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formation of the ester group. The analysis of ethyl be- 
henate is being carried out three-dimensionally to place 
the structural evidence on a firm crystallographic basis. 

References 
ALEBY, S. (1962). Acta Cryst. 15, 1248. 
ALEBY, S. & YON SYDOW, E. (1960). Acta Cryst. 13, 487. 
BENDER, M. L. (1960). Chem. Rev. 60, 53. 
DRYDEN, J. S. t~ WELSH, H. K. (1964). To be published. 
FRIDRICHSONS, J. t~; MATHIESON, A. McL. (1962). Acta 

Cryst. 15, 119. 
HENDRICKSON, J. B. (1961). J. Amer. Chem. Soc. 83, 4537. 

HUISGEN, R. & OTT, H. (1959). Tetrahedron, 6, 253. 
MATHIESON, A. McL. & TAYLOR, J. C. (1961). Tetrahedron 

Letters, No. 17, 590. 
MATHIESON, A. McL. (1963). Tetrahedron Letters, No. 2, 

81. 
PRELOG, V. (1963). Pure Appl. Chem. 6, 545. 
TABUCm, D. (1958). J. Chem. Phys. 28, 1014. 
WELSH, H. K. (1959). Trans. Faraday Soc. 55, 52. 
WESTHEIMER, F. H. (1956). Steric Effects in Organic Chem- 

istry, ed. M. S. Newman, Chap. 12. New York: John 
Wiley. 

WHELAND, G. W. (1955). Resonance in Organic Chemistry. 
New York: John Wiley. 

Acta Cryst. (1965). 18, 955 

A Refinement  o f  the Structure o f  F o r m a m i d o x i m e  

B¥ D. HALL* 

Crystallography Laboratory, University of  Pittsburgh, Pennsylvania, U.S.A. 

(Received 15 June 1964 and in revised form 9 September 1964) 

The structure of formamidoxime has been further refined and hydrogen atoms located. The molecule 
has the amidoxime configuration predicted for it, but the bond lengths indicate a substantial contri- 
bution from the hydroxyamidine form. 

Introduction 

The crystal structure of the compound which might 
variously be described as formamidoxime, NH2-CH = 
N - O H  (I), or hydroxyformamidine, N H = C H - N H -  
OH (II), has previously been determined (Hall & Lle- 
wellyn, 1956), and the bond lengths shown to be inter- 
mediate between those expected for the two alternative 
formulae. Refinement was not, however, taken to the 
point where hydrogen atoms could be definitely located, 
and the detailed interpretation of the molecule and of 
the structure was equivocal. It has since been argued 
(Donohue, 1956) that the geometry of the intermole- 
cular hydrogen bond system in the structure is such 
that the oxime nitrogen atom must be an acceptor in 
both of the bonds in which it is involved, and thus it 
cannot have a hydrogen attached to it. The infrared 
spectrum (Orville-Thomas & Parsons, 1958) demon- 
strates that in solution the molecule may be represented 
NHz ...... CH ........ N OH, or, in valence-bond terms, 
as a hybrid between (I) and N+H2 = C H - N - - O H  (III). 
The similarity of the appropriate region of the spectrum 
to that of formamide demonstrated that the atoms com- 
prising NHz-CH = N -  are coplanar, and it was further 
argued that the molecule is entirely planar with con- 
figuration 
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The infrared spectrum of crystalline formamidoxime 
supports the same general interpretation, although 
hydrogen bond shifts nullify the argument concerning 
planarity. It was apparent that the full potential of the 
X-ray data had not been realized because of insufficient 
computing facilities then available, and opportunity 
has recently been taken to complete the refinement. 
The results are described in this paper. 

Refinement 

Formamidoxime is orthorhombic, a=8.22,  b=7.36,  
c=4.78 ~ ,  four molecules per unit cell, space group 
P212121. The intensity data used were those of the 
previous study, viz. 396 reflexions, visually estimated 
from equi-inclination Weissenberg photographs about 
the three principal axes. The heavy-atom coordinates 
reported previously were the starting point. Structure 
factors were calculated, with the use of the scattering 
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Table 1. Atom coordinates and standard deviations 
Atom x/a crz(A °) y/b 
C 0"2930 0"003 0.2944 
N(1) 0"4243 0"004 0.4001 
N(2) 0-2554 0"003 0" 1603 
O 0-3778 0.003 0"1360 
H(1) 0-473 0"467 
H(2) 0.506 0.380 
H(3) 0.215 0.310 
H(4) 0.341 0.60 

av(A °) z/c az(A °) 0max(e.A °-3) 
0"004 0"2432 0"003 7"1 
0"004 0"2223 0"004 7"8 
0"004 0"0828 0"003 8"5 
0"003 -0"1221 0"002 10"7 

