘ Observed and éalqulated‘F's are
provided in Table 22. | | | o
| Descfiption.and Discussion

Tris(bicarbonato) tetraaquocholmium (111) dihydrate is ten-coordinate
with the holmium atom béund to four water oxygen atoms (average distance A
= 2.362 R,‘gi. Table 20) and_six bicarbonate oxygens. fwo waters‘of
hydratién are_a?sociated with‘eaﬁh,mqlecule and providé crystqlliﬁe‘
stabf]i}y Eh}oUgH hydrogen bonding. A steraégraphic view of the molécule
i$ provided in Figure 10.'°

The holmium-(bicarbonate oxygen) lengths vary from 2.492(9) td
2.557(9) R with the exceFtion of pne'long'(2;817(f1) R) dis&ance. The
latter distance appears %o be dictated by the packing of that particulér
bicarbonaté yroup around{the holmium atom. Generally, the ‘two 6xyged
atoms within a.bicarbénaée Qroﬁp which are bound to the metal are at dif-
ferent‘dlstances froﬁ the central ion. The bicarbonate oxygen to whigﬁ . >
the hydrogen atoﬁ is bound is. found to be closer to the metal ién byﬂan

averégé of 6.08 R (2.442(9) to 2.#60(10)-8, compared with 2.515(9) to

2.557(9) R) excluding the bicarbonate group coﬁtaining theAiongﬂHo-O

" The bidentate nature of the bicarbonate groups is evidenced by the
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Table .19. “Fj:nal ‘atbm‘pc_)sitioha]a.ahd t:hermalb 'paramet':e‘rs

Atom X

Ho quL(1)¢
owl 2566(10)
ow2 649(10)
oWl  -1047(12)
owl 514(11)
01 -1384(11)
02 -1570(11)
03 ~-3531(10)
o 1783(11)
05 T 3592(10)
06 u164(11)
o? 3836(12)
u8 1966{(10)
0o 4174(11)
o5 3014(11)
owé 2782(11)
c1 -2207(11)
c2 3220(12)
3 -3357(11)
Hwl 206(22)
H w1 326(25) "
He? T 167(22)
B'w2 -24(23)
Hw3 -153(24)
H'w3  -189(24)
Hwl 130(23)
H wh -61(26)
Hi -201(22)
K% 384(22)
8 98(22
s 373(20)
“H'ws 129(24)
Hwl 359(2“)
H' w6 280(2%)

2260(0)
1787(10)
427(7)
2780(8)
usu(7)
2006(8)
3863(8)

3459(8)

3296(7)
2610(9)

3601(8)

143(9)°
751(7)
-886(8)
4849(9).
-1345(8)
3123(9)
3187(9)
-18(8)
214(16)
155(21)

4sa(16)
505(17)

237(18)
338(19)
-30(17)
22(18)
194(16)
317(17)
33(16)
495(18)
u28(18)
-176(17)

-115(18)

3961(Q1)
1880(16)
2605(14)
337(15)
2712(14)
4616(17)

< 4160(16)

4722(16)
7330(14)
5988(15)
8709(15)

-6056(15)

7360(13)
8952(16)
1683(16)
1869(16)
4507(16)
7391(18)
T4T6(14)

18(34)

- 250(40)

250(30)
277(29)

~29(3%)

30(32)

287(31)

269(34)
304(32)
529(33)
740(29)
247(35)

92(33)
111(34)
101(36)

90(1)
138(17)
147(14)
166(17)

*121(15)
164(16)
162(16)
110(15)
182(18)
106(14)
166(16)
200(18)
132(15)
151(16)
122(15)
137(16)
u4(16)

73(18)

66(16)

38(1)
9u(9)
41(6)
61(8)
48(7)
75(9)
76(8)
101(9)
75(8)
. 108(10)
99(9)
146(11)
63(7)
90(9)
79(8)
78(8)

47(10)

32(8)
31(8)

126(2)

202(31)
270(27)
202(25)

23"(26).

350(33)
411(36)
360(34)
260(28)
250(29)
251(29)
202(26)
212(24)
301(32)
261(32)
185(26)
103(28)

_158(33)

33(24)

By2

-15(0)
-29(11)
-31(8)
-42(9)
-2h(8)
-37(10)
-30(9)
~15(9)
-40(9)
-17(9)
-48(10)
-79(125
-13(9)
-33(10)
-31(9)
-30(9)
- 6(10)
13(10)
-4(10)

B33

47(1)
79(19)
91(17)

6(17)

65(17)
135(20)
147(21)

88(18)
100(19)

38Q17)

25(19)

83(19)

59(16)

45(19)

31018) |

13(16)
27(17)
28(21)

0(17)

823
-8(1)
-22(13)
-12(10)
-7(11)
-29(11),
-3(13)
-43(10)
11¢14)
-1(13)
-37015?
~-69(14)
-20(14)
8(11)
23(15)
-14(13)
-31(12)
3{(12)
1(14)
27(12)

8=ne positional parameters for all non-hydrogen atomc are presonted in fpaotional unit

cell coordinates (x 10"). Fositivual paramelers fur hydrogen atoms aie (& 103).