0"370 0"37 
0"086 0"50 
0"386 0"43 

- 0"214 0"27 

through the molecule, calculated by the procedure of 
Schomaker, Waser, Marsh & Bergman (1959), is 
0 .898X- l .124Y+l . l12Z=l  with coordinates in A. 
Individual atom displacements from this plane are 
listed in Table 4. 

curves of Berghuis, Haanappel, Potters, Loopstra, 
MacGillavry & Veenendaal (1955), and parameters re- 
fined by the differential synthesis procedure. Individual 
isotropic temperature factors were assumed for two 
cycles, and anisotropic temperature factors for a fur- 
ther three cycles. A three-dimensional difference Fou- 
rier synthesis then showed the four hydrogen atoms 
clearly, in positions corresponding to the formamid- 
oxime molecule (I). The hydrogen atom coordinates 
were taken from the difference plot, using Booth's 
(1948) procedure. They were included in subsequent 
structure factor calculations, with an isotropic tem- 
perature factor of 1.0 A 2, but were not refined. Several 
of the larger observed amplitudes were apparently af- 
fected by extinction, and had been excluded from the 
refinement. On inclusion of the hydrogen atoms it be- 
came apparent that extinction was more troublesome 
than had been realized, and in all 14 terms were omitted 
from the final cycles. Three further differential syn- 
thesis cycles completed the refinement, when the re- 
liability index was 0.079. 

The final atomic coordinates, with standard devi- 
ations (Cruickshank, 1949, 1950) are listed in Table 1, 

thermal parameters ~n Table ~, o~servecl ancl 0alcuhted 
structure .factors in Table 3. The bond lengths and 
bond angles are shown in Fig. 1. The mean plane 

H(3) 

. / 0 " 9 5 ~  

: 22°  v3a4x_  '° NIll 

126.7 ° 1 2 2 . 0 " ~  07"0° 

N(2)( ) 1097 ° 

1.415A ° 

I 0 1 " ~  0 

/ /  0"77A 

H(4) 
Fig. 1. Bond lengths and angles. 

Table 2. Anisotropic thermal parameters 
Atom B11 B22 B33 BI2 B23 B31 
C 3-043 3.842 3.181 -0"436 0.119 0.322 
N(2) 3.914 4.609 4-041 1-283 0.993 0-297 
N(2) 2.940 4.830 3.333 -0-356 -0 .082  0.196 
O 3-055 4-381 2.835 -0-589 -0-629 0-235 

The hydrogen atoms are situated in the molecule as for 
an amidoxime formula, as predicted by Donohue 
(1956) and in agreement with the interpretation of the 
infrared spectrum (Orville-Thomas & Parsons, 1958). 
The heavy-atom bond lengths differ slightly from those 
of the previous X-ray study, but still demonstrate con- 
siderable delocalization of the carbon-nitrogen bonds, 
again in conformity with the spectral evidence. 

The results of various X-ray and neutron diffraction 
studies which have been made of oxime molecules have 
recently been summarized by Hamilton (1961). The ob- 

servecl leng{Ia~ o~ {he ~ -  ~ ~on~ (~-~(~1 ;I1 {hlg gt~U~- 
ture) vary from 1.225 to 1.29 A, and of the N-O bond 
from 1"32-1"39 ,~. The accuracy of these different 
studies varies somewhat, but in general the molecules 
may be described in terms of the structure > C  = N-OH 
with ) C - - N  = O+H as a minor contributor. Such de- 
scription would require a smaller value for the standard 
carbon-nitrogen double-bond length than has fre- 
quently been accepted (e.g. 1.265 A, Pauling (1940); 
1.28 A, Cox & Jeffrey (1951)), and the value 1-24 
suggested by Vaughan & Donohue (1952) appears 
suitable. On the basis of this and the generally accepted 
1-475 A for the single-bond length, the bond order- 
bond length relationship given by Pauling leads to the 
description of C-N(1) and C-N(2) as possessing 35 
and 60% double-bond character respectively. The 
molecule may then be satisfactorily described in terms 
of the canonicals (I) and (III), with (I) predominating. 
The observed N-O bond is long for an oxime mole- 
cule, and the contribution of structures such as 
NHz-CH--N = O+H must be small. 