®The 8

1)

are defined by: T = exp(-(h2811

2 2 8
+ kX B?Z + 1 233>6 2hk812 + 2hl8

13

For all hydrogen atoms an 1sotropic¢ thermal parameter of 4.5 was assigned.

+ 2k1823)).

€In this and succeeding tables, estimated standard deviations are given in parentheses

for the least significant figures.
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Table 20, Selected interatomic distances (R) fo
' 5°(“z°)h(HC° *2H,0 o .
Ho-Owl.  2.364(10) €3-08 1.277(12)
Ho-Ow2 2.380(8) = - €3-09, - 1.215(12)

" Ho-0u3 2.343(106)- | Hydrogen_Bonding Distances

Ho-owh - 2.362(8) Hw2-0ws 1.64(19)
Ho-01 2;442(9) H'ws-(os)' | 2.01(21) -
Ho-02 2.515(9)" Ow2--0w5 2.735(13)
Ho-04 2.557(9) Ow5--(06) ¢ . 2:824(14) |
Ho-05 2.460(10). Hwli~Owb 1.86(20)
Ho-07 2.817(11) Owb~ (Hiw3) * 1.96(20)

" Ho-08 2.518(9) Owh=-0wb 2.684(12)
C1-01 '1.259(:3) : 0w6=-(qW3)? o 2.735(12)

© C1-02 1.245(13) 09-- (0w6) . 2.842(14)
C1-03 1.215(13) (H'w).* -09 2.27(21)
c2-0k O 1.270013) - : Bitegiof'Bicarbonate Groups
c2-05 1.257(14) 01--02 2.111(12)
c2-06 1.209(13) 0h--05 2.131(13)
€3-07 - 1.228(13) 07--08 2.151(13)
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T . Table 21. Bond angles (degrees) for HO(HZO)A(HCO3)3°2H20 :
Owl-Ho-0w2 U 79.1(3) ° Ol-Ho-oh 91.5 (3)
_ Owl-Ho-0w3 75.5 (4) 01-Ho0-05 138.7 (3)
Owl-Ho-Owd 78.1 (4) . oi-ao-o7 N 109.0 (3)
Owl-Ho-01 | 146.2 (4) 01-Ho-08 . " 68.1 (3)
, Owl-Ho-02 142.7 (3) 02-Ho-0l~ 68.3 (3)
i Owl-Ho-0k © 121.8 (3) . . 02-Ho-05 °* 112.9.(3)
i ' Owl-Ho-05 72.4 (3) 02-Ho-07. 147.7 (3)
' Owl-Ho-07 69.1 (3)° . 02-Ho-08 .101.2 (33 -
, ~ Owl-Ho-08 116.0 (3) Oli-Ho-05 50.2 (3)
_ Ow2-Ho-0w3 S 7201 (3) Ol4-Ho-07 ~90.6 (3)
i o owé-Ho-Owu 10,5 (3) 04-Ho-08 £ 69.7 (3)
} . ' Ow2-Ho-01 118.1 (3) 05-Ho-07 63.5 (3)
% Ow2-Ho-02 68.9 (3) 05~Ho-08 82.3 (3)
ow2-Hooh  75.0 (3) 07-Ho-08 CA7.1 (3)
: Ow2-Ho-05 71.6 (3) 01-61-02 115.0 (9)
! Ow2-Ho-07 130.7 (3)  01-C1-03 122.8 (10)
:g Ow2-Ho-08 144.4 (3) 02-C1-03 122.2 (9)
b ‘Ow3-Ho-Owl 71,2 (3) 04-C2-05 115.0 (10)
; Ow3-Ho-01 82.5 (4) 04-C2-06 122.4 (11)
Ow3-Ho-02 76.8 (4) . 05-C2-06 122.6 (11)
Ow3-Ho-04 . 138.6 (3) 07-C3-08 . 118.3 (9)
Ow3-Ho-05 155.1 (3) . 07-63-09 121.2 (10)
E ' Ow3-Ho-07 ;1%o.i’(3)  08-C3-09 120.5 (10)
! . Ow3-Ho-08 =~ 140.9 (3) 'H1-01-C1 .97 (10)
Owli-Ho-01 707 (3) H5-05-C2 102 (12)
' Owb-Ho-02  ~  115.4 (3)  H8-08-C3 116 (8) )
_ Owl-Ho-Oh . 144.3 (3) |
T _ Owl-Ho-05 129.5 (3) Hwl-Ow6-(HW3)' 103 (8)
3 ‘ Owli-Ho-07 68.0 (3) sz-oés--dos)' 125 (6)
j Owli-Ho-08 ©75.0 (3) ‘09--(0w6)'-(Hw4)' 132 (5)
; S Ol-Ho-02 50.4 (3) 09--(0w6) '-(Hw3)" 100 (6)

- e e i bt sl e+
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Table 22, Observed and calculated

structure

factor ampllitudes
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Figure ld.