This description of the formamidoxime molecule is 
similar to that given for formamide (Ladell & Post, 
1954); in both instances it is necessary to invoke a sub- 
stantial contributor such as (III) to explain the ob- 
served value for the C-NHE bond. It is, however, 
more difficult to reconcile these results with those from 
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Table 3. Observed and calculated structure factors ( x 10) Table 4. A tom displacements from mean molecular plane 
Terms marked with * were assumed to be suffering from ex- 
tinction. Terms marked " unobserved, and the value listed as 
Fo is half the maximum value which would have escaped 

observation. 

h k l  F o F o hill F o F o hk~ F ° F o h ~  F o F o 

152" t83 190 23 22 380 19 22 6J1 18 t6 
004 18 25 19t 19 20 381 t7 17 632 39 35 
006 ,~ ~ 200 166" 127 ~62 10 15 633 59 59 
011 228* )25 201 181 e 216 390 9 8 6Jg 20 20 
012 85 92 702 39 ~6 39t '  1 6 6/,0 53 60 
013 87 e4 203 to9 1c9 /#Do 7 3 (:~1 45 63 
f,l~ 65 14 a~ .  t0 2 Id~ 7 k 6~2 lg  16 
015 28 26 2o5 Iz 13 ~ ~ 60 650 28 26 
016' z " 206 20 25 t~O3 12 13 651 35 36 
0g0 155" 176 210 255* .~0 ~ 6  3J 33 652 19 t7 
02t 272* 357 ;11 22~ e 271 Jd~ 8 t l  600'  3 
022 19 17 212 13~ 127 410 10 18 661 10 13 
023 77 76 ~13 8 8 ~11 70 67 662 31 30 
GZ6 16 8 21~ 26 20 ~12 113 12~ 670 6 "7 
~5 7 7 215 20 ~6 613 ~6 ~2 671 26 26 
c~6 16 18 2~6 1o 13 g lg 22 19 672 10 11 
031 IO8 1t6 220 190" 227 MS' 3 3 761 103 110 
0~2 28 33 221 100 101 ~dO 85 79 7U2 b 
0~3 5~ 53 222 160 167 ~21 t21 128 703 28 2 
03~ 39 37 22~ 61 64 422 33 32 70~ t3 11 
035' j 7 22~ ~& 22 /,23 9~ 89 710 57 56 
0~0 217 2~6 ~ 5  11 13 ~26 15 17 71t 20 22 
(~1' 3 3 230 150 169 &25 9 11 712 50 ~A 

12 3 23t ~17 129 ~30 109 113 713 32 27 
Ok.] M) M 232 1(;0 96 ~..~1 /#5 37 71~ 28 22 