Stereographlc view of Ho (H O)A(HC03)3 2H,0

In this ard succeeding drawings 70% probability ellipsoids are deplcted

s



B s

6L



RNV

Sovebme. ke

] o AN RS S AL TR,

80

i
'
1
i

i
!

corresﬁohding bite; (gf, Table 20) and by the 0'; C - 0 angles. As can
be seen in Table 2}, the metal—bbund'6xy§en¥;arbon;6xygen qngles are
significantly smalier'thén the other1ogygen-§arbon-oxygen angles in the
"bicarbonate éroups. The bites and angles are consistent with those
reported Sy Shinn and Eick inla paper Aescribing the structure of a ten-
coordinate lanthanum compound containing bidentate carbonate gréups.3]
It is also apparent that the canon anisotropic therhal motion in all
bicarbonate'gfoups'fs predominanfly out—éf—plane-motfon (cf. Table 19
énd Figure 10). | v |

The geometry of HO(HZO)A(HCOB)B'ZHZO approximates‘that of(the s-
bicapped square antiprism more closely ;han that of the Sfbicappéd'
dodecahedron (cf. Figu}es 8 and 10). Owl, Owhk, 08, énd OS define one
distorted square pjane, and{OwZ, ow3, 01, and ok define'the other
(see Table 23). The justiffcation'for cqiling the geometry distorted
sqﬁare an;iprismatic versus‘dodecéhéAral is provided in Table 24, Wheré it
is seen that the angles Owl-Owk-08, Ow4-08-05, etc., approximate 90O more
closely ;han they do the~apbroximate alternating 77O and lbbo consistent
35

with the s-bicapped dodecahedron. In addition, 6] corresponding to the

Owl-Ho-07 type angles averages'58.90'(§j, Table 21), and 6, corres-

ponding to 051H0-07 type angles'averages'69.20. The average of 6, and .

1
62 in this compound is appfoximately 64.1° which is in good agreement

with the energetically favored € angle of 6l+.8°36 consistent WIth~an 5=
bicapped square antiprism. Having defined the distorted square antipris-

matic planes as previously mentioned, the two capping atoms then become

07 and 02.
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‘Table 23. Equations of least-squares pla'ne‘sa and dihedral angles
Plane I fitting (OwZ-Ov‘;-ol-O_"): . Plane vV ifitting (I{o}0n1-01-08):
; 0.8099 X - 0.5798 Y + 0.0888 2 » 2.734% » 0 0.3200 X + 0.8036 ¥ ¢ 0.5019 Z - 3.4583 « 0
] Atom Distance from Plane () Atom DAiat.am:e from Plane (R}
4 ow2 -0.251 Ho 0.048
5 ) ow3 0.237. : ’ owl © -0.0m
o1 -0.178 ‘ o7 0.042
o4 0.195 . o8 -0.049
Ho 1.028 i
. 02 ~).h06
5 - . Plane Il defined .by (Ow2-0Ow3-01): ' Plane VI fitting (Ho-Ow3-02-0U):
i 0.8234 X - 0.4893°Y + 0.2866 7 & 2.209% = 0 0.3383 X + 0.8727 Y - 0.3520 2 - 1.9254 = O .
Atom Distance from Plane gg_). ' ‘ Atom Distance from Plane (R)
ot . 0.952 . Ho -0.301
0z -1.132 ) - . ow3 . 0.212
Ho 1.202 ’ R -7 -0.116
.- s ' . o8 T 0.208
Planc ITY fitting (Owl-Nwl-N5-08): Plane VII fitting (uo-oyn-os'-on:
0.7907 X - 0.5534 Y + 0,2620 Z + 0,0440 « 0 -0.6388 X - 0.1136 Y + 0.7609 Z - 1.5170 = 0
Lgﬂn_ . Distance from l;lane m Atom Distance from Plane gﬂ)
ow1 AT Ho 0.170 ' :
owh -0.139 . : " owt ' -0.131
05 . -0.132 . ' 05 ~0.130-
08 0.126 o1 . 0.091 -
Ho -1.162 . T .
o1 1.580 ’
EY
Plane IV defined by (Owl-Owt-08): Plane VIII fitting (Ho-Ow2-01-02):
0.7346 X - o.6u9ﬂ' Y ¢+ 0.1965 Z ¢ 0.34u1 = 0 0.1756 X ¢ 0.2481 ¥ 4 0.9537 2 - 2.8674 = 0
Atom . Distance from Plane sﬁ! . Atom Distance from Plan.e QRZ
05 -0.555 Ho ' 0.124 '
Ho -1.289 ow2 -0.112
or . 1.425 ) o1 -0.132
) 02 0.120
Dihedral "Angles [
Plane Plane Angle L Plane © Plane Angle
i 11t o 169.9° o v C v 43.0°
11 - 168.3° . Vi .ovII -54,3°
i A 50.7° : vt viiz - -86.4°
v vit Cgsa® vit vz 54.1°
Splanes are defined as clx . czt 4 c,Z -4 =0, vh'n‘c X, Y, and 7 are cartesian coordthel f
which are related to the triclinic cell coordinates (x, ¥, z) dy the transformations:
X = xa siny ¢ z¢ {(cosB - cosa cosy)/ sin v},
Y = xa cosy ¢ yb ¢ tc cosa , and
7. e0 g 1 - cos?u - couza - C032‘ ¢ 2cosa cosf cosy 1
vsin Y
~ . .
] .
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Table 24. Selected distances (R) and ang]es (deg) descrlblng
polyhedral geometry - .