,~a /,2 233 2? t8 ~32 IJ6 133 720 76 78 
01,5' 2 3 2 ~  39 39 63~ 39 35 72~ 65 65 
0~I IC5 IC0 235 11 13 4~, ~. ;,3 ~1 722 67 69 
052 66 65 2/#0 26 26 635 5 6 7z3 18 16 
0~3 23 22 26t 98 99 ~ 56 55 72& 15 15 
o~.  3 ~ 2~2 66 65 ~ 1  10 9 730 60 78 
055 31 3~ 263 77 79 ~ 56 30 731 12 13 
060 61 33 2~. 29 ~ ~5C' k 7 732 ~I 20 
0~t 1~ 7 265 13 16 651 77 72 733 26 25 
062 ~6 35 25o 59 56 652 17 17 736 17 17 
¢6~ M 3~ 25~ 59 5~ t~o 35 J2 740 ~2 15 
0(~ 2~ 27 252 10 11 661 65 ~2 761 38 ~8 
0~, ~ 3 253 10 11 /~62 12 t 3 71,2 14 17 
072 8 7 256 31 33 &70 32 29 75o' 6 8 
07~ t2 10 255 lO 11 &71 25 24 751' 6 7 
07h' 1 2 260 67 61 672 36 36 752 16 t8 
080 11 7 26t 54 56 t~80 22 20 76o' 3 
081 32 30 262 38 35 ~/31 12 13 761 15 17 
082 15 8 263 20 21 ~ 2  A ~ 762 7 9 
083 12 1~ 2 ~ '  3 k 501 69 78 770 19 22 
091 12 11 270 26 2k 502 128 126 771 5 8 
09~ t 1~ 271 23 21 503 32 33 800 /~ /~2 
101 t09" 1J2 272 16 t5 ~ 18 12 801 20 2t 
1(22 10 5 27J 26 28 505' 2 1 802 ~9 52 
103 122 t24 27& ~ 8 510 61 62 803 16 l& 
10/~ 2t 22 280 21 25 511 124 127 8(~ ~5 ~B 
lO5 37 39 281 t7 17 512 8(; 80 810 ~? 65 
106 23 27 282 t0 12 513 /6,5 36 811 56 52 
110 96* 123 283 8 8 51~ 11 10 812 28 25 
111 183* 226 290' 2 3 515 21 19 813 18 17 
112 118 122 291 11 t2 520 /~ 51 816 11' 12 
113 ,,~ ,~ 3Ol 52 56 521 75 7~ 820 1~ 9 
116 ~ 62 ~2 173 169 522 35 31 821 17 15" 
115 60 61 3C3 77 77 523 52 53 822 17 16 
1.16 19 19 .~-'6 58 58 526 29 26 823 17 18 
120 28 2 ~  3()5 28 31 525 19 19 830 12 lO 
121 20~* 3t0 92 91 530 8 10 831 2t 20 
122 106 106 311 1~8 14.9 531 61 63 832 9 5 
123 3~ ~-  312 71 69 532 ~ 49 833 17 16 
126 76 3~3 102 95 533 25 23 ~ 35 35 
125 g 5~ ~16 32 29 53~ 20 20 8~1 11 1 t 
126 3t5 12 12 535 ~ 7 ~ 12 15 
1J0 112 • 128 320 129 1 ~  5~D 59 65 850' 3 1 
1~1 70 76 321 65 6~ 561 17 25 851 27 30 
132 115 116 322 56 55 5~2 92 78 852 10 11 
1~3 25 26 323 /,2 J9 550 38 36 86( 28 29 
136 7"1 77 326 ~ #7 551 36 61 861 6 9 
135 15 15 325 19 20 552 s5 37 9Ca' 3 5 
1~0 55 62 33o 7 5 560' 6 9 902 9 4 
I61 86 82 331 95 I~ 561 ?6 28 ~ 3  15 1~ 
1~,2 26 26 332 61 562 32 36 910 69 /~8 
t43 51 56 333 89 87 57c' 3 2 911 ~ 33 
1~. 12 16 ~36' ~ 8 571 8 10 912 12 16 
1~ 20 25 ~35 25 ~6 57~ 7 5 913 36 29 
15o 32 37 3~o 20 22 580' 2 1 920 33 32 
151 12 16 3~.1 75 76 581 9 8 921 36 35 
152 ~5 ~ ~ 79 75 600 117 127 922 10 9 
153 21 17 JA3 25 25 601 63 /d+ 923 12 16 
156 9 9 3~/+ ~ ~ 02~ 11 8 930 50 52 
155 20 22 ~65 20 2? go3 26 ~5 ~I 20 18 
160 25 23 350 /~ k,5 604. 8 2 932 1 ~ 12 
161 50 67 351 ~ 55 605 16 t9 9~#0' 2 4 
162 16 13 352 79 610 12 9 941 21 25 
163 16 16 ~53 56 53 6t l  56 55 %2 7 10 
16~ 32 JO 356 /#3 60 6~2 56 69 95o' 1 3 
17o 77 76 360 62 ~.. 613 ~ ~ 10oo' 2 2 
171 27 23 361 t~ 16 61~ 5# 1(x>1 20 21 
t72 13 16 362 5~ ~6 615 t8 16 IOCQ 17 23 
173 23 295 .~3 10 ~ 62c' 12 7 t 01 c 23 22 
17~ 8 36~ 6 J 621 20 21 1011 16 12 
180 29 27 370 ~ ~ 622 67 66 1012 8 12 
181 27 22 37t .,q; ~ (k?,J 51 k9 t o 2 0 ,  1 2 
1~2 2t 21 372 9 9 626 12 1~ 1~el 17 19 
183 29 16 )73 12 18 K,~ 53 ~J 1030 6 

Atom Displacement 
C 0.006 A 
N(1) -0.003 
N(2) - 0"005 
O 0"003 
H(1) 0.322 
H(2) 0.022 
H(3) 0.036 
H(4) --0"070 

a recent microwave study of formaldoxime (Levine, 
1963) in which C = N  and N - O  bonds of length 1.276 
and 1.408 A respectively were reported. These are not 
greatly different from the corresponding bonds in form- 
amidoxime, although no contributor such as (III) is 
here possible. It would appear that for carbon-nitrogen 
bonds possessing considerable double-bond character, 
the variation of bond length with bond order may be 
less than is often supposed. 