-

Distances of Interest

07--0wl 2.961(14) - - 05--Ow 2.851(14)
07--0wh. 2.920(13) 01--04 3.578(14)

. 07--05 . 2.795(14), . Oh--0w2 . 113.010(13)
02--owz .. 2.772(13) . Owz--0uw3 2.781(12)
02--0w3 - 3.020(14) ow3--01 3.155(14)
02--04 . 2.848(13) " Owl--08 | 4.142(1h) .

COwl--Owh . 2.978(14)  Owh--05 4.361(13)
Owh--08 2.972(13) Ow2--01 4.135(12)

4.585(14) -

08--05 . 3.277(13) ~ Ow3-=0b -

‘Selected Angles

Ow1-0wk-08 88.2(3)  0w3-01-04  85.5(3)
"Owh-08405. '88.h(3) - .. 01-04-0w2 77.2(3)
08-05-0wl 84,7(4) 04-0w2-0w3 104.6(3)

, OS-Owl-Oh - 96.8(4) Ow2-0w3-01 - 88.1(4’
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It is lnterestlng to note that one of the .capping atoms, 07, is
the one whlch is |nvolved |n the longest Ho- oxygen dlstance As can be

seen in Table 24, the capping atom- plane atom distances are similar for -

- 07 and 02, thus lndlcatlng that if 07 were closer to the’ holmlum atom,

ligand-ligand repulsions w0uld decrease Stability' To further account for
the long (2 817(11) R) dlstance between Ho and 07, a close examination of
intermolecular lntenatomlc dlstances.ls requlred. .
Intermolecular hydrogen bonding through waters of-cryetallization is
depicted in Figure 11, and the corresponding distances are presented in
Table 20. In additien, there appears to be a weak, but signfficant,'h”
interaction between the oxygen atom oflwater-6(0w6) of an adjacent moiety
with 09 of the bicarbonate group containfng.07 as shown in'Figure 12, The
09---(0w6)' distance is 2;842(t4) R ane the angles of 09-(0w6) '-(Hwh)* and
09-(bw6)'-(Hw3)” average 1160 (cf. Tables-Zd ahd 21), thus ind}catingAa
hydrogen bondelike interaétion; The fnteraction of 09 with the water of -
crystal]iiatien also affects'the spatial positions of the other oxygen
atoms within the same bicarhonate ghoup; As seen in Figure 12, the inter-

action of 09 and (Qw6)‘ causes 07 to be moved further from the holmium

atom, thus producing the long Ho-0 bond (2.817(11) R) 6b§erved. .Conse-

quently, the coupllng of the llgand lngand repulsions and the hydrogen

: bond-1ike interaction wuth 09 substantlates ‘the fact that the Ho-07

distance is somewhat longer than the other Ho~oxygen distances.

In conclusion, although the bonding of the bicarbonate groups and

‘the holmium atom seems somewhat electrostatic in nature, it should be

acknowledged that . the molecule does approximate an idealized geometry '



Figure 11. Stereographic drawing of the Ho(HZO)‘h(HC03)3"2H20 unit cell : : ' *
: and adjacent moieties ' : : . : S . '
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Figure 12. View depicting the 09-~(0w6)' hydrogen bond and the
corresponding lengthening of the Ho-07 distance
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(bicapped sduare antiprismatic) rathec n}cely. Furtnermore; since this
.compound contains the smallest lanthanide ion of any ten;coordinate;
complex whose three dimensional X-ray analysts has been reported to
date, it is conceivable to conclude that the:more energetlca]ly favored
geometry would be more predominant in.this-compound than in previously
reported comoounde. Tnerefore,.the.structure of tr(s(bicarbonato) |
tetraaquoholmium (111) dihydrate supports the résults of ligand-ligand
'repulsion calculations for th versus D2 geometries,36 which indicate
that the’ th (bicapped square antiprlsmatlc) geometry is energetlcally

favored as the preferred ground state geometry for decacoordlnatlon
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complexes, i.e. the Co(ll)'moiety}s’39 Crystals of Co“l(en)3Col -
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'THE CRYSTAL AND MQLECULAR'STRUCTURE OF
~ TRIS(ETHYLENEDIAMINE) -COBALT (1 11) TETRAKIS (1SOTHIOCYANATO) -

COBALTATE(11) NITRATE (Cot! '»(en)3c'ol ' (NCS) ,NO, )

" Introduction

Tfis(ethylenédiamine)-cobélt(lII) tetfakis (iséﬁhiocyanato)-
cosaltaté(il).nitrate (Cojl'(en)BColI(NCS)LNO3) has beeﬁ syntHesized by
Dr. John Bon£é in this Laborafory'as part of an iﬁvestigation of solid
state isotopic exéﬁange. Substantial_isdtopic exchange has subsequentiy
been observed for tﬁis compound via thermal annealing, and gamma
irradiation followed by thermal anneéling?7 " In addition, thére is
consjderable inferest’pggarding the polarized absoéption spectra of'd3

(NCS),NO., are easily cut for spectral studies to form platelets such
4 | .