A point of general similarity between formamidox- 
ime, formaldoxime and other oximes previously stud- 
ied (other than those involved in coordination com- 
pounds) is the value of the C = N-O  bond angle, which 
varies between 109.7 and 112 ° . This is considerably 
smaller than the angle commonly observed about a 
carbon atom involved in a double bond (e.g. 126.7 ° 
for N(1)-C-N(2)  in this structure), and these observa- 
tions support the suggestion (Gillespie & Nyholm, 
1957) that repulsions involving lone pair electrons are 
dominant factors controlling bond angles. 

As previously discussed (Hall & Llewellyn, 1956) 
there are three close intermolecular approaches, which 
form spirals, parallel to c, of molecular interactions. 
These are the principal cohesive forces within the 
crystal and were assumed to be hydrogen bonds. They 
are detailed in Table 5, whence it may be seen that 
there is indeed a hydrogen atom associated with each 
and that the systems X - H . . .  X' are not far from 
linear. The packing of molecules is such that for the 
shortest hydrogen bond [ O - H . . .  N(2)] the acceptor 
atom is coplanar with the molecule, but the two accep- 
tors for the weaker hydrogen bonds from N(1) are 
substantially displaced, both in the same direction, 
from this plane. The displacement of atom H(1) from 
the molecular plane is presumably a consequence of 
this. 

Calculations for this work were performed on the 
IBM 7070 at the Computing Centre, University of 
Pittsburgh, using programs written by R. Shiono, P. 
Schapiro, R. McMullen and S. Chu. The author wishes 
to thank Professor G. A. Jeffrey for making facilities 
available for the work, and to acknowledge financial 
assistance from the U.S. Public Health Service. 
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Bond 
X-H.  • • X' 
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The Crystal and Molecular Structure of P.3lParaeyelophane* 
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[3.3]Paracyclophane (C18H20) forms monoclinic crystals with a0=9"715, b0=8"138, c0=8.524 A, 
B= 90.69 °, and two molecules in the unit cell in space group P21/n. The structure has been refined by 
full-matrix least-squares methods, and the final parameters include small corrections for molecular 
libration. The aromatic rings are deformed slightly into a symmetrical boat form, the bending being 
about 6 ° at each end; the ~,-carbons are bent further, by an average of nearly 4 °. The two rings do not 
lie directly above one another, being displaced about 0-5 A from such an arrangement. The bond 
angles in the side chain are slightly larger than the normal values, and the dihedral angles are also 
slightly greater than those in n-butane. All bond distances are consistent with those found in other 
hydrocarbons. There are no short non-bonded intermolecular contacts, and the shortest intramolecular 
ones are only slightly less than the sum of the van der Waals radii, and thus are consistent with the 
comparatively small observed distortion of the molecule. The distribution of the strain energy in this 
and similar molecules is discussed. 

Introduct ion 

Cram, Allinger & Steinberg (1954) interpreted the ul- 
traviolet absorpt ion spectra of  some paracyclophanes,  

(CH2)m (CH2)n 

in terms of  (1) t rans-annular  n-electron interactions 
between the two benzene rings, and (2) distortion of  

* This work was supported in part by the Directorate of 
Chemical Sciences of the United States Air Force Office of 
Scientific Research under Contract AF 49(638)-719. 

t Present address: General Atomic Division of General 
Dynamics, San Diego, California 92112. 

.I; Contribution No. 1598. 

the benzene rings f rom their normal  p lanar  configur- 
ations. Fur ther  evidence for the first of  these effects 
was reported by Cram & Bauer (1959) in their study 
of  the molecular complexes of the paracyclophanes 
with tetracyanoethylene (TCNE),  and significant out- 
of-plane distortions of  the aromat ic  rings have been 

found in [2.2]paracyclophane (re=n=2) (Brown, 
1953a; Lonsdale, Milledge & Rao,  1960; Bekoe & 
Trueblood, 1964) and in the corresponding diolefin 
(Coulter & Trueblood,  1963). Similar distortions are 
observed in the related compounds  [2.2]metacyclo- 
phane (Brown, 1953b) and 4,12-dimethyl[2.2]metacyc- 
lophane (Hanson,  1962). The molecule studied in the 
present analysis, [3.3]paracyclophane, is of  interest not 
only because, among all the paracyclophanes,  it forms 
the strongest molecular complex with TCNE,  but  also 
because it possesses most of the sorts of strains and 
distortions of the four above-mentioned hydrocarbons,  