3

that the (0 1 0) face can be mounted perpendicular to the direction of

the incident radiation, énd,sucH spectral studies are currently underway

P
in this Laboratory. |
_ Detailed molechar and crystal structure information is a necessary
|

prerequisite to comprehensive analysis-of the absorption_spéctra of

Co(NCS)hz-; and therefore.we embarked on a crystal structure determination

1l I, . '
: NCS .
of Cp' (en)3Co (NC )hN03‘4
Ekpérimental.
Crystal'Data‘ A cfystai of dimensions.0.4 x 0.4 x 0.3 mm was -

mdunted on the end of a glass fiber with Duco cement. From preliminary
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w-oscillation photographs on an automated four-circle diffractometer at

various ¥ and ¢ settings, fourteen moderately strong reflections were

selected and. input into ouf‘automatic~indexing progrgm.6 Tﬁe resulting
feduced cell and reduced cell scalars iﬁdicéted an orthorhombicAcrystal
system. Orthorhombic mmm gymmetry wag.cbnfirmed by.inspection of tﬁé
three axial'wjoécillafion photogra;hs‘subsequently taken. Observed
layer line separations agreéd well with those-pfedfctéd for'the cell‘by'
the indexing program. .

Aileast-squares_refinement of the lattice coﬁstants22 based on the.

+20 measurements of thirteen ref]ecfions'on a previously aligned four-

- circle diffractometer (graphite-monochromated Mo Ka radiation, A =

0.7095& R) at 25°C,'yielded §_='10.633(3), b = 25.712(6), and c=
8.62’5(2) R. | |

Collection and Reduction_gi X-ray Intensity Data . Data were

collected at ZSOC using an automated four-circle diffractometer -designed
and built in the Ames Laboratory. The upper full circle was purchased

from STOE and_is‘eQQibped wfth encoders - (Baldwin Optical) and drive -

mators. The desigh of the base allows the encoders to be directly

connected to the main 6 and 26 shafts, using solid- and hollow-shaft

encoders, respectively. The diffractometer is interfaced tolé PDP-15
computer in a time-sharing mode and is equipped with a scintillation ‘
counter. éraphite—monochromated Mo‘Ka radiation (A = 0.70954 R) was
uéed for data.collectioﬁ. Stationary-crystal, stationar?-coun;er

background measurements for 6 seconds were made +0.5° from the calculated

peak center w value (B] and 82). Scans from peak center in both positive



and negative dlrectlons of w were made in steps of 0. 01 , counting for

0. 5 seconds at each step until the |ncrement count was less than or equal
to the minimum of the backgrounds; after adJustment for count|ng times.
A1l data (4548 reflectlons) W|th|n a 26 sphere of 50°- ((sin6)/k = 0.596)

in the hk& and hk® octants were measured in thIS manner, using a take-off

N

| angle of y.5°.
As a general check on electronic and crystal stability, the
intensities of three standard reflections were remeasured every 50
reflections. These standards were not observed to.vary sngnlflcantly
throughout the entire data collection period. Examination of thetdata
revealed systematlc absences of h00, OkO, and 002 reflectlons for
h=2n+1, k=2nf1, and 2=2n+1, respectnvely, thus defining the space group

as P?IZIZI

The measured intensities were corrected for Lorentz and polarization
effects and for absorptionho’h] with minimum and maximum transmission
factors of 0.48 and 0. 58 (p = 18.25 cm71). The estimated variance in

each intensity was. calculated by

g2(1) = €+ K !c + (0.03 c:.,l.)2 + (0.03 cB)2 +~(o.oé cN/A)'2

T t, B
, . .
where CT, CB’ CN’ Kt,~and A represent the total count, background count,
net count, a counting time factor, and the absorption coefficient, .
respcctlvely. The quadratlc terms correspond to the estlmated systematic
errorr in the |nt9ns|ty, bacquound and absorptlon correctlon of 3 3,
and 6%, reSpectively. The standard devuatlons in the structure factor «i%

amplitudes were obtained by the method of finite differences.8 Reflec-

_ _ ' k

tions for which Fo>20Fo (3009 reflections)‘werehused in the refinement : %
. . . R -

7’
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~_of the two enantiomorphs.

Soldtion and Refinement
The position of Co(A) was obtained‘froﬁ analysis of a thrée-
dimensional Patterson function. The rémain;ng atoms were found by
succeésive structure fac£0r11‘and electron density map calcul_atiohs.1
in addition to positional parameters for all atoms, tﬁe anigotrobic
thermal pafémeters for ali Hon‘hydrogen at6m§ wére refined by a_full*

. N S -
matrix least-squares procedure, minimizing the function Zw(|F0| - IFCI) ,

~where w = 1/0§, to a conventional discrepancy index of R =

Z||F | - |F‘]|/Z|F | =o0. 085 for both enantiomorphs. At this point in
the refunement |t was, observed that 21 strong, low angle reflections .
appeared to exhibit secondaryAgxtlnctlon effects. A plot of,lc/lo versus
¢ for these reflections yfelded a straight line with slope (Zg)'of
3.23 x 10_6. All data were then correcfed for §econdary e%tfncfion by
Io (corrected) = lb(l + Zéic).'l

~ Analysis. of ghé weighfs (w) was. performed via a requirement’thaf

w(lFo| - IFCJ)? s#ould bec a constant function of |Fo| and.(sinﬁ)/A.12
’l .

‘No weight adjustment was deemed necessary. Refinement using the unaveraged

’

data set indicated that the contribution from the imaginary part of the

' anoha]ous dispersion correction was completely hegligib]é. Therefore, for

.the flnal reflnement, reflections in the hk and hk% octants were then

averaged, and the related (F)avé was calculated as {Z g, (F)} %/N
‘ =1
where N is the number of observed reflectIOns for a "unique' reflection

- to be averaged. There were conséquently 1638 lndependent reflections
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- non- hydrogen atoms were those of Hanson et al.,

93

‘used in subsequent calculations. The scattering factors used for -

13

modified for the real

part of anomalous dispersion (Templeton, 1962)‘“_ The hydrogen scatternng

' Ly 2h
factors used were those of Stewart et al.” - Final convergence was

obtained with R'= 0.062.
The final positional and thermal parameters are listed in Table 25.

The standard deviations were calculated from the inverse matrix of the

- final least-squares cycle. Observed and calculated |F|'s are provided

in Table 26.

Description and Discussion
(UL

7’

A stereographic view of Co (en-)BCo“(NCS)l‘NO3 depicting 50%

. : 1 o L
probability ellipsoids 2 is. provided -in Figure 13. [Interatomic bond

16

distances and angles are listed in Tables 27and 28, respectlvely, and

are in good agreement w:th those reported prev:ously in the llterature.
However sllght distortions from the :deallzed octahedral and tetrahedral

(111) ll)

geometries of the Co ; and Co moieties are observed.

The Co(A)-N(A) distanoes of the octahedral moiety rahée from
1.939(12) to 1.975(11) RJ averaglng l .956 R, and the N(A)-Co(A)=-N(A)
‘angles range from 84, 5(4) to 99. 8(3)o It is apparent that the hydrogen
atoms bound to N(4A) and N(5A) are involved inthdrogen honding,with |
the oxygen'atoms-of the nitrate group, i.e. the H(16)+++0(3) distance is

1.56(1) R and the H(18)---0(2) distance is 1.83(1) R. in addition,

CH(17) of N(5A) interacts with S(4B) of the Co(l') moiety, i.e. the

H(17)---S(4B) distance is 2.280(6) R. Similarly, the H(1)--5(28)

distance is ?.446(4) R, while all other H*-*S distances exceed 2.65 R.

42,43




Table 25.
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atom

positional® and

thermalb parameters

C6A
ciB
c28
c3s
cas
H1
H2
H3
HY
H5
H6
H7
H8
H9
H10
H11
H12
H13
H1A
H15
H16
K17
s
H19
Hz0
K21
H22
r23
H24

8781(2)°
3647(2)
7638(4)
746(8)
3010(4)
3719(6)
8928(13)
7908(13)
7885(14)
8262(14)
8631(12)
9957(12)
7518(11)
7383(11)
9091(10)
10108(11)
5346(13)
2373(25)
3312(13)
3613(13)
9659(16)
9791(16)
6230(15)
6221(13)
9907(19)
10750(16)
6319(15)
1708(14)
177(13)
3655(16)
766(11)
884(11)
930(11)
1088(11)
1055(12)
B94(11)
1091(11)
987(11)
747(11)
790(12)
623(11)
531(12)
545(12)
640(11)
731(12)
781(11)
989(11)
825(11)
928(11)
1025(10)
160(10)
88(11)
1088(11)
921(11)

¥
6217(1)
6360(1)
7120(2)
7595(2)
664k (2)
u886(2)
5920(4)
5315(4)
5329(5)
5523(5)
6968(4)
6333(5)
6106(5)
6177(5)
5463(4)
6183(5)
6635(6)
6823(5)
6354(5)
5712(4)
7232(5)
6906(6)
6181(6)
5967(6)
5283(7)
5671(6)
6843(6)
7154(6)
6478(6)
5358(6)
712(%)
TOU(4)
TA9(%)
T11(4)
701(8)
686(h)
27(4)
603(8)
620(4)
569(4)
652(4)
588(h)
605 (%)
558(4)
661(5)
578(%)
536(4)
519(%)
518(4)
L87(¥)
558(4)
560(8)
650(4)
618(%)

z
4262(2)
9257(2)
8470(5)
7350(5)

14563(5)
6073(8)
94k3(15)
8250(11)

10748(13)
9481(15)
4358(13)
2562(15)
5850(15)
2791(15)
4036(15)
5854(16)
8944(16)
8351(15)

11485(16)
8134(17)
3459(18)
2036(20)
5259(19)
3660¢21)
5322(23)
5832(25)
87173(17)
7949(17)

127%0(20)
7299(22)

397(14)
580(14)
320(14)
450(14)
110(18)
131(1%)
275(15)
154 (1%)
666(14)
639(18)
510(14)
605(14)
322(18)
Lou(1¥)
215(14)
195(14)
295(18)
398(1%)
658(14)
493(15)
¥56(18)
703(15)
592(14)
668(14)

Lt
60(1)

109(2)
111(5)
B7(%)
81(4)
223(8)
233019)
217(19)
232(20)
189(20)
123(14)
89(12)
75(11)
$2(13)
73(11)
82(12)
111(15)
172(20)
119(16)
116(15)
140(21)
131(20)
83(15)
51(13)
206(28)
108(18)
93(16)
99(16)
59(13)
122(18)

#22
16(1)
19(1)
24(1)
20(1)
3002)
28(1)
15(2)
22(2)
32(3)
18(2)
18(2)
20(2)
26(3)
24(3)
18(2)
23(2)
33(3)
20(2)
25(3)
17(2)
15(2)
22(3)
2h(3)
25(3)
25(3)
25(3)
22(3)

19(3)

18(3)
20(3)

%33
111(2)
184(3)
190(7)
218(8)
158(7)
360(13)
289(26)
125(16)
140(17)
150(21)
148(18)
183(21)
158(20)
181(21)
214(23)
201(22)
174(24)
164(23)
143(20)
242(26)
170(24)
175(25)

216(29)

260(31)
256(38)
314(42)
140(22)
126(20)
189(26)
258(33)

o1 13
$T¢Y) -1(2)
1) -1(2)
-1(2) -3(5)
1) -1(5)
-4(2) 13(8)

33(2)  -141(10)
~14(5) -52(22)
-10(5)  -16(15)
sef* 2009
156)  -6(19)
6(5)  -25(16)
-2 3813)
s8) - 12015)
A5y -3005)
an 215)
-s)  -2805)

w6 11016)

12(6)  -10(18)
3(5) 15(16)
=7(5) 15(18)
=-1(6) 3(20)
-16(7) 20(20)
3(6) 5(20)

~4(6) 43(20)
31(8) =97(29)

=10(6) -ko(26)
=5(6) 3an
-8(5) 17(16)
~4(5) -2(17)

8(n -52(25)

23
-1(1)
-1(1)
-1(2)
-1(2)
=5(2)

~43(3)

3(6)
=3(5)
~5(6)
1(6)
=3(5)
=A(6)
-2(6)
-15(7)
1(6)
-6(1)

-10(7)
~2(6)
-3(6)
-5(6)

un .
9(8)
9(8)
-7(8)
~11(9)
31(11)
~10(6)
-5(6)
M7
3(9)

“Tre positicnsl parameters for all non-hydrogen atoms are presented in fractional urit

orl) ccordinstes (x 10%).

Pcsitional parameters for hydrogen atoms are (x 103).

», 3 2 2 2
The By, are defined by: T = exp(~(n"s), ¢ k%8,, ¢+ ¢ B33 ¢ 2Ky, + 2018y, ¢ 2kEE, )

erd are (x \o'). An isotropic thermal parameter of 2.5 was sssigned for all hydrogen atons.

®In this and succeeding tables, ectireted standard deviations are given in farerthescs

for the leset slgniilvans figures.
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Table 26. Observed and calculated structure factor ampl!tudes
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Figure 13. A stereographic view of Co|'|(en)3Co‘l(NCS)4N03‘

In this and succeeding drawings 50% probability e
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.Table 27 Bond lengths (X) for Coll'(en)3Coll(NCS)4NQ3

© CoA-N1A 1.946(11) CoB-N1B 1.958(14)

CoA-N2A 1.950(12) CoB-N28B 1.966(15)
CoA-N3A | 1.939(12) | CoB-N3B | 1.954(14)
COA;&QA: 1.957(12) - CoB-NAB  1.928(12)
l CoA-N5A 1.975(11) - N1B-C1B '1.17h(18i4
CoA-N6A  1.971(12) ~  C1B-S1B  1.595(16)
NIA-CIA 1.544(18) N2B-C28B 1.162(18)
CIA-C2A 1;993(21)  (28-S28 1.609(17)
C2A-N2A  1.553(18)  N3B-C38  1.138(18)
N3A-C3A  ° 1.473(19) 38538 1.639(18)
C3A-ChA 1.486(23) N4B-C4B 1.162(19)
CLA-NKA . 1.543(19): - chB-ShB - 1.611(19)
NSA-C5A  T.482(19) N-01  1.243(17)
C5A-C6A  1.410(23) N0z 1.248(15)

COA-N6A  1.483(19) N-03 1.267(15)
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' Table28,.‘ Bond angles (degrees)

N1A-CoA-N2A
N1A-CoA-N3A
N1A-CoA-NLA

 N1A-CoA-N5A

N1A-CoA-N6A
N2A-CoA-N3A
N2A-CoA-NLA

N2A-CoA-NSA

N2A-CoA-N6A

N3A-CoA-NAA

N3A-CoA~N5SA

. N3A-CoA-N6A -
N4A-CoA-NSA -
N4UA-CoA-N6A

N5A-CoA-N6A
CoA-N1A-C1A
CoA-N2A-C2A

CoA-N3A-C3A

CoA-NLA-CLA
CoA-N5A-C5A

" CoA-N6A-C6A
N1A-C1A-C2A
N2A-C2A-C1A
N3A-C3A-CLA

N4A-CHA-C 3A

.89

84,

91.

92.

174,

85.
176.
90
92
94,
85
92.

90.
173
99
109.
107

108.
109.
11.
106.
107.

106,
108.

5(4)
7(5)
8(5)
9(5)
3(k)
0(5) .

'.h(s),
L(s)

1(5)

.7(5)

L(5)

.9(5)

7(5)

4(5)
.8(3)

4(8)

.0(9)
112,

4(10)
1(10)
2(10)
1(10)
2 (12)
7(12)
2:(12)
4¢12)

.N5A—t5A-C6A
" N6A-C6A-C5A

N1B-CoB-N2B
N1B-CoB-N3B

© N1B-CoB=NUB

N2B-CoB-N3B

~ N2B-CoB-N4B
N3B-CoB-N4B

CoB-N1B-C1B

' CoB-N2B-C28B
CoB-N3B-C38
CoB-N4B-CLB

N2B-C1B-S1B
N2B-C2B-S28B
N3B-C3B-S38B

- N4B-CLB-SLB

01-N-02
02-N-03
02-N-03

N

112,
109.

in
107

105
108
118
173
169
163

177.
177
178
177

120.
121

118,

7 (15)

8 (14)

.3(6) -
.9(6)
105.
6(6)

(6)
.9(6)

29 (14)
.8 (13)
.0(12)
.2 (14)

1(6)

7 (14)

.6 (16)
4 (13)
.307)

2(13)

.8(14)

0(13)
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Consequently, the distortions of the octahedral Co("l) and tetrahedral

Cb(lq).groups are manifeété;ions‘ofAthese hydrogen¥bond-like_interactiohs.
The aistortions of thé tetrahedral Co(ll) moiéty are evidenced by
- Co(B)~N(B) distances ranging from 1.928(12) to i.966(15) R, éyeraging
'1.952.8, and py the N(B)rCo(B)fN(B) angles which range from 105.1(6) to
_118.9(6)0. In addition, Co(B,-N(B)-C(B) type angles aéviaté from linearity
by as much as 170,; ': ‘ , ' ‘ - ‘.
A,gnit’cell steredgrabh ofbthe compound is provided in Figure 14;]5
énd a stereographic view of the'Co(ll) specie§ in the unit cell as
viewed down thé b-axis is pronded‘in Figure 15. From inspection of
the dihedréllangles between various planes in thg Co(NCS);? moiety and
the unit cell faces (cf. Table 29), it can be'éeen that one of the
molecular pseudomirror planes is~}oughly parallel to thé_bc face; - the

plane defined Py N(3B)-Co(B)-N(4B) subtends an~aﬁgle of 11.9ho,with-

this face. L o »
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. Table 29. Dihedral angles for the Co(NCS);2 moiety

Plane " Crystal Face Angle (degrees)
N1B-CoB-N2B . = ab - 25.97
N1B-CoB~N28B - be : 86.25
N1B-CoB-N28 _ ac - €4.33
N1B-CoB-N3B ab 80.86
N1B-CoB-N3B . be - 64.75
N1B-CoB-N38 - ac 27.07
N1B-CoB-N4B A ‘ab - 38.16
N1B-CoB-N4B o be 69.80
N1B-CoB-N4B - ac 59.17
N2B-CoB-N3B - ab ' 87.53
N2B-CoB-N3B " be L5, 66
N2B-CoB-N3B . ac Ly LYy
N2B-CoB-N4B ab : 53.94
N2B-CoB-N4B © bc Ly 65
N2B-CoB-N4B .~ ac 67.41 .
N3B-CoB-N4B - ab 79.97
N3B-CoB-N4B : bc 11.94
N3B-CoB-N4B- ac o 83.56
N1B-N2B-N3B ab - 67.57
N1B-N2B-N38B "~ be - 85.43
N1B-N2B-N38B ‘ ac . 22.94
N1B-N2B-N4B ab ' S 13.4
N1B-N2B-N4B bc 79.64
N1B-N2B-N4B ac 81.56
N1B~N3B-N4B -~ . -ab 64,45
NIB-N3B~N4B =~ = bec - ba. 71
N1B-N3B-N4B ac 51.00

. N2B-N3B-N4B - ab ‘ : 81.82
N2B-N3D-N4B be - 26.47

N2B-N3B-N4B . ac | 65.01

A
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(en)BCOII(NCS)hNO3

Figﬁ‘};é 14, Unit cell stereograph of Co
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Figure 15. Arrangement of the Co(NCS);2 moieties as viewed down the b axis

In this illustration the ¢ axis is vertical ' b
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